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Abstract

Despite vitamin D deficiency clinically presenting with myopathy, muscle weakness,
and atrophy, the mechanisms by which vitamin D exerts its regulatory effects upon
skeletal muscle remain to be fully established. Recent studies have shown that the
receptor by which 1a,25-dihydroxyvitamin D3 (1,25(0OH).D3) exerts its biological
actions (i.e., the vitamin D receptor, VDR) elicits both genomic and non-genomic
effects, i.e. modulation of proteostasis, mitochondria and signalling cascades, within
skeletal muscle. Relative to more well-studied targets such as the skeleton, the
impact of genetic variation within key vitamin D-related genes upon skeletal muscle
is unclear. Identifying genetic variants capable of influencing musculoskeletal
physiology may allow identification of those genetically predisposed to perturbed
muscle mass and function. Therefore, this thesis aimed to explore the impact of
genetic variation within the vitamin D system upon skeletal muscle function and to

investigate the potential underlying mechanisms in vitro.

This thesis begins with Chapter 1, which presents a narrative literature review of
vitamin D physiology and the evidence suggesting a regulatory role for this endocrine
system in skeletal muscle. In Chapter 2, a systematic review was conducted that
examines the impact of genetic variance in key targets of the vitamin D pathway upon
skeletal muscle function. This chapter revealed that, within the vitamin D system, the
VDR gene is the primary gene of which associations between single nucleotide
polymorphisms (SNPs) and muscle function have been investigated and, of all SNPs

investigated, only A1012G was consistently associated with higher handgrip strength.



Based on the results of Chapter 2, six VDR and two vitamin D binding protein (DBP;
Gc) gene SNPs were selected and their potential relationship with neuromuscular
performance and musculoskeletal characteristics was evaluated in a cohort of elite
male master athletes (MA) and non-athletic controls in Chapter 3. The results
confirmed an association between A1012G and greater muscle/physical function and
highlighted novel links between the vitamin D system and sex hormones in muscle.
According to the current literature, this was the first study to explore the impact of
the two key GC SNPs, rs4588 and rs7041, upon multiple parameters of
musculoskeletal physiology. It appears that the two SNPs studied here had differing
effects, as carriers of rs4588 displayed higher knee extensor strength and peak
quadriceps cross-sectional area (CSA), whereas individuals carrying rs7041 had

reduced bone mineral density (BMD) than non-carriers.

To explore and provide potential mechanisms underlying VDR SNPs, RNA
interference (RNAIi) was used to silence the Vdr gene in C2C12 myotubes in Chapter
4. For the first time, VDR-KD myotubes were also exposed for 24 hours to conditions
that are frequent to skeletal muscle: insulin growth factor 1 (IGF-1), dexamethasone
(Dex), and lipopolysaccharides (LPS; from E.coli). VDR-KD resulted in altered
myogenic signalling, downregulation of anabolic targets, and impaired mitochondrial
respiratory activity. In the absence of VDR, IGF-1 was unable to activate the
PI13K/Akt/mTOR pathway and it appears that VDR is not involved in IGF-1 regulation
of autophagy. For the first time, Dex was found to upregulate Vdr expression, as
demonstrated in NC myotubes. In addition, Vdr expression and DBP protein levels

were downregulated following LPS exposure which may contribute to the pro-



inflammatory environment generated by LPS in skeletal muscle. Finally, exposure of
VDR-KD myotubes to each of the three conditions increased mitochondrial
respiratory activity in Complex | and Complexes | and Il combined. As a novel
relationship was demonstrated between two SNPs of the gene encoding DBP (Gc)
and musculoskeletal parameters in Chapter 3, this was explored further by silencing
DBP (DBP-KD) in C2C12 myotubes in Chapter 5. Loss of DBP resulted in the formation
of dysmorphic myotubes, altered myogenic signalling, and perturbed expression of
a- and B-tubulin. In addition, anabolic signalling was impaired by DBP-KD with
perturbation of GLUT1 and GLUT4 expression and, finally, downregulation of Vdr and

Cubn mRNA expression.
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Throughout this thesis, the following gene nomenclature was used:
e Humans —all letters upper case (e.g. GAPDH)

e Mice/rats — first letter upper case and all the rest lower case (e.g. Gapdh)
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Chapter 1: Literature Review

1.1 Vitamin D Physiology

1.1.1 Sources of Vitamin D

In humans, vitamin D can be attained through two sources: dietary intake and
epidermal synthesis. Reports have suggested that ~90% of an individual’s
intake is obtained by the latter, although this may vary depending on lifestyle,
clothing, skin pigmentation, use of sunscreens, and dietary/supplementation
habits [4]. Within our diets, two dietary forms of vitamin D exist: vitamin D3
(ergocalciferol) and vitamin D3 (cholecalciferol). Ergocalciferol is present in
certain types of plants and fungi where it is converted from ergosterol, whilst

cholecalciferol can be found in dairy and meat products and fortified foods [5].

Food sources richest in vitamin D include eggs, fatty fish, and sun-exposed
mushrooms but in some countries, vitamin D can also be attained via fortified
foods. Breads and cereals are among common food types to be fortified, along
with dairy products (such as milk and butter), but their contribution to the
vitamin D intake of the UK adult population remains to be very low (0.8 ug/day)
[6]. As the interest in the biological benefits of vitamin D has grown, so has the
volume of sales of over-the-counter vitamin D supplementation. These
supplements provide a cheap alternative for those who may not be able to

obtain optimal vitamin D levels, especially during the winter months.
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1.1.2 Vitamin D Metabolism

Upon exposure to sunlight, solar ultraviolet B (UVB) photons (with a
wavelength (A) of 290-315 nm) penetrate the epidermal layer of skin and cause
a rearrangement of the 5,7-diene in the B ring of 7-dehydrocholesterol (7-DHC),
thereby causing a B ring break and formation of the 9,10-secosterol, previtamin
D3 [7,8]. Pre-vitamin Dsis a biologically inert and thermodynamically unstable
compound that must undergo isomerisation to form vitamin D3 [9]. Sunlight
itself can regulate synthesis of vitamin D3 as UVB can cause pre-vitamin D3 to
isomerise into two photoisomers that are biologically inactive: tachysterol and
lumisterol. In addition to this regulatory mechanism, vitamin Ds can be
isomerised by UVB photons into at least three other biologically inert
photoisomers (namely suprasterols | and Il, and 5,6-transcholecalciferol). The
remaining unisomerised vitamin D3 (~10-15%) can enter the circulation bound
to vitamin D binding protein (DBP) for further metabolic alterations [10].
Ingested vitamin D is absorbed in the small intestine as a fat-soluble vitamin
alongside long-chain triglycerides and incorporated into chylomicrons [11,12].
These vitamin D-containing chylomicrons are subsequently transported into

venous circulation via the lymphatic system.

Upon reaching the liver, both DBP-bound vitamin D and vitamin D within
chylomicrons is hydroxylated at position 25 (C-25) by 25-hydroxylase (CYP2R1)
to form 25-hydroxyvitamin D (25(OH)Ds; calcidiol) before conversion to 1,25-
dihydroxyvitamin D (1,25(OH),Ds; calcitriol) in the kidneys by hydroxylation of

C-1 by 25-hydroxyvitamin D-1-a-hydroxylase (CYP27B1). la-hydroxylation is
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regulated by parathyroid hormone (PTH) as raised levels of PTH have a positive
effect on this hydroxylation, whilst hypoparathyroidism inhibits the conversion
of 25(0OH)Ds to 1,25(0H),Ds [13]. Whilst this secondary 25-hydroxylation step
was initially believed to occur exclusively in the kidneys, extra-renal sites of
CYP27B1 have since been identified [14]. 1,25(0OH),Ds is the biologically active
form of vitamin D yet, due to its relatively short half-life of 15 hours, vitamin D
status is clinically based upon serum measurements of 25(OH)D3 which
circulates at concentrations approximately 1000 times higher than 1,25(0OH),Ds

and has a half-life of 2-3 weeks [15].

In the kidney, 1,25(0OH).Ds levels are tightly controlled with synthesis being
regulated by the parathyroid glands, serum calcium (Ca?*) levels, and fibroblast
growth factor-23 (FGF23) [16,17]. Low serum Ca?* levels, or hypocalcaemia,
stimulate release of PTH by the parathyroid gland which stimulates CYP27B1
activity with a subsequent rise in 1,25(0OH),Ds synthesis [16]. Acting through a
negative feedback loop, increased levels of 1,25(0OH),Ds suppress PTH release
by upregulation of Ca?*-sensing receptors, causing a subsequent increase in
serum Ca?* levels [16]. Conversely, serum 1,25(0OH).Ds levels are negatively
regulated by a bone-kidney feedback loop in which high phosphate serum (Pi)
levels, or hyperphosphatemia, induce FGF23 release from osteoblasts and
osteocytes in bone [18]. FGF23 stimulates renal excretion of P; which, in turn,
inhibits CYP27B1, increases expression of the enzyme 24-hydroxylase

(CYP24A1), and, therefore, reduces serum 1,25(0OH),Ds levels [19].
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In addition, 1,25(0OH),Ds can also self-regulate via its own negative feedback
loop in which 1,25(0OH),Ds directly induces expression of CYP24A1 which
hydroxylates both 25(OH)Ds and 1,25(0OH),Ds at C-24, subsequently resulting
in the synthesis of the less potent metabolites, 24,25-dihydroxyvitamin D3
(24,25(0OH);D3) and  1,24,25-trihydroxyvitamin D3 (1,24,25(OH)3Ds),
respectively [20,21]. Due to recent developments within the field of liquid
chromatography-tandem mass spectrometry (LC-MS/MS), research has
demonstrated a potential clinical application for the ratio of 25(OH)Ds to
24,25(0H);D3 as a marker of vitamin D status (25(OH)Ds) relative to its
catabolism [22,23] . Several studies have also successfully used this ratio to
more effectively define the serum status of 25(OH)Ds following vitamin D

supplementation [24,25].

1.1.4 Vitamin D Binding Protein

As mentioned in Section 1.1.2, vitamin D metabolites are transported in
circulation by the carrier protein, vitamin D binding protein (DBP). First
identified as Group-specific component (Gc), DBP belongs to the albuminoid
protein family that also includes a-fetoprotein, afamin, and albumin, and it has
remained well conserved throughout evolution of vertebrates [26]. It is
primarily synthesised by the liver but gene and protein expression of DBP has
also been detected in other tissues, such as stomach, gall bladder, pancreas,
and cardiac muscle [27-29]. In humans the DBP gene (GC) is located on the
long arm of chromosome 4 (4q11-q13) and codes for a 458 amino acid (AA)

secreted protein with the characteristic triple-domain modular structure of an
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albuminoid protein [30,31]. Domain A possesses a single cleft that acts as a
binding site for vitamin D metabolites, while an actin binding site spans across
domains B and C with some involvement from domain A also [32]. Due to the
high number of DBP in circulation (200-600 mg/L), only ~5% of vitamin D
metabolite binding sites are occupied at any time, and DBP is able to bind all
metabolites of vitamin D but with varying affinity, namely: 25(0OH)D3 =

24,25(0H),D3 > 1,25(0H),D3 > vitamin D > 1,24,25(0H)sDs [33].

The DBP-locus is one of the most highly polymorphic known with over 120
identified human variants of which two particular exon 11 missense variants
(also known as single nucleotide polymorphisms, SNPs) have been most
frequently researched, rs4588 (T436K; c.1307C>A) and rs7041 (D432E;
c.1296T>G) [34,35]. Three common DBP isoforms exist that depend on what
alleles of rs4588 and rs7041 an individual possesses. Gc1f (rs7041-T/rs4588-C)
is the most frequent isoform and is commonly referred to as the wild-type (WT),
followed by Gcls (rs7041-G/rs4588-C) and, finally, Gc2 (rs7041-T/rs4588-A)
[31]. Gcls and Ge2 are distinguishable from Gclf as the AA substitutions lead
to altered post-translational glycosylation which can be demonstrated
experimentally by differences in their isoelectric points [36]. In addition, it
appears that the isoform carried can influence serum levels of 25(0OH)Ds, with
Gc2 homozygotes displaying the lowest circulating 25(OH)Ds concentration
across several different cohorts [37-39]. Why Gc2 leads to reduced serum

25(OH)Ds levels is currently unclear but previous suggestions have included
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lower hepatic synthesis, increased rate of clearance, and reduced affinity for

25(0OH)Ds [26,40].

Despite its name, DBP is actually a multi-functional protein with several roles
beyond the transport of vitamin D metabolites. As DBP possesses an actin
binding site it allows DBP to act as an extracellular actin-binding protein in the
extracellular actin scavenging system (EASS) [41,42]. In the event of a major
clinical event, such as sepsis or major trauma, an influx of actin into the
circulation from damaged tissue/cells occurs [43,44]. Upon release into the
circulation, actin polymerises into filamentous actin (F-actin) that, if uncleared,
can lead to microcirculatory occlusions, a hypercoagulable profile and,
ultimately, multi-organ failure [43]. The EASS is comprised of DBP and gelsolin
with gelsolin depolymerising F-actin to globular actin (G-actin) and, due to its
high affinity for G-actin, DBP preventing repolymerisation by binding and
clearing it from circulation [45]. As such, DBP is considered as an acute phase
reactant, as its serum levels are significantly altered following trauma and/or
in inflammatory states [46]. Like all other albuminoid proteins, DBP can also
bind fatty acids [47,48]. While it has been demonstrated that high
concentrations of polyunsaturated fatty acids (e.g. linoleic acid and arachidonic
acid) can reduce the affinity of DBP for 25(0OH)Ds and 1,25(0OH).Ds, it is unclear

whether this also occurs at more physiologically relevant concentrations [49].

In addition, reports have suggested a role for DBP in inflammation, but whether

this is direct or indirect is currently a matter of speculation. DBP has been
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implicated in complement-mediated recruitment of neutrophils but DBP itself
lacks chemotactic activity [50,51]. Thus, it has been proposed that DBP
associates with a binding site complex on the cell surface in order to mediate
the chemotactic cofactor effect [52]. Finally, as involvement of DBP has also
been documented in macrophage activation, it is also often referred to as
macrophage-activating factor (DBP-MAF) [53]. Deglycosylation of the
threonine that is substituted for lysine in the rs4588 SNP has been shown to
convert DBP to active DBP-MAF [54]. DBP-MAF has been demonstrated to
facilitate differentiation of monocytes into osteoclasts and stimulate bone

resorption in a rat model of osteopetrosis [55,56].

1.1.3. Effects of Race and Differences in Ethnicity Upon Vitamin D Metabolism

There is a growing body evidence to suggest that the prevalence of vitamin D
deficiency (serum 25(OH)Ds <25 nmol/L) is greater in Black individuals and
other people of colour than White individuals [57-59]. Several hypotheses
have been suggested in an attempt to explain these observations. Firstly, Black
individuals have a higher concentration of melanin which, as it absorbs UVB
radiation, is believed to result in impaired cutaneous synthesis of pre-vitamin
Dsdue to reduced availability of UVB photons for photochemical conversion of
7-DHC to pre-vitamin D3 [60]. Secondly, it is possible that the differences could
be due to genetic variability in genes encoding certain enzymes and proteins
that are key in the vitamin D metabolic pathway [61]. Indeed, recent reports
have indicated that SNPs in the Gc gene can account for a greater proportion

of variation in 25(OH)D3 serum levels between Black and White Americans than
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other well-known factors (e.g. season, BMI, and calcium intake) [61]. Based on
this information, when considering the vitamin D system as a whole, it is
sensible to wonder whether this relationship between genetics and our
physiology can be applied to other genes related to vitamin D metabolism. For
example, activity of CYP27B1 appears to be increased while CYP24A1 activity is
lower in Black individuals relative to White, as suggested by differences in the
ratios of 1,25(0OH),D3:25(0OH)Ds and 24,25(0H),D3:25(0OH), D3, respectively [62].
It is entirely possible that this variation in the activities of CYP27B1 and
CYP24A1 can be influenced by SNPs located in their encoding genes and that
the SNP frequencies may vary across different populations but confirming this
would require large population-based genetic association studies that fully

encompass global diversity.

1.2 Mechanisms of Action of Vitamin D/VDR Axis

As a steroid hormone, 1,25(0OH).Ds; exerts its biological effects via two
mechanisms: i) Genomic - binding of 1,25(0OH).Ds to an intracellular receptor
subsequently activates gene transcription, and ii) non-genomic - binding of
1,25(0H),D; to an intracellular receptor triggers intracellular signalling
pathways that, ultimately, lead to events that occur independently of gene

transcription.

1.2.1 Vitamin D Receptor
Following identification of the active metabolite, 1,25(0OH),Ds, there was a

significant push to uncover the underlying mechanistic machinery or pathways.
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This eventually led to the discovery and characterisation of the vitamin D
receptor (VDR), a cell membrane receptor belonging to the superfamily of
nuclear receptors (NRs) [63]. Whilst highest levels of VDR can be found in bone,
intestine, kidney, and the parathyroid gland, the tissue distribution of VDR is
vast with its expression also being documented in the majority of human
tissues, therefore demonstrating the broad scope of the effects of 1,25(0H),Ds

[64].

The human VDR gene maps to the centromeric region of chromosome 12
(12cen-g12) and codes for a 427 AA protein [65,66]. Whilst the 427 AA protein
is the standard-length protein (WT, or VDR-A), the presence of a common SNP,
Fokl, alters the location of the translation initiation codon, resulting in a VDR
protein that is 3 AA shorter but displays higher transcriptional activity [67]. As
a member of the NR superfamily, the structure of VDR is the same as that of its
fellow NRs, in which it is comprised of a short N-term domain, a DNA-binding
domain (DBD), a ligand-binding domain (LBD), and a hinge region that connects
the DBD to the LBD [68]. The LBD permits the interaction between VDR and
1,25(0H),Ds3, as VDR binds with an affinity of 0.1 nM, which is much higher than

the affinity of other NRs for their respective ligands [69].

1.2.2 Genomic Mechanism of Action
Upon entry into the cell, 1,25(0OH).Ds binds to VDR resulting in conformational
change in the receptor and subsequent nuclear translocation. In the nucleus

the VDR associates with its heterodimeric partner, retinoid X receptor (RXR),
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forming a 1,25(0OH).D3-VDR-RXR complex that is able to modulate gene
expression by binding vitamin D response elements (VDREs) in DNA (Figure 1.1)
[70]. Identification of multiple genes that are under transcriptional regulation
of the vitamin D system, roughly 3% of the human genome, exemplifies the
sheer breadth of potential explanations for vitamin D3 mechanisms of action
within normal biological function, e.g. cellular adhesion, cell cycle and

cytoskeletal maintenance [71,72].

— Gene
VDRE

Figure 1.1. The genomic mechanism of vitamin D (1,25(OH);D;).

Upon entry into the cell, 1,25(0OH).D; binds to the VDR causing conformational changes in the
receptor and subsequent nuclear translocation. In the nucleus, VDR associates with RXR (its
heterodimeric partner) to form a 1,25D-VDR-RXR complex that modulates gene expression by
binding VDREs in DNA. Abbreviations: 1,25D, 1,25-dihydroxyvitamin Ds; VDR, vitamin D
receptor; RXR, retinoid X receptor; VDRE, vitamin D response element. Created with

BioRender.com.
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1.2.3 Non-Genomic Mechanism of Action

1,25(0H),Ds is also able to exert its influence via non-genomic actions, which
include the modulation of intracellular calcium ion concentration ([Ca%*]i),
stimulation of intracellular signalling cascades (e.g. mitogen activated protein
kinases (MAPKs)), and induction of Ca?* and chloride (ClI) channel activity
(Figure 1.2) [73]. Unlike the genomic effects, non-genomic responses occur
rapidly (within seconds or minutes) indicating the occurrence of transcription-

independent events following 1,25(0H).Ds stimulation [74].
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Figure 1.2. The proposed non-genomic mechanisms of vitamin D (1,25(OH);D;).

1,25(0H),Ds; has been demonstrated to play a role in intracellular signalling and calcium
homeostasis. It is likely that c-Src acts as a gateway to cell signalling for 1,25(0H),D; as it is a
key upstream regulator of the MAPK/ERK pathways and PI3K. The relationship of vitamin D and
mitochondrial function is unclear but proposed effects involve influences on energy production.
Abbreviations: 25(0H)Ds;, 25-hydroxyvitamin Ds; 1,25D;, 1,25-dihydroxyvitamin Ds; SR,
sarcoplasmic reticulum; DBP, vitamin D binding protein; VDR, vitamin D receptor; MPS, muscle
protein synthesis; ATP, adenosine triphosphate; CYP27B1, la-hydroxylase; c-Src, proto-
oncogene tyrosine-protein kinase Src; MAPK, mitogen-activated protein kinase; mTOR,
mechanistic target of rapamycin; 4EBP1, eukaryotic translation initiation factor 4E-binding
protein; p70S6K, ribosomal protein S6 kinase B-1; Raf, proto-oncogene serine/threonine-
protein kinase; PI3K, phosphatidylinositol-3-kinase; PKC, protein kinase C; Ca®*, calcium ion;
SOCE, store-operated calcium entry; VDCC, voltage-dependent calcium channel; MEK, MAPK-
kinase; ERK, extracellular signal-regulated kinase; Akt, AKT serine/threonine kinase 1. Created

with BioRender.com
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1.3 The Vitamin D/VDR Axis and the Musculoskeletal System

Skeletal muscle accounts for almost 40% of an individual's body weight, is
fundamental for locomotion, breathing, lipid and glucose homeostasis, and is
the primary protein reservoir of the human body [75]. As such, extant muscle
atrophy is a clinical problem across the life course, irrespective of the
underlying aetiology, e.g. post-trauma or disease. In terms of increasing age,
the incipient loss of muscle mass (and sometimes increase in fat mass) and
function, is termed sarcopenia [76]. Maintenance of skeletal muscle mass relies
on a strictly regulated balance of muscle protein synthesis (MPS) and
breakdown (MPB) - or proteostasis. Muscle atrophy occurs when the rate of
MPB exceeds that of MPS, so there is understandably great interest in
elucidating the mechanisms underlying atrophy and any key factors that may

influence the process [77-79].

Muscle atrophy is influenced via genetic, epigenetic, and behavioural
mechanisms, but environmental and nutritional factors also play a key role,
with vitamin D being a prominent factor. It is estimated that vitamin D
deficiency affects approximately 1 billion people globally and these individuals
typically present with bone pain, fatigue, muscle pain (myalgia), muscle
atrophy and weakness, and an increased risk of sarcopenia [80]. While these
muscle symptoms are among some of the key features of hypovitaminosis D,
the relationship between vitamin D and skeletal muscle is still not fully

understood.
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1.3.1 Evidence from Human Studies

As an individual ages, the need for optimal maintenance of muscle mass and
strength is imperative due to the impact sarcopenia can have on functional
independence and, ultimately, quality of life. Multiple human studies have
indicated a relationship between vitamin D deficiency (low serum 25(OH)D3),
reduced muscle function, and an increased risk of sarcopenia [81]. In the
United Kingdom, NICE guidelines state that serum 25(0OH)Ds levels of less than
25 nmol/L should be considered as vitamin D deficiency (hypovitaminosis D),
25-50 nmol/L as insufficiency, and over 50 nmol/L as sufficient [82]. Risk of
vitamin D deficiency and dysregulated vitamin D function increases with age.
This may be attributed to reduced sensitivity to 1,25(0OH).D3 due to a combined
effect of age-related decline in VDR expression within skeletal muscle,
impairment of cutaneous vitamin D synthesis, or altered expression of vitamin
D metabolic enzymes [83-86]. In addition, poor nutrition and reduced
exposure to sunlight are commonly seen in institutionalised individuals - a
population at a particularly high risk of deficiency [87]. It has been well-
established that low serum 25(OH)Ds; levels are associated with reduced
muscle strength [88—95] and impaired physical function [96—102]. Longitudinal
studies indicate that deficiency may exacerbate the age-related decline in
strength and physical performance [101,103-109] whilst also potentially acting

as an independent risk factor for sarcopenia [107,110,111].
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Vitamin D deficiency-related muscle dysfunction may be partly explained by
alterations to skeletal muscle morphology, particularly type Il muscle fibres
(fast-twitch) [112-114] . Degenerative changes, such as muscle opacity, fibrosis,
fibre atrophy, and enlarged interfibrillar spaces have been seen in patients with
osteomalacic myopathy (a condition associated with vitamin D deficiency)
[115]. Sarcopenia has similar morphological manifestations in skeletal muscle
to vitamin D deficiency, and its effects are, again, also more prominent in type
Il fibres [116]. Given that preservation of fast-twitch type Il muscle fibres is
crucial for maintaining posture due to their role in generating rapid forces, it is
perhaps unsurprising that low 25(OH)Ds levels are associated with an increased
risk and prevalence of falls [117-121]. Vitamin D supplementation has been
shown to increase the percentage of type Il muscle fibres in both males and
females, but further investigations are needed to confirm these results

[122,123].

Given the volume of evidence supporting an association between vitamin D
deficiency and impaired musculoskeletal function, there has been great focus
on the therapeutic potential of the hormone, particularly in elderly populations.
Multiple studies have demonstrated that restoration of serum 25(0OH)Ds levels
can improve measures of strength and physical function [124-132]. However,
a significant number of trials have failed to show any benefits of vitamin D
supplementation upon muscle strength and/or mass, therefore generating a
degree of uncertainty regarding its benefits [133-140]. The potential reasons

for these disparities are numerous but may include differences in the form of
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the supplement and its dosage, the study duration, and heterogeneity of
participant demographics. Furthermore, whilst the common ideology is that
higher vitamin D levels will provide optimal physical function, this may not be
correct in terms of the musculoskeletal response to vitamin D supplementation.
A dose-dependent response has been proposed in the form of a U-shaped
curve, as several studies have demonstrated that both those with the lowest
and highest quartiles of serum 25(0OH)Ds levels display impaired muscle
strength and an increased risk of fractures and frailty [103,141]. Further
research is required to fully comprehend the reasoning behind these
observations, but the possibility for a potential therapeutic threshold of

vitamin D in the musculoskeletal system is clear.

In view of the age-related reduction in muscle VDR expression and vitamin D
synthesis and metabolism, the deficiency-associated morphological alterations
of fast-twitch type Il fibres and impairment of muscle strength/mass, it is of no
surprise that a biological link has been hypothesised between the vitamin D
system and muscle atrophy. Human studies have highlighted the phenotypical
and clinical alterations that result from vitamin D deficiency, but there is a lack

of understanding of the underlying molecular mechanisms.

1.3.2 VDR expression and skeletal muscle
Early studies reported a positive association between VDR content of classical
tissue targets of vitamin D, e.g. bone and intestine, and the level of biological

activity as a response to treatment with vitamin D3 [142]. It has since been
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demonstrated, that upon treatment with 1,25(OH),Ds, VDR expression is also
upregulated in skeletal muscle cells [143—-145]. However, confirmed expression
of VDR in skeletal muscle has been subject to controversy. Initial animal studies
used immunohistochemistry as a means for detection, but selectivity of the
widely used anti-VDR antibody 9A7 was questionable in cross-reacting with
unrelated proteins on Western blots [146]. More recent data confirming the
presence of VDR in both human and murine skeletal muscle cells has been
generated through studies using multiple VDR antibodies [122,143,147].
However, in fully differentiated murine and human muscle, VDR levels have
been detected at extremely low levels or not at all, whereas VDR expression is
higher in cell-cycling myoblasts than differentiated cells [143,148,149]. One
potential explanation for these observations is that VDR levels are dynamic in
nature, being highest during immaturity followed by an age-related decline.
This hypothesis is supported by the fact that VDR is displayed to be upregulated
in regenerating muscle of mice that have undergone muscular injuries or
exercise [150-152]. This raises an important question — is VDR expression
enriched in satellite cells? In postnatal muscle fibres, this population of muscle
stem cells represents approximately 30-35% of the total muscle cell population,
before declining to 5% in healthy adult muscle [153]. As satellite cells normally
exist in a quiescent state, unless stimulated to differentiate into myocytes by
exercise or muscular damage, this could explain the difficulties of detecting
VDR in adult muscle [154]. Nonetheless, DNA-bound VDR may also represent a

challenge for detection using standard extraction techniques.
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1.3.3 The Vitamin D/VDR Axis and Myogenesis

The majority of studies investigating the vitamin D axis and muscle cell function
have adopted in vitro cultures of muscle cells. Myogenesis, the means by which
skeletal muscle is generated, is a multi-step process and can be largely broken
down into 4 stages: 1. Activation of satellite cells, 2. Proliferation of myoblasts,
3. Myoblast differentiation, and 4. Formation of myotubes. This process is

displayed in Figure 1.3.

Studies using the C2C12 murine skeletal muscle cell line have demonstrated
1,25(0OH),Ds as being anti-proliferative, but stimulatory of differentiation
[144,155]. Treatment of myoblasts with 100nM 1,25(0OH),Ds; for 1-week
resulted in a 75% reduction in proliferating cell nuclear antigen (PCNA - a
biomarker of cellular proliferation) [156], whilst significant reductions in cells
positive for bromodeoxyuridine (BrdU* - a thymidine analog that labels
proliferating cells) were also observed following 2-day treatments at the same
dosage [143,151]. It is important to note that, while a dosage of 100nM
1,25(0H),Ds is commonly used for in vitro studies, it is highly unlikely to occur
in vivo at this concentration. Future studies should aim to optimise dosages of
in vitro 1,25(0H).Ds treatments to better reflect that of physiologically relevant

dosages.
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Figure 1.3. The proposed effects of 1,25(0OH):D; at the main stages of myogenesis.
1,25(0H),D; appears to exert differential effects that are dependent on the stage of
myogenesis that the cell is in. The effects of 1,25(0H),Ds in satellite cells is believed to be
stimulatory, whereas it evokes inhibitory effects in myoblasts. These effects are summarised
here. Stimulatory effects (+), inhibitory effects (-), and uncertain effects (?) are illustrated.
Abbreviations: 1,25D, 1,25-dihydroxyvitamin Ds;; FOX03, Forkhead box protein 3; p21, cyclin
dependent kinase inhibitor 1B; p27, cyclin dependent kinase inhibitor 1B; p38, mitogen
activated protein kinase; Pax7, paired box protein 7; PCNA, proliferating cell nuclear antigen;
nMHC, neonatal myosin heavy chain; Myf5, myogenic factor 5; IGFI/II, insulin-like growth factor

1/2. Created with BioRender.com.
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At onset of differentiation, expression of the majority of cyclins are
downregulated, as this is the stage at which cells arrest in the Go/G1 phases of
cell division. Expression of cyclin D3 is associated with permanent cell cycle
withdrawal and induction of early myogenesis, whereas cyclin D1 is seen to be
highly expressed in proliferating myoblasts [157,158]. Treatment of C2C12
myoblasts with 1nM 1,25(0OH),Ds increases cyclin D3 expression, supporting
observations that 1,25(0OH).D3 causes cellular arrest in Go/Gi phase
[143,157,159]. It appears that this effect occurs simultaneously with induction
of the cyclin-dependent kinase inhibitors (CDKIs) p21 and p27 [157], and data
from studies using VDR knockdown (VDR-KD) cell lines indicate that these cell-

cycle influences are VDR-dependent [158].

Fusion of myoblasts into multinucleated myotubes is a strictly controlled
process. The first wave occurs during embryogenesis and is responsible for
generating the myotubes of the preliminary muscular system, whereas the
secondary wave takes place later in a vertebrate’s lifespan. It is this second
wave that is responsible for the addition of secondary myotubes/myofibres
that increase muscle mass, so the impact of vitamin D on this process is of
particular interest [160]. Myotube formation can occur spontaneously in high
serum media and is believed to rely primarily on myogenin. In culture, C2C12
myoblasts can be induced to exit the cell cycle and differentiate into myotubes
through switching “growth culture” medium (10% foetal bovine serum, FBS) to
“differentiation medium” (2% FBS). This method of differentiation induction via

serum starvation is primarily driven by insulin-like growth factor-1 (IGF-1) and
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has been used to examine the differences that occur when myoblasts are
treated with vitamin Ds either at the point of differentiation initiation or when

they are fully differentiated [161].

Interestingly, 1,25(0OH).D3 appears to stimulate myotube formation when high-
sera medium is used for both C2C12 and primary muscle cell cultures [156,162],
yet it has the opposing effect in cases of differentiation via serum starvation
[143,163]. Thus, it is possible to suggest that vitamin D elicits differential effects
depending on the model of myogenesis used. When C2C12 myoblasts are
treated with 100nM 1,25(0OH),Ds during the early differentiation phases (i.e.
day 0 and day 4), myogenin and neonatal myosin heavy chain (nMHC) isoforms
were downregulated, but this effect wasn’t present in the fully differentiated
group (day 8) [157]. In fact, treatment with 1,25(0OH).Ds; at day 8 post-
differentiation appeared to have an opposing effect as myosin heavy chain type
[la expression was upregulated with an additional protective role against
cellular detachment [157]. The inhibitory influence of 1,25(0OH);Ds; upon
myotube formation has been supported further as C2C12 myoblasts also
treated at day 4 differentiation were only able to fuse partially, resulting in
abnormally shaped myotubes that possessed an increased number of

myonuclei [145].

The results from these aforementioned in vitro studies have been translated in
vivo through use of vitamin D deficient and/or VDR null animals. These animals

possess similar phenotypes, namely presenting with smaller muscle fibres,
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reduced muscle strength, higher fatigue, fibre hyper-nuclearity, and abnormal
gait [163-166]. In rats, vitamin D deficiency causes cell cycle arrest which,
whilst initially seeming undesirable for muscle function, it is possible that this
action of 1,25(0OH),Ds; promotes entry of myoblasts into a quiescent state [167].
Notch signalling is considered a master regulator of myoblast quiescence and,
whilst expression of full-length Notch is unaffected by deficiency, a decrease in
the cleaved form of Notch is present, indicating reduced activation of the Notch
pathway in vitamin-D deficient rats [167,168]. 1,25(0OH).Ds; has been
demonstrated to influence the enzymes responsible for proteolytic processing
of Notch, a y-secretase complex and an ADAM protease, in neuroblastoma cells
but further investigations are required to evaluate this hypothesis in skeletal
muscle cells [167,169]. As this pro-myogenic pathway is involved in the
proliferation of satellite cells, and deficiency of vitamin D leads to a blunted
Notch response within skeletal muscle, it may be possible to place this
relationship as a potential aggravator for age-related decline in

myoregenerative capacities.

The development of a genetically modified mouse model lacking the gene
encoding Vdr (VDR-KO) has allowed investigators to study the impact of loss of
VDR [170,171]. Whilst VDR-KO mice display an aberrant muscle phenotype, the
phenotypic alterations of this VDR-KO mouse model are not only limited to the
muscular system as these animals also display alterations to other physiological
systems e.g. the cardiovascular and gastrointestinal systems [172]. Due to the

confounding systemic impact caused by the absence of the Vdr gene, it has
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become difficult to draw final conclusions from results produced from the
total-body VDR-KO mice. Tissue-specific VDR-KO animal models have been
generated in an attempt to bypass this problem, and work using mice with a
myocyte-specific Vdr deletion (mVDR-KO) has demonstrated the importance of
VDR in muscle function [147]. Stark differences can be seen between these
mice and the whole-body knockout animals, as the mVDR-KO mice were of a
normal body size, yet their muscle fibres were marginally larger in diameter
[147]. Thus, efforts should be focused on clarifying conclusions drawn from
whole-body models using this new tissue-specific model, whilst also yielding

novel information regarding the biological activity of vitamin D.

1.3.4 Genomic Action of the Vitamin D/VDR Axis in Skeletal Muscle

PCR array analysis studies using human muscle biopsies have identified a
number of myogenic genes where expression correlates with 1,25(0H),D3[173],
whilst RNA sequencing has (RNAseq) demonstrated alterations to expression
levels of over 1900 mRNAs following treatment of human skeletal muscle cells
with 1,25(0OH),Ds [174]. With regards to myogenic-related genes, several have
been found to possess VDREs. Forkhead box protein 1 (FOX01), a transcription
factor belonging to the forkhead/winged helix family, has a VDRE in its
promoter and regulates muscle atrophy through its influences upon MPS and
cellular differentiation [72,175]. VDR signalling has been shown to inhibit both
expression and nuclear translocation of FOXO1, but upon VDR-KD, this
suppressive effect is abolished, suggesting FOXO1 as a chief target in the

altered signalling demonstrated in VDR-KO skeletal muscle [176,177].

49



The insulin-like growth factor (IGF) system comprises multiple ligands (IGF-I,
IGF-II, and insulin), receptors, and six binding proteins (IGFBPs), several of
which possess VDREs within their genes. Within skeletal muscle, IGFBP-5 is the
primary secreted IGFBP, and, through its activation of the IGF-Il auto-regulation
loop, it promotes myogenic differentiation [178,179]. IGFBP-5 interacts directly
with VDR and seemingly prevents heterodimerization with RXR, thereby
impairing 1,25(0OH).Ds induced cell-cycle progression and gene transcription
[180,181]. Similarly, the gene encoding thioesterase superfamily member 4
(THEM4; also known as carboxyl-terminal modulator protein, CTMP) also
possesses a VDRE in its promoter region. THEM4 inhibits the phosphorylation
and subsequent activation of Akt, resulting in MPB due to cessation of Akt’s
inhibition and activation of members of the FOXO family and mechanistic
target of rapamycin (mTOR), respectively [182]. Treatment with 1,25(0OH),Ds
caused upregulation of THEM4 which, paired with the fact that it has been
found to be elevated in atrophic C2C12 cells, further suggests a role for the

vitamin D system in the maintenance of muscle proteostasis [183,184].

Despite being primarily implicated in skeletal health, recent studies have
implicated the bone-derived hormone osteocalcin in the regulation of muscle
function [185,186]. The presence of a VDRE in the osteocalcin promoter
indicates that 1,25(0OH),Ds is able to directly regulate this gene, an effect that
has been demonstrated in vitro by upregulation following 1,25(OH).D3
treatment [187]. As osteocalcin has been shown to influence muscular

mitochondrial function, myofibre uptake and catabolism of glucose/fatty acids,
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and insulin sensitivity [186,188,189], it is sensible to suggest this genomic
relationship as one potential explanation for the aberrant muscle phenotype
seen in VDR-KO mice. Similar to the VDR, expression levels of the osteocalcin

gene have been shown to decline as an individual ages [190].

Lastly, expression of integrinB3 is also recognised to be under the control of a
VDRE, and deficiency of this integrin in myoblasts results in impaired myoblast
migration and fusion [191]. The integrins are a major family of transmembrane
receptors that act to provide connections between the extracellular matrix and
the cytoskeleton [192]. It seems that vitamin D increases expression of
integrinB3, thereby inducing the formation of focal adhesions that are crucial
for cellular adhesion, whilst also potentially initiating the differentiation
process in satellite cells [191,193]. Currently, uncertainty exists with regards to
the directly impacted target genes of 1,25(0OH),Ds in myogenic cells. The use of
transcriptomics and RNAseq following treatment of myogenic cells, i.e. satellite
cells, myoblasts, and/or myotubes, with 1,25(0OH),Ds would provide further
data that may clarify the issue, whilst also elucidating any differences that

occur at each stage of the myogenic pathway.

1.3.5 Non-genomic Regulation of Skeletal Muscle by the Vitamin D/VDR Axis

Muscle proteostasis is tightly regulated by an intrinsic balance between the
rates of MPS (anabolism) and MPB (catabolism). If the net rate of MPS exceeds
that of MPB, then the net muscle protein balance (NPB) is considered to be

positive, and growth of muscle fibres is achieved; alternatively, muscle atrophy
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occurs when the NPB is negative due to rate of MPB being higher than MPS

[194,195].

1.3.5.1 Catabolic Pathways

Of the various proteolytic systems existing in skeletal muscle, vitamin D has
been mainly implicated in one in particular, the ubiquitin-proteasomal pathway
(UPP) [196,197]. In rats, deficiency of vitamin D resulted in increased levels of
MPB, significantly elevated expression of both the ubiquitin conjugating
enzyme E2 and its ubiquitin conjugates, but no alterations to either calpain or
lysosomal enzymes were observed [196]. At the heart of the UPP lies the 26S
proteasome, a large complex comprised of two smaller subcomplexes: the 20S
core peptidase and the 19S regulatory unit [198,199]. Proteasomal activity of
the 20S subunit was seen to be upregulated in biopsies from the vitamin D-
deficient mouse model, thereby indicating an increase in nonlysosomal
proteolysis and a place for the vitamin D system in skeletal muscle protein

degradation [196].

Further to this, expression of both muscle ring finger protein 1 (MuRF1) and
muscle atrophy F-box protein (MaFbx, also known as Atrogin-1) has been seen
to be higher in both the vitamin-deficient and VDR-KO mice when compared
with control animals [147,196], a result similar to that observed in sarcopenic
muscle of aged rats [200]. Expression of both MuRF1 and atrogin-1 is controlled
by the phosphorylation state of the FOXO family. Basally, FOXO proteins are

phosphorylated by Akt, sequestering them in the cytoplasm, and preventing

52



their nuclear translocation and downstream transcription of MuRF1 and
atrogin-1 [201]. In cellular models, treatment of fully differentiated human
myotubes and C2C12 models of stress (e.g., glucocorticoid and oxidative) with
1,25(0H),Ds inhibited expression of atrogin-1 and MuRF1 but increased levels
of FOX01 [197,202,203]. Paraspinal muscle biopsies from patients with chronic
lower back pain supplemented with vitamin D demonstrated increased Akt and
reduced FOXO3a in comparison to baseline [204]. Vitamin D deficient rats
display elevated levels of total protein breakdown and atrogin-1/MuRF1, and
repletion of vitamin D levels also normalised atrogin-1/MuRF1 expression
levels in the gastrocnemius (GA) muscle of a deficient cachexic mouse model
[196,205]. MuRF1 is upregulated in the tibialis anterior (TA) muscle of VDR-KO
mice, but no significant differences were seen with control WT mice in the
soleus muscle [206]. This reinforces the type Il muscle fibre specificity observed
in vitamin D deficient patients, as TA and GA are considered fast muscles whilst

soleus is slow.

Another key regulator of proteostasis is adenosine monophosphate-activated
protein kinase (AMPK). Functioning as a nutrient sensor, AMPK is activated in
states of metabolic stress, such as low ATP levels, and acts by activating ATP-
producing pathways whilst inhibiting those that are ATP-consuming [207]. For
example, activated AMPK phosphorylates mTOR and uncoordinated 51-like
kinase 1 (ULK1), thereby inhibiting the positive influence of mTOR upon MPS
yet promoting autophagy via ULK1. The impact of older age upon AMPK

expression is uncertain, but a large body of evidence suggests AMPK expression
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decreases with age, and this decline may be augmented by inactivity/unloading
(common features of increasing age) [208]. An age-related loss of AMPK would
be detrimental as this impairs the ability for the cell to respond to states of
metabolic dysregulation, thereby increasing oxidative stress. In cellular models
of atrophy and stress, 1,25(0OH),Ds treatment seems to increase AMPK activity
and vitamin D deficient rats display reduced activation of sirtuin-1 (SIRT1), a
key activator of AMPK [209-211]. Muscle of VDR-KO mice display higher AMPK
levels, which may initially appear paradoxical due to the pro-catabolic
influences of AMPK, but it is likely that this is a compensatory mechanism for
the diminished ATP levels also seen in these animals [212]. Whilst there is
evidently much more to be understood regarding this relationship, it is sensible
to question whether age-related declines in vitamin D serum levels exacerbate
the effects of reduced skeletal muscle AMPK activity that have been proposed

to occur with increasing age.

Whilst the link between proteolytic signalling pathways and vitamin D has been
well-documented, evidence exploring the relationship between the autophagy
lysosomal pathway and the vitamin D system in skeletal muscle is notably much
sparser. Expression of Cathepsin L, a lysosomal cysteine protease, was higher
in VDR-KO rats versus controls and treatment with 1,25(0OH),D3; suppressed
glucocorticoid-induced expression of Cathepsin Lin C2C12 myotubes [203,213].
As discussed previously, 1,25(0OH),Ds stimulates AMPK activity, which is pivotal
in activating autophagy via phosphorylation of ULK1, plus markers of

autophagy (namely Beclin-1 and light chain 3B-II (LC3B-Il)) are heightened in
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various cell types (e.g. macrophages and neurones) treated with 1,25(0OH);Ds
[214,215]. Recent RNAseq data has also highlighted key autophagy-related
gene sets that are upregulated in VDR-KO rats, thereby providing a solid

platform for researchers to devise and plan future research upon [213].

1.3.5.2 Anabolic Pathways

Conversely, hypertrophy (an increase in size of muscle cells) is largely governed
via intracellular signalling cascades, and several attempts have been made in
order to try and clarify the relationship between these myogenic processes and
1,25(0OH),Ds. Potential explanations have stemmed from studies that
investigated influences upon cellular signalling, particularly post-translational
modifications (PTMs) as they can be imperative to normal signalling, as
exemplified by the effects exerted by 1,25(0OH);Ds upon altered
phosphorylation of certain members of the MAPK pathway [216]. In its
phosphorylated state, Raf-1 (proto-oncogene serine/threonine-protein kinase)
is able to initiate a protein kinase cascade that results in gene transcription
being induced via MAPK. When C2C12 myoblasts are treated with 1,25(0OH),D3,
a rapid rise in serine phosphorylation of Raf-1 is seen alongside a steep rise in

dephosphorylation of the Ras-GTPase-activating protein [216].

In line with these results, it has also been demonstrated that 1,25(0OH),Ds can
activate the cellular sarcoma kinase (c-Src), a major transcription factor that
lies upstream of Raf-1, thereby also promoting gene transcription through

downstream activation of MAPK [217]. Studies using VDR-KD cell lines have

55



confirmed that activation of MAPK signalling is dependent on VDR, as both c-
Src and p38 MAPK were significantly downregulated in its absence [217].
Furthermore, reports have revealed that 1,25(OH).D3 treatment of rats
undergoing high-intensity exercise reduces expression of key components of
the MAPK signal cascade, namely extracellular signal-regulated kinases 1 and 2
(ERK1/2), in comparison to the placebo group [218]. Due to previous
demonstrations that inhibition of ERK1/2 in myocytes leads to the induction of
muscle atrophy and upregulation of MuRF1 and MaFbx, the idea of
1,25(0OH);D3 reducing MPS via diminishing ERK1/2 expression levels seems
rather paradoxical [219]. It is possible that this effect of vitamin D is dependent
on what developmental stage the myogenic cell is in at time of study because,
as discussed, its effects can be anti-proliferative. Under basal conditions, c-Src
is colocalised with caveolin-1 in close proximity to the plasma membrane but,
upon treatment of 1,25(0OH).Ds, VDR translocation to the plasma membrane
occurs followed by disruption of the colocalization [220,221]. It seems that
association with caveolin-1 suppresses kinase activity of c-Src, meaning it’s
possible to hypothesise that 1,25(0OH),Ds-induced translocation of VDR permits
activation of c-Src signalling, therefore suggesting that c-Src acts as a gateway

to cell signalling for vitamin D.

As c-Src is under positive regulation by vitamin D3 and is also known to be an
upstream regulator of Akt, it is therefore possible that the hormone is able to
have some element of control over mTOR and p70kDa S6 kinase (p70S6K)

signalling. The Akt/mTOR signalling pathway is deemed to be one of the
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principal regulators of muscle mass in skeletal muscle, and myogenesis is seen
to be impaired when mTOR is inhibited following muscle injury [222]. Akt is
able to positively control MPS via its relationship with mTOR, whilst also
repressing MPB through its inhibitive phosphorylation of members of the FOXO
family of transcription factors [223]. Vitamin D deficiency is associated with
downregulation of mTOR and subsequent suppression of its phosphorylation
of elF4E-binding protein 1 (4EBP1) and p70S6K, implying an overall decrease in
MPS [224]. This was supported by demonstration of sensitization of the
mTOR/Akt pathway by 1,25(0OH).D3 in C2C12 myoblasts to the effects of insulin
and leucine through upregulation of phosphorylation, and consequent

inhibition, of glycogen synthase kinase 33 (GSK38) by Akt [225].

Upstream of Akt lies myostatin, a negative regulator of muscle mass whose
absence in both KO animal models, and human loss-of-function mutations
leads to muscular hypertrophy and hyperplasia (an increased number of
muscle cells) [226,227]. In vitro studies using the C2C12 cell line have revealed
that 1,25(OH).Ds treatment at the myoblast stage induces a transition from cell
proliferation to differentiation by reducing the expression of myostatin and
upregulating its antagonist, Follistatin [156]. Paradoxically, these results
confute previous work reporting a decrease in expression levels of
promyogenic factors upon myoblast treatment with 1,25(0OH),D3 compared to
skeletal muscle obtained from VDR-KO mice [163]. When taking the
experimental protocols used into consideration, it is possible that these

contradictions may be due to time-dependent and/or dosage effects. A single
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dose of 1,25(0H).Ds treatment lasting 48-96 hours [163], may have elicited an
acute response resulting in diminished myogenesis, whereas prolonged
exposure (i.e. 7 daily doses) could be considered as chronic and brings about

pro-myogenic influences [156].

1.3.5.3 Intracellular Calcium Homeostasis

Recent data has suggested that it may be the relationship between vitamin D3
and intracellular calcium (Ca%*) homeostasis that drives certain observations.
Normal healthy skeletal muscle cells have low [Ca%*]i levels (100-120 nM) that
are strictly controlled as perturbations of calcium homeostasis can result in
activation of proteases, impaired energy production and muscular contraction,

and even cellular death [228].

The response of protein kinase C (PKC) to 1,25(0OH),Ds treatment was
investigated in vitro using chick myoblasts and myotubes [229]. Vitamin D-
induced translocation of PKC from the cytosol to the cell membrane was
markedly higher in myotubes, as was the rise in Ca?* concentration [229]. This
intracellular influx of Ca?* is notably reduced in antisense PKC knockdown
models [230], but it appears to be VDR independent as no change is seen to
the increase in PKC translocation following 1,25(0OH).Ds treatment in VDR-KO
models [231]. PKC modulates Ca?* homeostasis via its activation of L-type
voltage-dependent calcium channels (VDCCs) and store-operated calcium
entry (SOCE) [232], hence it is possible to propose that the vitamin D-induced

Ca%*influx is mediated by these actions of PKC. Structurally, SOCE channels are
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constituted of various members of the transient receptor potential-canonical
(TRPC) protein family, of which TRPC3 has been identified as a primary
mediator of SOCE induced by 1,25(0OH),D3[233]. In addition, TRPC1 is required
for fusion of myoblasts into myotubes [234], which may partly explain
conclusions made by Zhang et al. regarding the positive influence of
1,25(0H)2D3 upon the influx of Ca?* in myotubes, but not myoblasts, when in a

calcium sufficient environment [235].

Itis well recognised that calcium is required for fusion of myoblasts during their
differentiation process [236,237], thus it is sensible to theorise that the
suppressive influences upon myoblast-to-myotube formation may be partly
due to a reduction in cytosolic calcium. Finally, it has been documented that
the perturbed Ca?* uptake that accompanies vitamin D deficiency alters the
kinetics of muscle contraction, thereby extending the relaxation phase of
contraction [238,239]. Under basal conditions, mitochondrial uptake of Ca?*
occurs during the twitch and tetanic responses of muscle contraction [240], but
when the cell is in a vitamin D deficient state it seems that oxidative
phosphorylation (OXPHQS) is impaired, and mitochondria are unable to retain
Ca?* [241]. If contraction kinetics are altered by this perturbed Ca?* then it may
be possible that this is the underlying mechanism for the muscle weakness that

is a classic clinical manifestation of vitamin D deficiency.
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1.3.5.4 Mitochondrial Function

Several reports have indicated a relationship between the vitamin D/VDR axis
and mitochondrial physiology in skeletal muscle [242-244]. Since
mitochondrial translocation of VDR was first described [245], two key
questions remain unanswered: 1. What is the general role of vitamin D in
mitochondria, and 2. How does this relationship specifically translate into
skeletal muscle? Indeed, in vitro models of primary human skeletal muscle cells
demonstrate improved mitochondrial bioenergetics in response to active
1,25(0H),D3 [246,247], increasing oxygen consumption rates and fission/fusion
dynamics [174]. Interestingly, while CYP27B1-mediated intracrine synthesis of
1,25(0OH),Ds appears to be a feature of skeletal muscle, vitamin D3 metabolites
lacking the 1la-hydroxyl group (i.e. 25(OH)Ds and 24R,25(0H).Ds) do not elicit
the same muscle bioenergetic response as 1,25(0H).Ds3 [174]. Thus, the muscle
CYP27B1-VDR intracrine pathway may have a selective impact on muscle
function. Conversely, diet-induced 25(OH)Ds deficiency in mice elicits reduced
mitochondrial function and these changes were not mediated through
alterations in mitochondrial protein content including electron transport chain

(ETC) expression or citrate synthase (CS) activity [243].

Recent supplementation studies in humans have indicated that 1,25(0OH).D3
results in improved mitochondrial function within skeletal muscle [248], but
the mechanism for this beneficial effect has yet to be fully elucidated. Potential
explanations may be that 1,25(OH).Ds can directly influence energy production

(e.g. ATP synthesis) by eliciting its genomic effects on mechanisms such as
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OXPHOS or the tricarboxylic acid (TCA) cycle [249]. This theory has been
explored by several research groups, all of which have demonstrated
upregulation of expression levels of genes associated with the TCA cycle and
ETC [174,250]. Additionally, studies using VDR-KD cell lines have shown that
the rate of ATP synthesis derived from OXPHOS is reduced by 20% versus a
short hairpin RNA (shRNA) scrambled control [244], and that this absence of
VDR is also associated with increased production of reactive oxygen species
(ROS) [251]. Whilst evidence does exist to indicate a relationship between
mitochondria and the vitamin D system it is clear that further investigations are

required for concise conclusions to be made.

Separate from mediating 1,25(0OH);D3 induced effects in muscle, the VDR
seems to have an independent role upon mitochondrial function. VDR-KD in
vitro impairs mitochondrial function, through as yet undefined mechanisms,
however dysregulation of membrane permeability or Ca?* handling, and raised
levels of ROS may offer a potential means [244,251]. Further, in response to
VDR-KO in vivo, multiple mitochondrial related gene sets are downregulated
[213], suggesting the VDR may be necessary for mitochondrial bioenergetic
function though the regulation of key mitochondrial gene sets. However,
recent investigations have determined that VDR-KO mice display decreased
intramuscular ATP despite showing no reductions in ETC protein expression
[212]. It is postulated this may be due to changes in nutrient utilisation and

efficiency rather than impaired mitochondrial function, however these aspects
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and the surrounding role of the vitamin D/VDR axis upon mitochondrial

function require further investigation.

1.3.6 DBP and Skeletal Muscle

As discussed in Section 1.1.2, 25(0OH)Ds has a remarkably long residence time
in circulation of around 2-3 weeks [15]. Considering that the majority of
25(0OH)Ds circulates tightly bound to DBP, it would be sensible to consider
whether this could contribute to the unusually long half-life of 25(0H)Ds, yet
the turnover of DBP is, comparatively, much more rapid (1-3 days) as it is being
consistently discarded and replenished hepatically [26]. Therefore, two
theories have been proposed: 1. 25(0OH)Ds must either be transferred from one
molecule of DBP to another or, 2. it is passed on and stored in an extravascular

site.

Evidence has demonstrated that muscle cells are able to take up DBP as C2C12
myotubes have been shown to possess megalin and cubilin, the
transmembrane proteins involved in DBP internalisation, and DBP-actin
complexes have been found in rabbit skeletal muscle [252,253]. In addition,
when pregnant rats were treated with radioactively labelled vitamin Ds, the
majority of the radioactivity was recovered in the skeletal muscle of the
offspring but in the form of 25(0H)D3 [254]. When considered collectively, this
evidence led to the suggestion that perhaps DBP-25(0OH)Ds complexes are
internalised into muscle cells by an endocytic mechanism mediated by megalin

and cubilin and, once in the cell, the DBP-25(0OH)D3 complex binds actin
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filaments [255]. Subsequent proteolytic degradation of DBP in skeletal muscle
would release bound 25(OH)Ds3, allowing it to diffuse out of the cell, back into
the circulation where it can immediately bind to another DBP molecule,
therefore providing an explanation for its variable and unusually lengthy half-
life. In addition, as discussed in Section 1.2.5.4, CYP27B1 is also expressed in
mitochondria, so an intracellular store/supply of 25(OH)D; would permit
intracrine synthesis of 1,25(0OH).Ds. Figure 1.4 provides a schematic for this
process. Beyond this newly defined role for DBP, there is a significant absence

of research into its relationship with skeletal muscle.
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Figure 1.4. Internalisation of DBP into skeletal muscle.

DBP binds 25(0OH)Ds (and other vitamin D metabolites) to form DBP-25(OH)D; complexes which
are transported in circulation. These DBP-25(0OH)D; complexes can be internalised into skeletal
muscle cells via an endocytic mechanism mediated by megalin and cubilin. DBP binds actin and
is proteolytically degraded, thereby releasing 25(0OH)Ds to either diffuse back into circulation
to bind another DBP molecule or to be utilised by mitochondria for synthesis of 1,25(0OH),Ds.
Abbreviations: DBP, vitamin D binding protein; CYP2R1, 25-hydroxylase; 25(0OH)Ds;, 25-
hydroxyvitamin Ds; Ub, ubiquitin; CYP27B1, 1la-hydroxylase; 1,25(0OH),Ds, 1,25-

dihydroxyvitamin Ds. Created with BioRender.com.
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1.4 Thesis Aims

As demonstrated throughout this introductory chapter, there is a sufficient
body of evidence to place confidence in the hypothesis of the vitamin D axis
having a direct regulatory role in skeletal muscle. However, the understanding
of the mechanisms underlying this relationship remains unclear, thus
highlighting a need for further research.

Therefore, the three primary aims of this thesis are to:

i)  Determine the current state of knowledge with regards to the impact
of genetic variation within vitamin D axis-related genes upon
skeletal muscle function and physiology.

ii) Investigate the impact of key single nucleotide polymorphisms (SNPs)
identified and selected from (i) upon skeletal muscle function and
physiology in a cohort of elite master athletes.

iii) Provide a mechanistic basis for these vitamin D axis-related SNPs by

conducting gene knockdown experiments in C2C12 myotubes.
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Chapter 2: The impact of genetic variation within the
vitamin D pathway upon skeletal muscle function: a
systematic review

2.1 Introduction

Skeletal muscle function is highly influenced by both environmental and
genetic factors. While the study of environmental factors, e.g., diet and
exercise type, encompass the majority of research in this area, recent evidence
suggests heritability rates of 45-82% for muscle-related traits [256].
Progressive loss of muscle and muscle function (sarcopenia) is a common
feature of aging, but it is associated with an increased risk of adverse outcomes,
e.g., frailty, fall prevalence, functional decline, and mortality [76]. Given the
growing volume of evidence demonstrating that muscle health and function
can be significantly influenced by genetics, particularly certain genetic variants
[257,258], enhancement of our understanding of how an individual’s genetics
can influence this process is of upmost importance, plus it may provide further

information with regards to prognosis and response to treatment interventions.

Considering the importance of the vitamin D axis in the general functioning of
several physiological systems, the impact of genetic variation within key genes
of this axis has become a particular area of interest. Indeed, SNPs of the VDR
gene have been demonstrated to alter biological activity of the 1,25(0OH).Ds-
VDR complex, thereby raising the possibility that, not only vitamin D status, but

also VDR structure and expression can govern molecular actions [259-261]. As
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discussed in depth throughout Chapter 1, in vitro studies have highlighted a
key molecular role for 1,25(0OH).Ds in skeletal muscle function and several
hallmark symptoms of vitamin D deficiency include negative muscle outcomes
[2]. This in vitro data has been translated further in vivo, as the muscle atrophy
seen in murine VDR-KO models further exemplifies a fundamental regulatory
role for VDR [262]. Thus, it is sensible to hypothesise that SNPs within vitamin

D-related genes could influence various parameters of muscle function [2].

Therefore, here, the aim was to conduct a systematic literature review
examining the role of genetic variance in members of the vitamin D pathway
upon skeletal muscle function, including muscle power, strength, and mass.
SNPs for the following genes were researched: VDR, DHCR7, RXRA, GC,

CYP27B1, CYP2R1, CYP24A1, LRP2, and CUBN.

67



2.2 Materials and Methods

2.2.1 Search Strategy & Study Selection

Following PRISMA guidelines, a systematic literature review was conducted,
and it was registered on PROSPERO [263]. PubMed, Web of Knowledge (WoK),
and EMBASE were searched up to week 1, June 2022. A search was conducted
for studies published between 2000 and 2022, that investigated the association
of muscle outcomes and genetic factors known to be linked with the vitamin D
pathway and metabolism. To minimise bias, this search was conducted on two

separate occasions.

The following common variants of the vitamin D receptor (VDR) were searched:
Fokl, rs2228570, Taql, rs731236, Bsml, rs1544410, Apal, rs7975232, and Cdx2,
rs11568820. Variants in other genes involved in synthesis, transport, or
metabolism of vitamin D were also included: DHCR7, 7-dehydrocholesterol
reductase, CYP2R1, 25-hydroxylase, CYP27B1, 1la-hydroxylase, CYP24A1, 24-
hydroxylase, LRP2, megalin, CUBN, cubilin, RXR, retinoid X receptor, GC, and
vitamin D binding protein. Papers were included if they investigated
association between the aforementioned SNPs and muscle function
parameters, e.g., hand grip strength (HGS), timed up and go test (TUG), and
knee flexion/extension (KF/KE). All human research articles regardless of
language and article type were considered, whilst bibliographies of retrieved
papers and previous reviews were also hand-searched to identify other

relevant studies.
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2.2.2 Inclusion Criteria

PICO criteria for study inclusion were as follows: (1) participants — individuals
of any age, (2) intervention or exposure — assessment of vitamin D genetic
factors known to affect vitamin D metabolism, pathways, and concentration,
(3) comparators — studies reporting a quantitative association between muscle
function outcomes and genetic variation/gene expression in normal tissue, and
(4) outcome — muscle specific parameters, including muscle strength, power,

and mass.

2.2.3 Data Extraction

Data extraction was performed by a single investigator (SB) using a tailored
data extraction form that included the following information: authors,
publication year, study type, participants (number, sex, age, ethnicity), gene
name, polymorphism, muscle phenotype/outcomes, and primary findings of

study.

2.2.4 Quality Assessment
Quality and bias risk of included studies was assessed by using the Quality of
Genetic Association Studies (Q-Genie) tool [264]. This tool is comprised of 11
items covering the following areas:

1. Rationale for study

2. Selection & definition of outcome of interest

3. Selection & comparability of comparison groups

4. Technical classification of the exposure
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5. Non-technical classification of the exposure

6. Other sources of bias

7. Sample size & power

8. A priori planning of analyses

9. Statistical methods & control for confounding

10. Testing for assumptions & inferences for genetic analyses

11. Appropriateness of inferences drawn from results

Each item was scored on a 7-point Likert scale (1 = poor, 3 = good, 5 = very
good, 7 = excellent) and overall quality of the included study was classified by
collating the total scores from each item. For studies that included a control
group, a total score of <35 indicated poor quality, 35-45 indicated a study of
moderate quality, and >45 meant a good quality study. Comparatively, studies
that lacked a control group were considered poor quality if they had a score of
<32, moderate quality if the score lied between 32-40, and good quality if they
scored >40. Corresponding authors were contacted in the event of missing

details to ensure accuracy of scores given.
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2.3 Results

The process of study selection is depicted as a flowchart in Figure 2.1. The
systematic search of three online databases identified an overall total of 1848
papers. Following removal of duplicates and screening of titles/abstracts for
eligibility, 21 studies remained. Of the 21 studies included in this review, 17
were cross-sectional and 4 were longitudinal. The main characteristics of the
17 cross-sectional studies are summarised in Table 2.1, whilst Table 2.2
represents a summary of the 4 longitudinal studies. Publication dates of
included articles ranged from 2002 to 2020. The majority of the studies were
conducted in Europe (11 studies from France, Sweden, Italy, Belgium, UK, and

Hungary), followed by China and the USA (3 studies each).

Records identified through
database searching
(n =1848)

l

Records following removal of
duplicates and screening of
title/abstract

(n=25)
l Full texts
excluded (n = 2)
Full texts assessed for eligibilit:
< g y due to pot
(n=23) ’ assessing
muscle

l phenotypes

21 final articles included for
review

Figure 2.1. A flow chart depicting the process of identifying and selecting articles for review.

Created with BioRender.com
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Table 2.1. Cross-sectional studies on associations of polymorphisms of vitamin D-

related genes with muscle phenotypes.

Q-
[REF]; Gene/ Sampl.e Study Results Genie
Region SNP Population Outcome

Score

[265]; VDR Cohort - HGS Fokl 36

USA A1012G, AlMMY Caucasian females
Fokl, Ddel, N=273 carrying 21 F allele
Bsml, Taql (102M & displayed significantly
171F) greater right HGS versus
Average Age: ff homozygotes (p=0.035).
21.25+2.22yr
A1012G
Black GG females
displayed significantly
greater left HGS
(p=0.046).
[266]; VDR N=175F KF & KE; Bsml 42
Sweden Bsml, Average Age: HGS; BB homozygotes
3’ UTR poly A 29.615.9yr lean & displayed significantly
repeat fat mass  higher hamstring strength
than bb (p=0.03).
3’ UTR poly A repeat
Individuals carrying ss
genotype had significantly
higher hamstring strength
and fat mass than LL
(p=0.02 & 0.04,
respectively).

[267]; VDR Cases KF & KE; Bsml 43

Turkey Fokl, Bsml, N=120M FFM BB homozygotes
Taql Average Age: displayed significantly
6916.9yr higher KE strength versus
Bb/bb
Controls (p=0.038).
N=60M
Average Age:
34+5yr
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[268];
Italy

[269];
China

[270];
Hungary

VDR
Fokl, Bsml

VDR
Fokl, Bsml

VDR
A102G, Fokl,
Ddel, Bsml,

Taql,
rs10783215

N=259
(87M &
172F)
Average Age:
85.0+4.5yr

HGS;
SPPB
score

Cases
N=205
(94M &
111F)
Average Age:
68.77+6.86yr

HGS;
gait
speed;
ASM;
SMI

Controls
N=410
(183M &
227F)
Average
Age:
67.92+7.43yr

N=706
(360M &
346F)
Average Age:
9.8+1.2yr

HGS

No significant differences
in muscle strength or
physical performance
were found between

genotypes.

Fokl

Both male and female ff

homozygotes displayed

lower HGS than F allele
carriers (p=0.013 & 0.047,

respectively). f allele
increased risk of
sarcopenia compared to F
allele (OR =1.310, 95% Cl:
1.032, 1.663).

Bsml
Bb males displayed lower
HGS but higher SMI than
BB (p=0.006 & 0.036,
respectively). Bb
heterozygotes were more
likely to have lower HGS
than BB individuals
(B =-0.05,95% Cl: -0.10,
0.01).

Bsml
bb homozygotes
displayed significantly
lower HGS than BB
(p=0.010).

A1012G
GG homozygotes
displayed significantly
higher HGS than AA
(p=0.009).

Taql
CC homozygote displayed
significantly higher HGS
than TT (p=0.038).

43

55

48

73



No significant differences 50

N=2844M HGS;
in muscle strength or

VDR

[271];

Sweden Cdx2, rs9729, Average Age: STS5;
rs10735810, 75.4+3.2yr 6m walk; physical performance
rs17882106, 20cm were found between

rs7136534, narrow genotypes.
rs11574024, walk
rs4516035,
[272]; VDR Cases HGS Fokl 48
UK Fokl, Bsml N=107 (controls In both whole group and
(75M & 32F) only); COPD patients only, FF
Average Age: Quads homozygotes displayed
63.519.5yr MVC; significantly lower KE
FFM strength than f allele
Controls carriers (p=0.01 & 0.02,
N=104 respectively).
(48M & 56F)
Average Age:
61.8+8.5yr
[261]; VDR N=302M Quads Fokl 46
USA Fokl, Bsml Age: 58-93yr ASM; FF males had significantly
SM; total lower AFFM, FFM and
FFM SMI compared to f allele
carriers (p=0.009, 0.002,
0.001, respectively), and a
2.17-fold higher risk of
sarcopenia (p=0.03).
[273]; VDR N=864 HGS; Fokl
USA Fokl, Bsml, (489M & KE peak FF had modestly lower 49
Taql 375F) torque; peak KE torque than Ff/ff
Age: 22-90yr AFFM; (p=0.04).
total FFM
Bsml

b allele carriers had
higher peak torque at
180° and 30° than BB
homozygotes (p=0.02 &
0.01, respectively).




[274];
China

[275];
France,
UK,
Germany,

[276];
Italy

VDR
Fokl, Bsml

VDR
Fokl, Bsml

VDR
Fokl, Bsml,
Taql, Apal

N=785
(275M &
510F)
Age: 63.1-
72.5yr

OPUS cohort
N=1970F
Average Age:
66.917.0yr

Centenarians
N=102M
Average Age:
102.31£0.3yr

Septuagenar
ians
N=163M
Average Age:
73.0+0.6yr

HGS;
gait
speed;
SMI; FFM;
total fat
mass

HGS;
rise from
chair test

HGS

Fokl
HGS and SMI were
significantly higher in ff
males versus those
carrying 21 F allele
(p=0.03 & 0.04
respectively) and their
risk of sarcopenia was
lower (p=0.03).

Bsml
bb homozygotes
displayed greater HGS

than carriers of 21 B allele

(p=<0.01).

Bsml
B allele carriers
performed better on rise
from chair test both with
and without arms in

comparison to bb
homozygotes (p=0.008 &
0.03, respectively). These
individuals also displayed

significantly lower

maximum power

(p=0.044).

Fokl
In centenarians, FF
homozygotes had higher
left HGS than f allele
carriers (p=0.021).

49

49

51

75



[277];

Taiwan

[278];

Belgium

[279];

Belgium

[280];
China

VDR
Apal, Bsml,
Ddel,
rs2239185

VDR
Bsml, Taql,
Fokl

VDR
Taql, Apal

VDR
Taql, Apal,
Bsml

Cases
N=103
(36M & 67F)
Average Age:
76yr

Controls
N=369
(215M &
154F)
Average Age:
72.7yr

N=493
(253M &
240F)
Average Age:
48.2yr

Cases
N=271M
Age: 71-86yr

Controls
N=135M
Age: 20-50yr

N=109F
Average age:
19.82yr

HGS

HGS;
KE & KF;
FFM

HGS;
EF; STS5

KF & KE;
EF & EE

Apal
AC females displayed
significantly lower HGS
than CC
homozygotes (p<0.05).

Presence of the minor
allele of each SNP and
physical inactivity were
jointly associated with
increased risk
of low HGS in both
females and males.

Fokl
Female ff homozygotes
displayed significantly
higher isometric KE
strength at 90°.

Bsmi-Taql Haplotype
Male BtBt homozygotes
displayed significantly
greater isometric KE
strength at 150° than bT
carriers (p=0.01).

No significant differences
in muscle strength or
physical performance
were found between

genotypes.

Bsml
B allele carriers displayed
significantly higher KF at
180° than bb
homozygotes (p=0.030).

Apal
AA homozygotes
displayed significantly
lower KE at 120° than Aa
& aa carriers (p=0.004 &
0.003, respectively).
These individuals also
displayed lower EE and EF
at 120° and 30° than aa
homozygotes (p=0.0029
& 0.0039, respectively.)

45

51

52

39




[281]; CYP3A4 - N=278 Quads No significant differences 46
UK rs2740574 (169M & strength in muscle strength were
109F) found between
CUBN - Age: 41-92yr genotypes.
rs3740165

RXRA -
rs7861779,
rs9409929

CYP24A1 -
rs6013897,
rs2762934,
rs2762939,
rs2248137

GC-
rs16846876,
rs7041,
rs12512631,
rs4588,
rs2070741,
rs2298849

CYP27A1 —
rs17470271

CYP27B1 —
rs4646536,
rs4646537

LRP2 —
rs3755166

DHCR7 —
rs12785878,
rs3829251

VDR —
Taql, Cdx2,
A1012G,
Apal, Bsml,
Fokl,
rs4334089,
rs10783219,
rs7976091,
rs2238136,
rs2853539,
rs7970314,

Abbreviations: [REF], reference; SNP, single nucleotide polymorphism; M, male; F, female; USA,
United States of America; UK, United Kingdom; VDR, vitamin D receptor; yr, years; m, metre;
cm, centimetre; OR, odds ratio; Cl, confidence interval; HGS, handgrip strength; MVC,

maximum voluntary contraction; FFM, fat-free mass; AFFM, appendicular FFM; SMI, skeletal
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muscle index; ASM, appendicular skeletal muscle mass; TUG, timed up and go; STS5, five times
sit-to-stand test; SPPB, short physical performance battery; KE, knee extension; KF, knee
flexion, EE, elbow extension; EF, elbow flexion; TE, trunk extension; TF, trunk flexion; COPD,
chronic obstructive pulmonary disease; AIMMY, Assessing Inherited Markers of Metabolic

Syndrome in the Young; OPUS, the Osteoporosis and Ultrasound Study.
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Table 2.2 Longitudinal studies on associations of VDR polymorphisms with muscle

phenotypes.
Q-
[REF]; Gene/ . Sample Study .
Region SNP Slavjbeser Population = Outcome AU Genie
Score
[282]; Bsml, Taql, Followed N=589F HGS No significant 45
France Apal prospectively Average differences in
for 11 years Age: muscle
62yr strength were
found between
genotypes
[283]; Taql, Apal Followed N=119F HGS; No significant 45
Japan prospectively Average KF & KE; differences in
for 4 years Age: TF&TE muscle
60.116.6yr strength were
found between
genotypes.
[265]; VDR 12-week Cohort - Bicep Fokl 36
USA A1012G, unilateral FAMuSS MVC; Males carrying
Fokl, Ddel, resistance N=436 whole- >1 F allele
Bsml, Taql training of (167M & muscle displayed
non- 269F) volume significantly
dominant Average greater
arm Age: 23.5yr baseline biceps
strength
(p=0.049).
These
individuals
displayed
smaller
changes in

whole muscle
volume at 12
weeks than ff
homozygotes
(p=0.034).
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[284]; VDR 12-week
Japan Bsml, Taql, intervention
Fokl, Apal of low-
resistance
training
twice/week

N=63
(24M &
39F)
Average
Age:
76.7£9.65yr

HGS;
TUG;
brain-grip
reaction
time;
6-minute
walk;
one leg
stand
with eyes
open;
anterior
bending
at sitting;
32m
walk; 2
minutes
of
stepping;
muscle
boundary
length

Bsml
bb
homozygotes
had greater
changes in
muscle
boundary
length of right
thigh
(p=<0.05).

Apal
Those carrying
21 A allele
displayed
greater
changes in
muscle
boundary
length of upper
and forearms,
and right thigh
(both p=<0.05
& <0.05).

Fokl
Those carrying
21 f allele
displayed
greater
changes in
muscle
boundary
length of right
forearm and
left upper and
forearm (both
p=<0.05 &
<0.05).

38

Abbreviations: [REF], reference; SNP, single nucleotide polymorphism; USA, United States of

America; M, male; F, female; yr, year; HGS, handgrip strength; MVC, maximum voluntary

contraction; FFM, fat-free mass; TUG, timed up and go test; ADL, activities of daily life; KE, knee

extension; KF, knee flexion; TE, trunk extension; TF, trunk flexion; m, metre; FAMuSS,

Functional SNPs Associated with Muscle Size and Strength.
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2.3.1 Demographics of Included Participants

In total, 12,414 subjects participated across the 21 studies. Of these, 6574
(52.96%) were men and 5840 (47.04%) were women, and 81% of included
articles only included participants aged >50 years. Of the 21 studies, 15
included Caucasians, 7 assessed Asian subjects, and only 2 studies also included
Black participants. All 21 studies included muscle strength testing, but only 6
reported physical function outcomes and 9 described body composition.

Muscle mass and size was only investigated in 3 studies.

2.3.2 Quality of Included Studies

Allincluded articles were assessed as being of either moderate or good quality.

2.3.2.1 VDR

Of the twenty-one articles that were included for final analysis, 20 only studied
genetic variation of the VDR gene. Across the studies, a total of 20 different
VDR SNPs were investigated in relation to muscle function, with multiple
studies identifying associations with muscle outcomes and Bsml (rs1544410),

Fokl (rs2228570), Apal (rs7975232), and A1012G (rs4516035).

A study conducted in 2004 in Swedish women demonstrated a significant
association between the Bsml and poly A VDR genotypes and muscle strength
[266]. Carriers of the shorter poly A genotype (ss) and/or the linked Bsml
restriction site (BB) displayed greater hamstring strength than subjects

possessing the long allele of poly A (LL) and bb genotypes (P =0.02 and P =0.03,
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respectively). However, following adjustment for confounding factors, i.e., age,
fat, and lean mass, this significance was lost [266]. The observation of higher
muscle strength in BB individuals has since been replicated, as it was seen that
those with higher knee extensor (KE) and quadriceps strength were carriers of
the B allele [267,280]. However, results among the studies are also rather
conflicting. One study found that B allele carriers had a significantly higher fall
risk and demonstrated a poorer performance on rise from chair and power
tests than bb homozygotes (P = 0.03 and P = 0.044, respectively) [275]. bb
homozygotes have also been shown to have higher handgrip (HGS) and KE
strength — a trait also seen in bb COPD patients [269,272,273,285]. Whilst the
previously discussed studies identified significant associations between Bsml
and muscle function and strength, 7 of the 17 studies that investigated Bsmi

failed to find any differences at all [261,268,271,276,277,281,282].

Comparatively, despite being included in 12 studies, only one study is yet to
have found a significant association for the Taqgl SNP, as Bozsodi et al.
highlighted that homozygous tt schoolchildren had higher handgrip strength in
their dominant hand than their TT counterparts (P = 0.010) [285]. Due to the
strong linkage disequilibrium (LD) that exists between Bsml and Taq]l, several
studies have opted to include Bsml-Tagl haplotypes in their analyses [273,278].
Whilst Walsh et al. failed to demonstrate any significant associations between
the haplotypes and muscle parameters, they did find that the bT/bT haplotype
was significantly associated with a higher fat free mass (FFM) in males [273].

Additionally, the bT/bT haplotype has also been linked with higher muscle
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strength, as carriers displayed higher concentric and isometric KE strength (P =

0.01) [278].

15 of the 21 included articles investigated Fokl, and 10 reported significant
differences between genotypes. Individuals carrying at least 1 copy of the
mutant F allele of Fokl have been shown to display higher baseline muscle
strength (i.e., MVC and HGS) [265,269,276] but, in contrast, other studies
reported an opposing relationship in which the F allele is instead associated
with poorer muscle strength [261,272-274,278]. Several studies have
described associations between the Fokl polymorphism and physical function,
but the results conflicted. Indeed, elderly FF homozygotes display reduced gait
speed, yet younger FF homozygotes perform better on the timed up and go
(TUG) test [269,279]. Only two studies reported associations between body
composition parameters and Fokl. Roth et al. reported that FF carriers have
significantly lower appendicular muscle mass and total FFM (P= 0.009 & 0.002,
respectively), whilst Xia et al. described an association between the ff genotype
and increased skeletal muscle index (SMI) (P = 0.04) [261,274]. Two studies
reported that FF homozygotes carried an increased risk of sarcopenia [261,273]
but, comparatively, it has also been reported that those homozygous for the f

allele possess a higher sarcopenic risk [269].

Of the 8 studies that included the Apal polymorphism in their investigations,
only 3 reported significant associations [277,280,284]. For every mutant A

allele, the risk of low HGS was reported to increase 2.05-fold [277], and AA
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homozygotes displayed reduced KE and EE strength (P = 0.003 & 0.004,
respectively) [280]. Additionally, the aa genotype was reported to significantly
influence change of boundary lengths of upper- and forearm muscles, but the
paper failed to report whether the change was positive or negative (P = <0.05)
[284]. The C allele of the Ddel polymorphism was reported to increase the risk
of low HGS in physically inactive elders [277]. Whereas individuals carrying the

A1012G SNP displayed the highest HGS in two studies [265,285].

2.3.2.2 Other Studied Genes of the Vitamin D System

The only included article that investigated genes of the vitamin D pathway
other than that encoding the vitamin D receptor (VDR) was published in 2018
by Jolliffe et al [281]. This study genotyped for 35 SNPs across 11 genes (CYP3A4,
CUBN, RXRA, CYP24A1, GC, CYP27A1, CYP27B1, CYP2R1, LRP2, DHCR7 & VDR)
in a small (n = 134) cohort of COPD patients. No significant associations were

found between any of the studied SNPs and quadriceps strength [281].
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2.4 Discussion

At time of writing (Summer 2024), the systematic review conducted in this
chapter provides the most up to date and extensive overview of research into
associations between genetic variation of the vitamin D system and skeletal
muscle. The literature search displayed that this research has been primarily
restricted to one gene, the gene for the vitamin D receptor (VDR). At time of
writing this thesis, Spring 2024, there remains to only be a single study
investigating associations between genetic variance of RXRA, GC, CYP27B1,

CYP2R1, CYP24A1, LRP2, and CUBN with muscle function [281].

Our search generated a total of 21 articles; 20 of which were exclusively
focused on the VDR gene. The two most frequently studied SNPs were Bsmi
(rs1544410) and Fokl (rs2228570), but inconsistencies were found across these
studies, and many failed to replicate earlier findings. For example, 6 studies
demonstrated that the Bsml SNP was significantly associated with lower
muscle strength and poor performance on physical function tests [269,272—
275] yet, comparatively, 3 studies displayed carriers of Bsml had higher muscle
strength than those not carrying the SNP [266,267,285]. Inconsistencies
between results is also an issue with the Fokl SNP (also known as the start
codon polymorphism (SCP)), a SNP of particular interest due to being the only
known VDR polymorphism resulting in structural changes within the VDR
protein. Fokl is associated with a T-to-C substitution in the first 5’ ATG start
codon of the VDR gene. This change of ATG to ACG abolishes the start codon

and forces translation to initiate at the second initiation site located three
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codons downstream, thereby resulting in the production of a protein that is 3
AA shorter than the WT (424 AA as opposed to 427 AA) [286]. Whilst very few
studies exist that have investigated the functional consequences of this SNP, it
appears that the resulting shorter protein possesses increased biological
activity which would subsequently influence its transcriptional activity and
activation of genes containing VDREs [287]. Of the 15 articles that included Fokl
in their investigations, 10 found significant associations with outcomes related
to muscle function and physical performance but, like Bsml, the findings
conflict. 7 of the 10 studies found that ff genotype carriers (WT; the longer
isoform) performed better across a range of muscle phenotypes/outcomes and
that those carrying a mutant F allele had a greater risk of sarcopenia
[261,265,272-274,278,284]. rs4516035 (A1012G) was the only SNP to be
consistently associated with greater HGS [265,285]. This SNP is located in the
1A promoter region at the 5" end of the VDR gene and is the result of an A-to-
G transition. Similar to Fokl, the functional impact of this SNP is unclear, but it
has been proposed that the G variant (mutant) has reduced affinity of GATA3
for its promoter [288]. Furthermore, it is possible that A1012G is a determinant
of where transcription begins from, either exon 1a or 1d. If transcription starts
in exon 1a (A allele; WT), then it would lead to the production of a normal
length VDR protein, but if it starts in 1d (G allele; mutant), then a longer mutant

VDR protein would result [288].

The reasons for disparities between findings are most likely multifactorial due

to the varying methodologies, study design, population demographics, and

86



ethnicities that span across the included studies. All 21 articles measured
muscle strength, but methods differed, as 48% determined strength via HGS
only. Measurement of HGS is a cheap and useful indicator of strength and is
one of the four factors required in sarcopenia diagnosis, yet variations can arise
by differences in dynamometer type, participant position during testing, and

reference values used for cut-offs [289].

Articles were included regardless of the health status of included participants
to provide a complete overview of current research so inclusion of a mixture of
healthy and disease cohorts (e.g., COPD) may contribute to the variable results
seen here. However, a previous systematic review that only included articles
with healthy cohorts also reported variable results, so it would seem that the
mixture of healthy/disease states contributed minimally to result variability in
this instance [290]. Similarly, no criteria were set with regards to age of
included participants, as the aim was to capture as much of the available
literature as possible. However, it should be noted that this approach does
have its limitations as it is possible that co-factors associated with age may
affect skeletal muscle function and performance to a greater extent than that
of the SNP. This raises an important question of would the effects of these
SNPs still be seen if studied in younger participants where the influence of age-
related factors on skeletal muscle are removed? While this question cannot be
answered herein, it represents a potentially interesting line of research moving

forwards.
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Finally, and likely the most extreme disparity, only two of the 21 studies
included Black participants [265,281]. This racial bias isn’t restricted to research
of genetic variation of the vitamin D system; in fact, individuals of African and
Latin American descent only make up 1-2% of participants in genome-wide
association studies (GWAS), whilst white Europeans constitute 78% [291].
Exclusion of Black individuals and other people of colour from genetic research
prevents research from capturing global genetic diversity and impedes our
ability to fully understand the genetic basis of human physiology and disease.
Until these populations are better represented in genetic research, results will
remain poorly representative of the global population and will only exacerbate

health disparities further.
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2.5 Future Directions and Conclusions

This systematic review provides a comprehensive and up-to-date view on the
current understanding with regards to research into genetic variation within
the vitamin D axis and its impact upon skeletal muscle. Research was found to
have primarily focused on the VDR gene and there is a large amount of
variability between results; only one SNP was consistently associated with
greater HGS (A1012G; rs4516035). While the lack of definitive evidence and
study heterogeneity makes it difficult to draw conclusions, the findings of this
review highlight a need for improvements with regards to the use of more
diverse study populations, i.e., inclusion of Black individuals and other people
of colour, and expanding research scope beyond the VDR gene. Moving
forward, efforts should be made to try and provide explanations for the
genetic-phenotypic associations that exist between VDR variants and muscle,
as this could provide further information on the genetic basis of VDR.
Additionally, exploration of other genes within the vitamin D system (Figure
2.2) in relation to skeletal muscle, e.g., vitamin D binding protein (DBP; GC) and
megalin (LRP2), may synthesise novel relationships and mechanisms that will
contribute to the overall understanding of vitamin D physiology in relation to
muscle health. Finally, there has been a distinct absence of GWASs focused on
variants of VDR and other genes within the vitamin D system in relation to traits
such as HGS. Given the volume of large databases possessing relevant
musculoskeletal function data for large cohorts (>10,000 individuals) it is
therefore reasonable to suggest a GWAS as the next investigation moving

forwards.
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Chapter 3: The association of vitamin D receptor (VDR)
and vitamin D binding protein gene (GC) single nucleotide
polymorphisms with skeletal muscle function and
performance in elite master athletes — a candidate gene
association study

3.1 Introduction

Commonly considered a geriatric syndrome, sarcopenia is the term given to
define an age-related decline in muscle mass and function [292]. The functional
consequences of sarcopenia can be vast, ranging from an increased risk of falls
to impaired quality of life and, ultimately, increased mortality. Whilst
sarcopenia is most frequently observed in individuals over the age of 70,
declines in muscle mass and function have also been documented in younger
groups, thereby warranting investigations into potential mechanisms and
interventions [293]. It is difficult to define the definitive driving forces for
sarcopenia onset as it appears to be a multifactorial syndrome. A multitude of
hypotheses have been suggested, including environmental, hormonal,

neurological factors, nutrition, and genetics [294].

One factor that encompasses several of these hypotheses is vitamin D, whose
physiology and synthetic pathways have been described in great detail
throughout Chapter 1. As a steroid hormone, vitamin D primarily acts via its

receptor, vitamin D receptor (VDR). VDR expression has been documented in
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human skeletal muscle and appears to decline with age but studies in rat
models have demonstrated that it is positively responsive to a single bout of
exercise [83,150,295]. VDR knockout (VDR-KO) and/or VDR overexpression
(VDR-OE) animal and cellular models have exemplified the mechanistic
importance for VDR in skeletal muscle [213,296]. Located in the centromeric
region of chromosome 12 (12cen-q12), the VDR gene is 100kb long and >100
SNPs have been reported [297]. Bsml (rs1544410), Taql (rs731236), and Fokl
(rs2228570) are among the most frequently studied VDR SNPs and have all
been found to be associated with differences in muscle strength and function
[266,270,272]. However, the systematic review conducted in Chapter 2
exemplified that results conflict across the literature with some studies failing
to report any differences at all, which may be a consequence of variable study
design, methodologies, and population demographics [3]. A1012G, a SNP
occurring in the 5’ 1e promoter region of the VDR gene, has been consistently
found to have an association with higher HGS [265,285]. Whilst the functional
impact of this SNP hasn’t been defined, it is possible that the differences in
muscle strength stem from altered VDR transcriptional activity and mRNA

stability due to the SNPs location in the VDR 5’ promoter [288,298].

In circulation, the majority of 25(0OH)Dsis bound to a member of the albuminoid
family, vitamin D binding protein (DBP). Encoded by the GC gene located on
chromosome 4q11-13, DBP has several functions other than transporting
vitamin D metabolites, including actin scavenging, binding of fatty acids

(particularly unsaturated), and activation of the complement C5 system [26].

92



The missense variants rs4588 (T436K; c.1307C>A) and rs7041 (D432E;
€.1296T>G) are both located in exon 11 of the GC gene and are two of the most
frequently studied GC SNPs. Three common DBP isoforms exist that depend on
what alleles of rs4588 and rs7041 an individual possesses. Gclf (rs7041-
T/rs4588-C) is the most frequent isoform, followed by Gcls (rs7041-G/rs4588-
C) and, finally, Gc2 (rs7041-T/rs4588-A) (Table 3.1) [40]. Both the presence of
an actin binding site on DBP and the discovery that, in rats, maternal 25(OH)Ds
is transported from the placenta directly to the foetal skeletal muscle where it
accumulates, has led to the hypothesis of a functional relationship existing
between muscle and DBP, particularly in the conservation of vitamin D status
[254,299]. Several candidate gene studies have investigated the relationship
between GC SNPs and vitamin D status, yet there is a distinct absence of studies
investigating the functional impact of variance within the GC gene upon

skeletal muscle [300-302].

Thus, the aim of this chapter was to evaluate the potential relationship of SNPs
of genes encoding vitamin D receptor (VDR) and, for the first time, vitamin D
binding protein (DBP; GC) with neuromuscular performance and
musculoskeletal characteristics in a cohort of elite master athletes (MA) and
non-athletic controls. The cohort of MA used herein represents a
physiologically distinct population of older individuals with diverse muscle
mass, function, and performance compared to that of age-matched controls.
Therefore, they offer a unique population to study the impact of genetic

variation upon muscular outcomes but in an aged cohort.
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Table 3.1. Characteristics and allele information for DBP (GC) isoforms.

Alleles
Haplotype AA 432/436
rs7041/rs4588
Gclf T/C Asp/Thr
Gcls G/C Glu/Thr
Gc2 T/A Asp/Lys

Abbreviations: T, thymine; C, cytosine; G, guanine; A, adenine; AA, amino

acid; Asp, aspartic acid; Thr, threonine; Glu, glutamine; Lys, lysine.
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3.2 Methods

3.2.1 Participants & Ethical Approval

The study was conducted in accordance with the Declaration of Helsinki, except
for registration in a database. The study was approved by the University
Research Ethics Committee (14/NW0275) and the National Research Ethics
Service Committee Northwest (15/NW/0426). All participants provided written

informed consent.

N = 47 male MA were recruited as part of the Vertical Impact on Bone Health
in Elderly (VIBE) multiple cohort study [303,304] through two national MA
competitions and adverts placed in a national athletics magazine. N = 45 male
controls were recruited from the local community. To be included, MA had to
be actively competing in their respective disciplines and completing 5 or more
hours of training per week at time of testing. 12 MA were sprinters (those

competing in events <800m) and 36 were endurance athletes (2800m).

3.2.2 Anthropometric Measurements

Participant body mass and height were measured on calibrated scales and
stadiometry, respectively, and were used to calculate body mass index (BMI).
Total body fat percentage was quantified by dual-energy X-ray absorptiometry
(DXA; Lunar Prodigy Advance, version EnCore 10.50.086; GE Healthcare, Little
Chalfont, United Kingdom) in which the participant was in a supine position
with their arms and legs fully extended. Bone mineral density (BMD; g/cm?)

was taken from full body scans. Cross-sectional area (CSA) of the right vastus
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lateralis (VL) was determined via magnetic resonance imaging (MRI) using a T1-
weighted turbo 3D sequence on a 0.25-T G-scan. An external reference easily
identifiable on the MRI scan was taped to the skin to mark the motor point
(approximately mid muscle belly). A series of transverse-plane slices (6mm
thick) were collected before images were exported and analysed using Osirix
imaging software (Osirix medical imaging, Osirix, Atlanta, GA, United States)

[305].

3.2.3 Muscle Strength and Physical Performance

Upper limb strength was measured via HGS in both MA and controls with a
Jamar dynamometer handle (Model 5030 J1, Sammons Preston Rolyon,
Bolingbrook, IL, USA). Measurements were taken whilst the participant was
stood upright with their arm fully extended beside the body, with a ~5cm gap
between the hip/upper leg and the wrist to ensure that the hand was not
resting against the body. Participants performed three maximum contractions
with both hands and results were recorded in kilograms (kg), to the nearest

0.1kg. The best of three attempts was included for statistical analysis.

Right KE strength was assessed in the controls only. Participants were told to
sit in the testing chair with both knee and hip joints flexed at 90° and an
isometric force dynamometer (calibrated strain gauge, RS Components Ltd,
Corby, UK) was fastened 30 cm below the centre of the knee to measure forces
generated. A belt was placed across the pelvis to minimise any movement from

the upper trunk. Before maximal contractions were attempted, participants

96



were permitted to perform several submaximal contractions as a warm-up
practise. Subsequently, the participant was asked to perform contractions at
maximum effort whilst the investigator provided verbal encouragement. This
was repeated three times, each with a 60 second rest interval between, and
the best of these three attempts was included in statistical analysis as the

maximum voluntary contraction (MVC).

For assessment of physical performance, timed-up-and-go (TUG) testing was
performed. Participants were asked to stand from a standardised armless chair
without using their hands, walk to and around an obstacle three metres away,
and then return to their original seated position. The time taken to complete
the task was measured in seconds via a handheld stopwatch. Three attempts
were performed by each participant and the average value was taken for

statistical analysis.

Balance was assessed in the control group only by asking participants to
perform standing balance tests. Participants were instructed to stand with their
arms parallel to the ground and extended horizontally. Three attempts were
given, each separated by intervals of 30 seconds, to achieve 30 seconds without
touching external supports or taking any attempts in the following two foot-
placements: 1. One-leg standing with eyes open, and 2. One-leg standing with
eyes closed. The best attempt of the three attempts was taken for statistical

analysis.
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3.2.4 Jumping Mechanography

Lower limb power (absolute (W) and relative (W/kg)) was assessed using a
Leonardo Jump Mechanography Platform (Leonardo Software version 4.2:
Novotiec Medical GmbH, Pforzheim, Germany), as previously described [306].
In brief, participants were instructed to perform a two-footed
countermovement jump with maximal effort. Three jumps were performed
with a minute between each effort and force was sampled at 800Hz. The best
of the three attempts was included for statistical analysis. All jumps were

performed in the presence of a trained assistant.

3.2.5 Biochemical Parameters

All hormone measurements were conducted using a fasted venous blood
sample collected between 8.30-9.30 AM in controls only. Blood samples were
centrifuged immediately for 20 minutes at 3200rpm at 4°C before being
aliquoted and stored at -80°C until further use. Serum concentrations of
dihydrotestosterone (DHT), dehydroepiandrosterone (DHEA), DHEA sulphate
(DHEAS), total oestradiol (E2), and 1,25(OH),D3 were all quantified using a
validated LC-MS system. Concentrations of serum sex hormone binding
globulin (SHBG) and albumin were determined via chemiluminescence and

bromocresol purple, respectively.

3.2.6 Genetic DNA Extraction
Genomic DNA was extracted for use in previous work published by the group

[307]. Briefly, genomic DNA was extracted from buffy coat with the QlAamp
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blood mini-DNA kit (Qiagen) following manufacturer’s instructions. Isolated
DNA was quantified on the NanoDrop 2000 (Thermo Fisher Scientific) and

stored at -80°C until further use.

3.2.7 Genotyping - Primer Design
Primers were designed using the default settings of the PRIMER1 program:

http://primerl.soton.ac.uk/primerl.html. The sequences of the primers used

in this study and the size of their PCR products are listed in Table 3.2 and 3.3

(VDR and GC SNPs, respectively).

3.2.8 Genotyping - Tetra-primer ARMS PCR & DNA Gel Electrophoresis

Genotyping for four VDR SNPs (Bsml, Cdx2, Apal and A1012G) and two GC SNPs
(rs4588 and rs7041) was performed with the tetra-primer amplification
refractory mutation system (tetra-ARMS) PCR technique [308]. Each PCR
reaction was performed with a final volume of 16 pl, containing SYBR Green
(Applied Biosystems), 30 ng of genomic DNA, and primers (SNP-specific primer
ratios can be found in Table 3.2). Optimal annealing temperatures for each
primer set were determined by initially performing a gradient PCR with the
outer primers only. Successive validation steps involved incorporating the inner
primers in variable concentrations to produce clear definite bands when
visualised via DNA gel electrophoresis. PCR conditions were as follows: an
initial denaturation step of 95°C for 2 minutes, 35 cycles of 95°C for 30 seconds,
annealing at n°C (see Tables 3.2 and 3.3 for SNP-specific annealing conditions)

for 45 seconds and 72°C for 45 seconds, followed by a final extension step of
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72°C for 5 minutes. Amplification was performed using a Viia 7 real-time PCR
machine (Applied Biosystems). The amplified PCR products were mixed with 4
ul gel-loading buffer (New England Biolabs) and separated electrophoretically
on a 2-3% agarose gel containing SYBR Safe (Invitrogen) at 100V. Gels were

visualised using a ChemiDoc XRS.

Genotyping - TagMan Assay

Tagl and Fokl were both genotyped via TagMan assays (Thermo Fisher
Scientific). This was performed on a Viia 7 real-time PCR machine (Applied
Biosystems) in a 384-well format. All genotyping was conducted by a single
investigator (SB) who was blinded to subject status. Samples were randomised
prior to genotyping and were genotyped simultaneously. Negative controls
were used as a measure for quality control, and samples would be randomly

selected for repeated detection.

3.2.9 Statistical Analyses

Hardy-Weinberg equilibrium (HWE) was calculated using Chi-square analysis to
compare genotype frequencies. D’Agostino and Pearson testing was first
performed to assess for normality. One-way ANOVA or Kruskal-Wallis test with
post-hoc Tukey’s for multiple comparisons were used to analyse differences in
physical characteristics and outcomes between genotypes and groups. Due to
small numbers in the Cdx2 AA group (n=2 for MA and controls), the AA and GA
groups were combined, and either a Student T-test (for parametric factors) or

Mann Whitney U test (for non-parametric factors) were performed to assess
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differences between genotypes (GG vs GA/AA). Results are reported as mean
+ SD and statistical significance was set at P <0.05. All statistical analyses were
performed using GraphPad Prism Software (Version 10.0.2; San Diego,

California, USA).

101



Table 3.2. VDR SNP primer information for tetra-primer ARMS PCR

VDR SNP Primer Sequence Primer Ratio Annealing Product Size

(Inner:Outer) Temperature

(°c)

FlI: GCAAGAGCAGAGCCTGAGTATTGGGAAGGC 5:1 67 Control: 276bp
Bsml FO: GTCAAGGGTCACTGCACATTGCCTCCAAA G allele: 144bp
Rl: GTTCCTGGGGCCACAGACAGGCCTTCA A allele: 189bp

RO: CTGAGGTGCCCCTCACTGCCCTTAGCTC
Fl: AAGGCACAGGAGCTCTCAGCTGGACC 2:1 55 Control: 356bp
Apal FO: ACTGCTTGGAGTGCTCCTCATTGAGGCT Callele: 215bp
Rl: GGGGTGGTGGGATTGAGCAGTGAAGT A allele: 192bp

RO: CCCATGGAAGGACCTAGGTCTGGATCCT
Fl: AGGATAGAGAAAATAATAGAAAACATT 2:1 55 Control: 297bp
FO: TCCTGAGTAAACTAGGTCACAA G allele: 235bp

Cdx2
RI: AACCCATAATAAGAAATAAGTTTTTAC A allele: 110bp
RO: ACGTTAAGTTCAGAAAGATTAATTC

Fl: CGATGACCTCCTTTAGCCAGGGAATAC 1:1 65 Control: 316bp
A1012G FO: TGGGGTTCCCTCTTCTTAGAACTCACTG A allele: 208bp
RI: TTCCTCCTCTGTAAGAGGCGAATAGCACTA G allele: 165bp

RO: CTCAGAAATGGTTCAGAGACCATTGCAC

Abbreviations: VDR, vitamin D receptor; SNP, single nucleotide polymorphism; °C, Celsius; T,
thymine; C, cytosine; G, guanine; A, adenine; bp, base pairs; Fl, forward inner; FO, forward

outer; RI, reverse inner; RO, reverse outer.
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Table 3.3. GC (DBP) SNP primer information for tetra-primer ARMS PCR

GCSNP Primer Sequence Primer Ratio Annealing Product Size
(Inner:Outer) Temperature
(°c)
FI: GCTTGTTAACCAGCTTTGCCAGTTTCG 2:1 65 Control: 446bp
rs4588 FO: AACACCAGGAAAAGCCTGTCACATAATGG Callele: 265bp
(T436K) RI: AGCAAAATTGCCTGATGCCACACCTAA A allele: 235bp
RO: TCGAAGAGGCATGTTTCACTTTCTGATCTC
rs7041 FI: GCTTTGCCAGTTCCGTGGGTGTGACC 1:1 65 Control: 486bp
D432E FO: TGTTTCTTACTTTCATTGCAAAGACAGCCA G allele: 254bp
RI: GAGCGACTAAAAGCAAAATTGCCTAAT T allele: 285bp

RO: CTCGAAGAGGCATGTTTCACTTTCTGATCT

Abbreviations: GC, vitamin D binding protein; SNP, single nucleotide polymorphism; °C,

Celsius; T, thymine; C, cytosine; G, guanine; A, adenine; bp, base pairs; Fi, forward inner; FO,

forward outer; RI, reverse inner; RO, reverse outer.
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3.3 Results

3.3.1 Study Population

Demographic data, physical function, muscle strength, and biochemical data

for the 47 elite male MA and 45 male controls included in this study are

summarised in Table 3.4. Controls (75.80+6.14yr) were significantly older than

MA (70.66+5.99yr; P = <0.0001). Individuals in the control cohort displayed a

higher weight, BMI, and higher percentage of fat mass than the MA group (P =

<0.0001), whilst they also performed worse on the timed up and go (TUG) test

and displayed a lower percentage of lean mass (P = <0.0001).

Table 3.4. Characteristics of the Study Population.

Variable MA (n=47) Controls (n=45) P
Age (yr) 70.66+5.99 75.8016.14 <0.0001
Height (m) 1.7240.06 1.7310.07 0.6644
Weight (kg) 66.88+8.44 78.59+14.56 <0.0001
BMI (kg/cm?) 22.69+2.27 26.45+4.34 <0.0001
HGS (kg) 38.91+9.23 35.35+9.32 0.0701
TUG (s) 5.547+0.66 8.254+3.44 <0.0001
Hmax (m) 0.258410.16 0.208210.1 0.3054
Fmax (N) 1.467+0.33 1.731+0.37 0.0014
Pmax (kW) 2.159+0.79 2.217+0.69 0.4200
Pmax/mass (W/kg) 32.28+10.40 28.5449.64 0.1727

Percentage Fat Mass

15.6216.11 29.76+9.21 <0.0001

(%)
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Total Body Lean Mass

53.60+7.13 53.10+6.02 0.7148
(kg)
Percentage Lean
80.28+6.30 67.8618.61 <0.0001
Mass (%)
BMD (g/cm?) 1.200+0.17 1.242+0.13 0.3961
BMC (g) 29.98+5.51 32.10+6.26 0.0880

lAbbreviations: MA, master athletes; yr, year; m, metre; kg, kilogram; cm, centimetre; s,
second; N, newton; W, watt; kW, kilowatt; %, percent; g, gram; HGS, handgrip strength; TUG,
Timed Up & Go; Hmax, maximum jump height; Fmax, maximum force; Pmax, absolute vertical
jump power; PmaxRel, absolute vertical jump power relative to body weight; BMD, bone
mineral density; BMC, bone mineral content (whole body); BMI, body mass index. 2Data shown

as mean = SD.

3.3.2 VDR & GC SNP Frequencies

Genotype frequencies for VDR and GC SNPs are shown in Tables 3.5 and 3.6,
respectively. No significant differences in frequency were found between MA
and controls for any of the VDR and GC SNPs studied and there was no
deviation from Hardy Weinberg equilibrium as determined by Chi-square
analyses. In addition, no significant differences in DBP haplotype frequencies

were seen between MA and controls (Table 3.6).

VDR - For Bsml, 57.45% of MA were AA homozygotes, 29.79% AG
heterozygotes, and 12.77% GG homozygotes, compared with 40% AA
homozygotes, 46.67% AG heterozygotes, and 13.33% GG homozygotes in the
controls. In the MA cohort for Fokl, 17.02% were TT homozygotes, 46.81% TC

heterozygote, and 36.17% CC homozygote whereas, for the control group,
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15.56% were TT, 60% TC, and 26.67% CC. 46.81% of MA were homozygous AA,
34.04% heterozygous AG, and 19.15% homozygous GG for Taql, compared to
44.44% AA, 44.44% AG, and 11.11% GG in controls. For Apal, 23.40% of MA
were CC homozygous, 42.55% CA heterozygous, and 34.04% AA homozygous
whilst, in the controls, 15.56%, 55.56% and 28.89% were CC, CA, and AA,
respectively. 74.47% of individuals in the MA cohort were AA homozygous,
21.28% AG heterozygous, and 4.26% GG homozygous for Cdx2, compared with
62.22% AA homozygotes, 33.33% AG heterozygotes, and 4.44% GG
homozygotes in the controls. 19.15% of MA were homozygous AA, 53.19%
heterozygous AG, and 27.66% homozygous GG for A1012G whereas, 20%,

48.89%, and 31.11% of the controls were AA, AG, and GG, respectively.

GC (DBP) - In the MA cohort, 53.19% were homozygous CC, 38.30%
heterozygous CA, and 8.51% homozygous AA for rs4588 (T-K) whilst 48.89% of
controls were CC homozygotes, 37.78% CA heterozygotes, and 13.33% AA
homozygotes. For rs7041 (D-E), 23.40%, 44.68%, and 31.91% of MA were TT
homozygous, TG heterozygous, and 31.91% GG homozygous, respectively. In
comparison, 22.22% of controls were TT homozygotes, 40% TG heterozygotes,
and 37.78% GG homozygotes. With regards to haplotype frequencies, 74.5% of
MA possessed Gclf, 19.1% Gcls, and 6.4% Gc2, whereas 64% of controls

carried Gclf, 27% Gcls, and 9% Gc2.
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Table 3.5. Genotype frequencies of VDR SNPs in MA and controls.

SNP Genotype MA (n=47) Controls Significance
(n=45)

Bsml AA 27 18 x2 =3.158
AG 14 21 p=0.2062
GG 6 6

Taql AA 22 20 x2 = 1.640
AG 16 20 p=0.4405
GG 9 5

Cdx2 AA 35 28 X2 =1.735
AG 10 15 p=0.4200
GG 2 2

Apal CC 11 7 x2=1.712
CA 20 25 p=0.4248
AA 16 13

Fokl T 8 7 X2=1.428
TC 22 27 p=0.4896
cC 17 12

A1012G AA 9 9 x2 =0.1851

AG 25 22 p=0.9116
GG 13 14

Abbreviations: SNP, single nucleotide polymorphism; MA, master athletes; 2 chi squared.
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Table 3.6. Genotype & isoform frequencies of GC (DBP) SNPs in MA and controls.

SNP Genotype MA (n=47) Controls (n=45) Significance
rs4588
CcC 25 22 x2 =0.5769
(T436K)
CA 18 17 p=0.7494
AA 4 6
rs7401
T 11 10 x2 =0.3601
(D432E)
TG 21 18 p=0.8352
GG 15 17
rs7041/rs4588
Gclf T/C 35 29 x2 =1.09
Gcls G/C 9 12 p=0.5796
Gc2 T/A 3 4

Abbreviations: SNP, single nucleotide polymorphism; MA, master athletes; 2 chi squared.

3.3.3 General Characteristics, body composition and VDR/GC single nucleotide
polymorphisms

General Characteristics & Body Composition - Controls homozygous for the
mutant CC genotype of Fokl were significantly taller than the wildtype TT
homozygotes (CC 1.77+0.08 metres vs TT 1.6910.06 metres, P = 0.0497) (Table
3.9). MA carrying one or two G alleles of the Cdx2 VDR SNP weighed
significantly more than AA homozygotes (AA 65.3+8.21 kg vs AG/GG 71.617.54

kg, P = 0.023) (Table 3.10).

In the controls, those homozygous for the GG genotype of the GC SNP rs7041

(D-E) displayed significantly higher quadriceps cross sectional area (CSA) than
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TT homozygotes (TT 51.1+11.8 cm? vs GG 66.6+11.3 cm?, P = 0.0018) (Table
3.13). Total body fat percentage was significantly greater in controls in
possession of the Gc2 DBP isoform than those carrying Gels (Ge2 40.0+6.21%
vs Gcls 24.5+10.2%, P = 0.0075). Additionally, Gcls controls displayed
significantly higher CSA of the quadriceps than Gclf (Gcls 69.5+12.1 cm? vs

Gclf 56.449.17 cm?, P = 0.0027) (Table 3.15).

Bone Densitometry - Whole body bone mineral content (BMC) was significantly
higher in MA carrying one or two G alleles of Cdx2 (AA 29.0+£5.62 grams vs
AG/GG 32.8+4.16 grams, P = 0.036) (Table 3.10). In addition, the muscle-to-
bone ratio (MBR) was significantly lower in controls homozygous for the T allele
of the GCSNP, rs7041 (D-E) compared to GG homozygotes (TT 7.62+3.54 vs GG
10.3+1.17, P = 0.0369) (Table 3.13). MA carrying one or two A alleles of the GC
SNP, rs4588 (T-K) displayed significantly lower bone mineral density (BMD)
than those carrying two C alleles (CA 1.17+0.117 g/cm? vs AA 0.946+0.428
g/cm?; P = 0.0299; CC 1.26+0.103 vs AA, P = 0.0013) (Table 3.14). Differences
were also seen between DBP isoforms as Gcls carrying controls had a
significantly greater MBR than those in possession of the Gclf isoform (Gcls

10.8+0.842 vs Gclf 8.76+1.98, P = 0.0313) (Table 3.15).

Lean Mass - Appendicular lean mass (ALM) was significantly higher in MA

carrying one or two G alleles of Cdx2 compared to AA homozygotes (AA

24.4+3.89 kg vs AG/GG 28.1+3.68 kg, P = 0.008). In addition, Cdx2 A allele
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carrying MA (AG/GG) had greater total body lean mass than their AA carrying
counterparts (AA 52.1+6.81 kg vs AG/GG 57.946.50 kg, P = 0.020) (Table 3.10).
No significant differences were seen between DBP SNPs and outcomes related
to lean mass, yet controls carrying the Gecls DBP isoform had a significantly
higher percentage of total lean body mass than Gc2 carriers (Gecls 72.5+9.69%

vs Gc2 58.645.92%, P = 0.0112) (Table 3.15).

3.3.4 Physical performance and VDR/GC polymorphisms

There were no significant differences in TUG test performance and any of the
VDR and GC SNPs investigated. Controls carrying the CC genotype of Apal were
able to stand on one leg with their eyes closed for significantly longer than
those carrying one or two A alleles (CC 10.0+12.6 seconds vs CA 2.68+2.50

seconds, P =0.0096; CC vs AA 2.74+1.95 sec, P = 0.0191) (Table 3.11).

3.3.5 Muscle strength/function and VDR/GC polymorphisms

Muscle Strength - HGS was higher in MA homozygous for the mutant GG alleles
for A1012G compared to AA individuals (AA 32.8+10.5 kg vs GG 42.3+8.24 kg,
P = 0.0453). (Table 3.12). No significant differences were found in knee
extensor MVC (KE-MVC) and any of the VDR SNPs studied. Interestingly,
controls carrying one or two G alleles of the GC SNP rs7041 (D-E) displayed
significantly higher KE-MVC than TT homozygous controls (TT 229+86.0 N vs TG
337+89.4 N, P =0.0121; TT vs GG 342+94.8 N, P = 0.0092, respectively) (Table

3.13).
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Muscle Function - Jump mechanography was used to determine muscle
function via measurements of lower limb power. MA carrying of one or two G
alleles of the Cdx2 SNP displayed significantly higher absolute power (Pmax)
compared to those homozygous for the AA genotype (AA 1.96+0.61 kW vs
AG/GG 2.73+0.99 kW, P = 0.009). The same observation was also seen with
regards to relative power and MA carrying Cdx2 (PmaxRel; AA 30.3+9.02 W/kg
vs AG/GG 37.9+12.3 W/kg, P = 0.027) (Table 3.10). Intriguingly, in the control
cohort, possession of one or two copies of the mutant G allele of A1012G was
related to significantly higher maximal jump velocity (Vmax; AA 1.37+0.40 m/s
vs AG 1.8740.43, P = 0.0144; AA vs GG 1.90+0.29 m/s, P = 0.0145) and
significantly higher PmaxRel (AA 21.1+7.03 W/kg vs AG 30.419.41, P = 0.0460;

AA vs GG 32.61£8.94 W/kg, P = 0.0198) (Table 3.12).

No significant differences were found in muscle function and the two GC SNPs
studied but differences were found between DBP isoforms. Controls carrying
the Gcls isoform displayed significantly greater Vmax than Gc2 carrying controls
(Gecls 2.08+0.405 m/s vs Gc2 1.28+0.545 m/s, P = 0.0169). In addition,
compared to controls carrying Gc2, Gels controls also displayed significantly
greater maximal jump height (Hmax; Gc1s 0.266£0.115 m vs Gc2 0.0998+0.0717
m, P=0.0283) and PmaxRel (Gcls 35.9+9.39 W/kg vs 19.1+8.50 W/Kg, P = 0.0250)

(Table 3.15).

111



3.3.6 Biochemical parameters and VDR/GC polymorphisms

Biochemical data was available in the control cohort only. Serum levels of sex
hormone binding globulin (SHBG) were significantly higher in controls
homozygous for the mutant GG genotype of A1012G than those carrying one
or two A alleles (GG 66.1+25.6 nmol/L vs AG 43.4+17.3 nmol/L,P = 0.0048; GG

vs AA 44.1+13.1 nmol/L, P = 0.0323) (Table 3.12).

Whilst no differences were seen between either of the GC SNPs in relation to
any of the biochemical markers measured, a significant difference was seen
between the DBP isoforms and serum levels of 1,25(0OH).Ds in controls (P =
0.0423). However, after adjusting for multiple comparisons, this was found to
be non-significant (Gclf 54.9+24.6 nmol/L vs Gcls 75.7+33.2 nmol/L, P =

0.0780; Gcls vs Ge2 41.8+12.7 nmol/L, P = 0.0816) (Table 3.15).
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Table 3.7. Participant characteristics (body composition, muscle strength/function,

physical function, and biochemical data) in relation to Bsml.

Variable All MA (n=47) P All Controls (n=45) P
AA AG GG AA AG GG
70.4% 69.9+ 72.9+ 74.5+ 76.7+ 76.0+
Age (yr) 0.566 0.498
6.2 6.1 5.4 5.8 6.3 6.8
1.7+ 1.7+ 1.7+ 1.7+ 1.7+ 1.7+
Height (m) 0.423 0.588
0.064 0.071 0.037 0.085 0.068 0.058
68.0+ 64.1+ 67.7+ 75.9+ 80.9+ 85.9+
Weight (kg) 0.390 0.307
9.2 8.6 33 12 13 24
BMI 23.1+ 21.3+ 22.2+ 25.1+ 27.2+ 29.3+
0.061 0.088
(kg/cm2) 24 2.0 1.2 3.5 4.0 6.4
Percentage 17.1+ 13.4+ 14.0+ 26.5+ 31.9+ 32.2+
0.141 0.153
Fat Mass (%) 6.0 6.2 5.3 8.6 8.7 12
Percentage
78.6% 82.7+ 82.0+ 70.3+ 66.5+ 65.4+
Lean Mass 0.110 0.309
6.5 5.5 5.5 8.1 8.2 11
(%)
Total Body
53.4+ 52.9+ 55.4+ 52.8+ 53.0+ 54.2+
Lean Mass 0.757 0.895
7.9 7.0 35 6.5 5.6 7.0
(kg)
Appendicular
2.46% 2.59+ 2.75+ 243+ 241+ 2.33+
Lean Mass 0.241 0.833
0.43 0.45 0.15 0.40 0.30 0.35
(kg)
1.2+ 1.1+ 1.2+ 1.2+ 1.3+ 1.2+
BMD (g/cm?) 0.312 0.802
0.11 0.28 0.12 0.13 0.13 0.13
30.4+ 29.4+ 29.4+ 31.5+ 32.8+ 31.1+
BMC (g) 0.847 0.758
5.1 7.0 4.3 6.2 6.7 5.5
9.4+ 8.9+ 11.7+
MBR - - - - 0.147
21 1.7 0.84
Quads CSA 58.2+ 60.1+ 64.6+
- - - - 0.553
(cm?) 12 9.2 17
37.8+ 41.7+ 38.2+ 36.0+ 34.1+ 37.9+
HGS (kg) 0.448 0.642
9.04 10.2 8.17 9.81 9.37 8.42
307+ 325+ 302+
KE MVC (N) - - - - 0.808
122 89.2 68.0
5.7+ 5.5+ 5.3+ 7.6% 8.4+ 9.7+
TUG (s) 0.441 0.409
0.656 0.52 0.876 3.28 3.15 4.86
19.0+ 13.0¢ 6.15+ 0.085
1leg EO (s) - - - -
12.4 125 4.31
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3.2+ 4.9+ 1.8+

1leg EC(s) - - - - 0.484
2.33 7.95 2.87
1.9+ 1.7+ 1.6%
Vmax (m/s) - - - - 0.321
0.476 0.365 0.476
0.25x0 0.26% 0.31+ 0.24+ 0.19+ 0.17+
Hmax (m) 0.653 0.223
12 0.21 0.19 0.12 0.08 0.07
1.5+ 1.4+ 1.46+ 1.8t 1.7+ 1.6%
Frmax (N) 0.560 0.515
0.32 0.36 0.37 0.42 0.29 0.49
2.0210 2.4+ 2.22+% 2.5% 2.06% 1.94+
Pmax (kW) 0.375 0.143
.73 1.01 0.54 0.84 0.47 0.62
Pmax/mass 29.8% 36.9% 33.1% 32.8% 25.9+ 25.2+
0.127 0.116
(W/kg) 8.93 12.6 9.24 11.3 6.93 9.75
DHEA 4,59+ 3.55¢ 4.62+
- - - - 0.469
(umol/L) 2.59 2.81 3.42
DHEAS 2.23% 1.52+ 2.4+
- - - - 0.056
(umol/L) 1.28 0.58 1.22
41.7+ 39.4+ 41.3%
Albumin (g/L) - - - - 0.131
2.11 4.47 3.72
SHBG 51.3% 47.0t 61.8%
- - - - 0.351
(nmol/L) 22,6 16.4 345
1,25(0OH),Ds 56.4+ 61.0% 59.8+
- - - - 0.881
(nmol/L) 28.1 25.0 39.3
1.67+ 1.25¢ 1.99+
DHT (nmol/L) - - - - 0.139
0.91 0.69 1.28
85.9+ 76.6% 83.0t
E2 (pmol/L) - - - - 0.723
48.3 22.5 31.6

! Abbreviations: MA, master athletes; yr, year; m, metre; kg, kilogram; BMI, body mass index;
cm, centimetre; %, percent; HGS, handgrip strength; TUG, Timed Up & Go; Vmax, maximum
jump velocity; Hmax, maximum jump height; Fmax, maximum force; Pmax, absolute vertical
jump power; PmaxRel, absolute vertical jump power relative to body weight; BMD, bone
mineral density; BMC, bone mineral content (whole body); MBR, muscle-to-bone ratio; Quads
CSA, quadriceps cross-sectional area; KE-MVC, knee extensor maximal voluntary contraction;
N, Newton; s, seconds; EO, eyes open; EC, eyes closed; W, watt; kW, kilowatt; DHEA,
dehydroepiandrosterone; DHEAS, DHEA sulphate; SHBG, sex hormone binding globulin;
1,25(0H),Ds, 1,25-dihydroxyvitamin Ds, DHT, dihydrotestosterone; E2, oestradiol; umol,

micromole; nmol, nanomole; pmol, picomole; L, litre.
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2Significance taken as P <0.05. 2 <0.05 compared with both AG and GG genotypes. ® <0.05
compared with GG genotype only. ©<0.05 compared with AG genotype only. ¢ <0.05 compared
with both AA and AG genotypes. © no significant differences after adjusting for multiple

comparisons. 3Data shown as mean * SD.
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Table 3.8. Participant characteristics (body composition, muscle strength/function,

physical function, and biochemical data) in relation to Taq|l.

Variable All MA (n=47) P All Controls (n=45) P
AA AG GG AA AG GG
71.1+ 69.8+ 71.2+ 74.7+ 76.8+ 76.6+
Age (y) 0.762 0.542
6.31 5.63 6.28 5.54 6.53 7.37
1.71+ 1.73% 1.74+ 1.73% 1.73% 1.72+
Height (m) 0.517 0.891
0.07 0.07 0.05 0.08 0.07 0.06
67.9+ 65.3+ 67.3+ 76.1+ 82.1+ 83.7+
Weight (kg) 0.639 0.357
9.22 8.13 7.38 11.7 16.7 15.5
23.1+ 21.7+ 22.3+ 25.3+ 27.5+ 28.4+
BMI (kg/cm?) 0.186 0.173
2.41 2.13 1.96 3.45 4.78 4.96
Percentage Fat 17.0+ 13.8+ 15.5+ 27.3+ 32.3+ 29.3+
0.304 0.230
Mass (%) 6.38 5.68 6.00 8.61 9.40 9.94
Total Body Lean 53.6+ 52.8+ 53.6+ 52.6+ 52.8+ 56.2+
0.925 0.478
Mass (kg) 7.84 6.24 7.26 6.19 6.24 4.27
Appendicular Lean 2.50+ 2.55+ 2.61+ 2.43+ 2.38+ 2.44+
0.784 0.900
Mass (kg) 0.41 0.46 0.38 0.38 0.34 0.17
Percentage Lean 79.1+ 82.2+ 79.7+ 69.8+ 65.8+ 68.4+
0.336 0.342
Mass (%) 6.66 5.08 7.26 7.95 9.02 9.38
1.23+ 1.18+ 1.16% 1.23+ 1.24+ 1.30+
BMD (g/cm?) 0.446 0.595
0.98 0.27 0.11 0.13 0.14 0.11
30.6+ 30.4+ 27.8+ 31.8+ 31.7+ 35.1+
BMC (g) 0.434 0.539
4.86 6.72 4.63 6.12 6.35 7.02
9.23% 9.16% 10.1+
MBR - - - - 0.765
1.96 1.73 2.86
58.0+ 60.3+ 66.5+
Quads CSA (cm?) - - - - 0.396
10.9 9.56 18.5
37.4+ 42.3+ 36.5+ 37.0+ 32.4+ 40.8+
HGS (kg) 0.188 0.116
9.09 9.39 8.44 9.79 8.99 4.93
310+ 312+ 348+
KE MVC (N) - - - - 0.744
117 94.6 35.0
5.66+ 5.47+ 5.43+ 7.51+ 9.16% 7.63+
TUG (s) 0.586 0.295
0.70 0.53 0.80 3.12 3.92 1.96
11eg EO (s) 17.4+ 13.8t 599+
- - - - 0.225
12.7 12.5 4.67
3.10+ 495+ 2.24+
1leg EC (s) - - - - 0.531
2.24 8.22 3.11
1.85+ 1.67+ 1.59+
Vmax (m/s) - - - - 0.402
0.47 0.38 0.50
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0.26+ 0.25+ 0.27+ 0.23+ 0.19+ 0.18+

Hmax (m) 0.954 0.369
0.13 0.19 0.18 0.11 0.08 0.06
1.50+ 1.41+ 1.49+ 1.81+ 1.64+ 1.74+

Fmax (N) 0.696 0.5050
0.33 0.35 0.35 0.39 0.34 0.41
2.10+ 2.31+ 2.02+ 2.45+% 2.02+ 2.01+

Pmax (kW) 0.613 0.197
0.77 0.93 0.62 0.80 0.54 0.52
31.0¢ 35.2¢ 30.2¢ 32.0¢ 25.9+ 24.9+

Pmax/mass (W/kg) 0.390 0.163
9.28 12.0 9.74 10.7 7.35 9.98

485+ 3.63t 3.09
DHEA (pmol/L) = = = = 0.276
270  3.00 1.81

222+ 147+  2.50%
DHEAS (pmol/L) - - - - 0.034¢
1.21 0.56 1.34

41.8+ 38.9% 42.2+
Albumin (g/L) - - - - 0.027
2.07¢ 4.45 3.42

49.4+ 511+  55.2%
SHBG (nmol/L) - - - - 0.870
22.2 23.4 18.7

1,25(0H)2D; 58.0+ 59.6+  60.1%
= = = = 0.979
(nmol/L) 27.1 247 453

1.61+ 129+  2.06%
DHT (nmol/L) - - - - 0.195
0.88 0.82 1.11

83.3+ 76.2% 92.8+
E2 (pmol/L) - - - - 0.627
46.7 22.4 29.2

! Abbreviations: MA, master athletes; yr, year; m, metre; kg, kilogram; BMI, body mass index;
cm, centimetre; %, percent; HGS, handgrip strength; TUG, Timed Up & Go; Vmax, maximum
jump velocity; Hmax, maximum jump height; Fmax, maximum force; Pmax, absolute vertical
jump power; PmaxRel, absolute vertical jump power relative to body weight; BMD, bone
mineral density; BMC, bone mineral content (whole body); MBR, muscle-to-bone ratio; Quads
CSA, quadriceps cross-sectional area; KE-MVC, knee extensor maximal voluntary contraction;
N, Newton; s, seconds; EO, eyes open; EC, eyes closed; W, watt; kW, kilowatt; DHEA,
dehydroepiandrosterone; DHEAS, DHEA sulphate; SHBG, sex hormone binding globulin;
1,25(0H);Ds, 1,25-dihydroxyvitamin Ds, DHT, dihydrotestosterone; E2, oestradiol; umol,
micromole; nmol, nanomole; pmol, picomole; L, litre.

%Significance taken as P <0.05. 2 <0.05 compared with both AG and GG genotypes. ® <0.05

compared with GG genotype only. ©<0.05 compared with AG genotype only. ¢ <0.05 compared
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with both AA and AG genotypes. © no significant differences after adjusting for multiple
comparisons.

3Data shown as mean + SD.
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Table 3.9. Participant characteristics (body composition, muscle strength/function,

physical function, and biochemical data) in relation to Fokl.

Variable All MA (n=47) P All Controls (n=45) P
T TC cc T TC cc

72.9+ 70.2+  70.2¢ 75.7+  75.9% 75.7+

Age (y) 0.526 0.997
4.26 6.27 6.36 4.19 6.25 7.32
1.70+ 1.73+ 1.73+ 1.69+ 1.72+ 1.77+

Height (m) 0.539 0.043
0.07 0.06 0.06 0.06 0.07 0.08
66.1+ 66.4+  67.9% 785+  80.4+ 80.2%

Weight (kg) 0.828 0.726
104 8.75 7.45 18.1 15.0 11.6
22.9+ 222+ 21.3% 26.7+ 27.1% 25.4+

BMI (kg/cm?) 0.646 0.567
3.38 2.34 5.72 5.02 4.69 2.83
Percentage Fat 15.6+ 15.0+ 16.4+ 31.7+ 29.3+ 29.5+

0.777 0.831
Mass (%) 6.80 6.38 5.71 9.01 9.96 7.96
Total Body Lean 52.6% 53.5+ 54.2¢ 49.7+  53.6% 54.0+

0.878 0.275
Mass (kg) 7.10 6.93 7.75 6.35 6.21 5.08
Appendicular 2.36% 2.54+ 2.65+ 2.23+ 2.42+ 2.50+

0.274 0.243
Lean Mass (kg) 0.44 0.42 0.41 0.33 0.37 0.26
Percentage Lean 80.0+ 80.9+ 79.6+ 67.5+ 67.9+ 68.1+

0.835 0.990
Mass (%) 6.69 6.44 6.27 9.08 9.13 7.73
1.22+ 1.17+ 1.22+ 1.25+ 1.22+ 1.29+

BMD (g/cm?) 0.668 0.296
0.09 0.24 0.07 0.10 0.12 0.15
29.8+ 303+ 29.6% 30.8¢  30.9¢ 35.8+

BMC (g) 0.930 0.074
5.12 5.97 5.36 5.32 5.41 7.69
9.23+  9.24+ 9.42+

MBR - - - - 0.977
3.36 1.87 1.66
59.0+ 60.5% 59.0+

Quads CSA (cm?) - - - - 0.918
14.2 124 5.89
35.8+ 38.6+  40.8% 313+ 3409+ 39.0+

HGS (kg) 0.443 0.227
5.83 9.73 9.83 5.76 9.90 9.05
296+ 302+ 359+

KE MVC (N) - - - - 0.245
77.0 88.8 131.0
5.57+ 5,50+ 5.61% 7.28+  8.73% 7.71+

TUG (s) 0.887 0.524
0.74 0.53 0.78 2.28 3.50 3.95
16.2+ 13.5¢ 16.7+

1leg EO (s) - - - - 0.753
15.1 11.2 14.2
3.19+  3.48+ 4.95+

1leg EC (s) - - - - 0.764
3.29 4.42 8.95
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1.61+ 1.73+ 1.83¢
Vmax (m/s) - - - - 0.674
0.45 0.48 0.38

0.25% 0.26% 0.26% 0.19+ 0.20% 0.22+
Hmax (m) 0.987 0.836
0.07 0.19 0.15 0.09 0.10 0.10
1.55+¢ 1.47+ 1.43+ 1.87+ 1.64+ 1.83¢
Frmax (N) 0.701 0.289
0.30 0.30 0.39 0.36 0.31 0.46
2.24+ 2.05% 2.26% 211+ 2,17+ 2.36%
Pmax (kW) 0.706 0.727
0.64 0.61 1.05 0.57 0.72 0.71
Pmax/mass 33.9¢ 31.5% 32.5% 27.0t 28.0% 30.3%
0.854 0.786
(W/kg) 8.18 9.91 12.2 10.3 9.61 10.2

3.00+ 441t 412+
DHEA (pmol/L) = = = = 0.502
1.42 3.00 2.93

2.09+ 196+  1.85%
DHEAS (umol/L) - - - - 0.914
1.43 1.07 0.89

40.6+ 40.0+ 42.3+
Albumin (g/L) - - - - 0.243
2.37 4.14 2.58

47.0+ 505+  54.1%
SHBG (nmol/L) - - - - 0.810
10.8 23.7 24.1

1,25(0H).D; 67.0+ 616t 46.2%
= = = = 0.233
(nmol/L) 43.6 24.6 20.5

1.25+ 150+  1.79%
DHT (nmol/L) - - - - 0.470
094  0.96 0.64

67.9% 75.5% 106+
E2 (pmol/L) - - - - . 0.034
37.1 29.8 41.4

! Abbreviations: MA, master athletes; yr, year; m, metre; kg, kilogram; BMI, body mass index;
cm, centimetre; %, percent; HGS, handgrip strength; TUG, Timed Up & Go; Vmax, maximum
jump velocity; Hmax, maximum jump height; Fmax, maximum force; Pmax, absolute vertical
jump power; PmaxRel, absolute vertical jump power relative to body weight; BMD, bone
mineral density; BMC, bone mineral content (whole body); MBR, muscle-to-bone ratio; Quads
CSA, quadriceps cross-sectional area; KE-MVC, knee extensor maximal voluntary contraction;
N, Newton; s, seconds; EO, eyes open; EC, eyes closed; W, watt; kW, kilowatt; DHEA,
dehydroepiandrosterone; DHEAS, DHEA sulphate; SHBG, sex hormone binding globulin;
1,25(0H),Ds, 1,25-dihydroxyvitamin Ds, DHT, dihydrotestosterone; E2, oestradiol; umol,
micromole; nmol, nanomole; pmol, picomole; L, litre.

ZSignificance taken as P <0.05. ? <0.05 compared with both TC and CC genotypes. ° <0.05

compared with CC genotype only. €<0.05 compared with TC genotype only. ¢ <0.05 compared
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with both TT and TC genotypes. ¢ no significant differences after adjusting for multiple
comparisons.

3Data shown as mean + SD.

121



Table 3.10. Participant characteristics (body composition, muscle strength/function,

physical function, and biochemical data) in relation to Cdx2.

Variable All MA (n=47) P All Controls (n=45) P
AA AG/GG AA AG/GG
71.2+ 69.1+ 75.6+ 76.1+
Age (y) 0.223 0.689
5.86 6.32 6.41 5.84
1.71+ 1.75% 1.74+ 1.72+
Height (m) 0.059 0.380
0.07 0.04 0.08 0.06
65.3+ 71.6% 80.0% 79.0+
Weight (kg) 0.023 0.821
8.21 7.54 14.7 14.7
22.2+ 23.3+ 26.6+ 26.7+
BMI (kg/cm?) 0.167 0.928
2.34 1.93 4.26 4.58
Percentage Fat 15.7+ 15.3+ 30.6+ 28.4+
0.849 0.4361
Mass (%) 6.65 441 9.00 9.66
Total Body Lean 52.1+ 57.9+ 53.0+ 53.3+
0.020 0.849
Mass (kg) 6.81 6.50 6.38 5.57
Appendicular 24.4+ 28.1+ 24.1+ 24.2+
0.008 0.905
Lean Mass (kg) 3.89 3.68 3.62 3.16
Percentage Lean 80.1+ 80.9+ 67.2+ 68.9+
0.703 0.544
Mass (%) 6.71 5.14 8.22 9.38
1.18+ 1.24+ 1.25+ 1.23+
BMD (g/cm?) 0.430 0.564
0.20 0.09 0.12 0.14
29.0+ 32.8+ 32.7+ 31.1+
BMC (g) 0.036 0.425
5.62 4.16 6.32 6.23
8.80% 10.0+
MBR - - - 0.094
1.65 2.10
58.6+ 62.0+
Quads CSA (cm?) - - - 0.338
9.57 13.4
37.7+ 42.4+ 34.6+ 36.6+
HGS (kg) 0.100 0.498
9.18 8.83 9.23 9.62
323+ 301+
KE MVC (N) - - - 0.474
104 95.1
5.53+ 5.59+ 8.73% 7.47+
TUG (s) 0.788 0.387
0.66 0.68 3.95 2.28
14.4+ 15.3+
1leg EO (s) - - - 0.795
12.7 12.0
417+ 3.18+
1leg EC (s) - - - 0.502
6.95 231
1.67+ 1.88+
Vmax (m/s) - - - 0.204
0.44 0.43
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0.24+ 0.31+ 0.20+ 0.22+

Hmax (m) 0.167 0.473
0.14 0.21 0.10 0.09
1.44+ 1.55+¢ 1.77+ 1.66%

Frmax (N) 0.330 0.375
0.35 0.27 0.39 0.33
1.96+ 2.73% 2.15% 2.36%

Pmax (kW) 0.009 0.421
0.61 0.99 0.68 0.71
Pmax/mass 30.3% 37.9¢ 26.9+ 31.9+

0.027 0.163
(W/kg) 9.02 12.3 9.07 10.3
4.16% 4.05+

DHEA (umol/L) = = = 0.958
2.92 2.62
1.83¢ 2.10%

DHEAS (umol/L) - - - 0.498
1.03 1.11
40.5+ 40.9+

Albumin (g/L) - - - 0.927
4.10 2.85
46.7+ 57.9%

SHBG (nmol/L) - - - 0.106
15.4 29.6
1,25(0H),D; 57.7+ 61.1+

- - - 0.704
(nmol/L) 28.4 27.4
1.49+ 1.57+

DHT (nmol/L) - - - 0.776
0.76 1.12
82.3+ 79.5%

E2 (pmol/L) - - - 0.526
26.6 49.0

! Abbreviations: MA, master athletes; yr, year; m, metre; kg, kilogram; BMI, body mass index;
cm, centimetre; %, percent; HGS, handgrip strength; TUG, Timed Up & Go; Vmax, maximum
jump velocity; Hmax, maximum jump height; Fmax, maximum force; Pmax, absolute vertical
jump power; PmaxRel, absolute vertical jump power relative to body weight; BMD, bone
mineral density; BMC, bone mineral content (whole body); MBR, muscle-to-bone ratio; Quads
CSA, quadriceps cross-sectional area; KE-MVC, knee extensor maximal voluntary contraction;
N, Newton; s, seconds; EO, eyes open; EC, eyes closed; W, watt; kW, kilowatt; DHEA,
dehydroepiandrosterone; DHEAS, DHEA sulphate; SHBG, sex hormone binding globulin;
1,25(0H);Ds, 1,25-dihydroxyvitamin Ds, DHT, dihydrotestosterone; E2, oestradiol; umol,
micromole; nmol, nanomole; pmol, picomole; L, litre.

ZSignificance taken as P <0.05 & data shown as mean + SD.
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Table 3.11. Participant characteristics (body composition, muscle strength/function,

physical function, and biochemical data) in relation to Apal.

Variable All MA (n=47) P All Controls (n=45) P
cc CA AA cC CA AA
71.0+ 20.4+ 20.8+ 72.4+ 77.2+ 75.0+
Age (y) 0.953 0.170
5.31 6.47 6.13 4.43 6.38 5.97
1.76% 1.72+ 1.71+ 1.73+ 1.72+ 1.74+
Height (m) 0.121 0.703
0.04 0.07 0.07 0.07 0.07 0.09
68.0+ 65.8+ 67.5+ 84.6+ 79.3¢ 77.5+
Weight (kg) 0.740 0.588
6.55 9.44 8.61 22.1 13.4 12.5
22.1+ 22.2+ 23.2+ 28.2+ 26.8+ 25.5+
BMI (kg/cm?) 0.352 0.397
1.78 2.26 2.56 6.70 3.93 3.54
Percentage Fat 13.6+ 16.0+ 16.5+ 30.0+ 30.3+ 28.6+
0.463 0.867
Mass (%) 5.14 6.42 6.39 12.6 9.46 7.15
Total Body Lean 55.7+ 52.6+ 53.4+ 55.0+ 52.9+ 52.5+
0.499 0.652
Mass (kg) 4.52 8.33 7.03 5.37 5.64 7.23
Appendicular 2.76% 2.51+ 2.41+ 2.41+ 241+ 2.41+
0.094 0.999
Lean Mass (kg) 0.29 0.42 0.44 0.21 0.32 0.45
Percentage Lean  82.2% 79.9+ 79.4+ 67.5+ 67.8+ 68.3+
0.513 0.979
Mass (%) 5.06 6.75 6.59 12.2 8.66 6.90
1.11+ 1.22+ 1.23+ 1.26% 1.25+ 1.22+
BMD (g/cm?) 0.164 0.680
0.29 0.12 0.11 0.10 0.13 0.14
30.5+ 29.5+ 30.3+ 31.9+ 32.3+ 31.8+
BMC (g) 0.858 0.968
4.85 6.50 4.83 4.49 6.64 6.72
10.1+ 9.46+ 8.49+
MBR - - - - 0.382
1.96 1.84 2.03
64.2+ 61.3+ 54.9+
Quads CSA (cm?) - - - - 0.182
15.1 9.83 10.6
37.9+ 40.8+ 37.3+ 41.7+ 33.4+ 35.7+
HGS (kg) 0.486 0.115
9.62 8.95 9.46 4.17 8.53 11.5
344+ 318+ 294+
KE MVC (N) - - - - 0.566
49.3 95.7 127
5.38+ 5.54+ 5.69+ 8.03+ 8.28+ 8.32+
TUG (s) 0.500 0.984
0.69 0.65 0.65 4.62 3.15 3.60
13.8+ 13.4+ 17.5%
1leg EO (s) - - - - 0.657
131 12.2 12.7
10.0+ 2.68+ 2.74+
1leg EC (s) - - - - 0.010
12.6° 2.5 1.95
1.81+ 1.75% 1.68+
Vmax (m/s) - - - - 0.855
0.44 0.45 0.47
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0.28+ 0.34% 0.21+ 0.21+ 0.21+ 0.20+

Hmax (m) 0.185 0.918
0.16 0.27 0.07 0.07 0.11 0.10
1.48+ 1.45¢ 1.48+ 1.63¢ 1.73¢ 1.80+
Frmax (N) 0.943 0.696
0.30 0.39 0.30 0.42 0.29 0.52
2.46% 2.18+% 1.93+ 217+ 2.23% 2.23%
Pmax (kW) 0.245 0.981
1.02 0.76 0.62 0.42 0.68 0.92
28.6%
Pmax/mass 35.9+ 33.3¢ 28.5¢ 28.9+ 27.7¢
0.179 0.957
(W/kg) 12.8 10.2 8.51 10.3 10.0
8.10
4.62+ 3.53% 4,94+
DHEA (umol/L) = = = = 0.308
3.12 2.58 2.95
241+ 1.65+¢ 2.20%
DHEAS (umol/L) - - - - 0.133
1.04 0.75 1.42
39.1% 40.2+ 42.2+
Albumin (g/L) - - - - 0.157
7.34 2.60 2.03
58.0% 50.4% 47.5%
SHBG (nmol/L) - - - - 0.604
22.8 234 19.3
1,25(0OH),Ds 65.1% 58.6t 56.3%
- - - - 0.800
(hmol/L) 35.3 24.8 30.6
1.96+ 1.34+ 1.63+
DHT (nmol/L) - - - - 0.235
1.18 0.79 0.89
90.1% 81.1+ 76.8%
E2 (pmol/L) - - - - 0.739
29.0 36.1 40.1

! Abbreviations: MA, master athletes; yr, year; m, metre; kg, kilogram; BMI, body mass index;
cm, centimetre; %, percent; HGS, handgrip strength; TUG, Timed Up & Go; Vmax, maximum
jump velocity; Hmax, maximum jump height; Fmax, maximum force; Pmax, absolute vertical
jump power; PmaxRel, absolute vertical jump power relative to body weight; BMD, bone
mineral density; BMC, bone mineral content (whole body); MBR, muscle-to-bone ratio; Quads
CSA, quadriceps cross-sectional area; KE-MVC, knee extensor maximal voluntary contraction;
N, Newton; s, seconds; EO, eyes open; EC, eyes closed; W, watt; kW, kilowatt; DHEA,
dehydroepiandrosterone; DHEAS, DHEA sulphate; SHBG, sex hormone binding globulin;
1,25(0H),Ds, 1,25-dihydroxyvitamin Ds, DHT, dihydrotestosterone; E2, oestradiol; umol,
micromole; nmol, nanomole; pmol, picomole; L, litre.

2Significance taken as P <0.05. ? <0.05 compared with both CA and AA genotypes. ? <0.05

compared with AA genotype only. ©<0.05 compared with CA genotype only. ¢ <0.05 compared
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with both CC and CA genotypes. © no significant differences after adjusting for multiple
comparisons.

3Data shown as mean + SD.
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Table 3.12. Participant characteristics (body composition, muscle strength/function,

physical function, and biochemical data) in relation to A1012G.

Variable All MA (n=47) P All Controls (n=45) P
AA AG GG AA AG GG
69.8+ 72.0+ 68.8+ 76.2+ 75.6% 75.8+
Age (y) 0.268 0.973
5.65 6.31 5.31 7.51 6.40 5.13
1.70+ 1.72+ 1.74+ 1.73+ 1.72+ 1.74+
Height (m) 0.368 0.892
0.07 0.06 0.06 0.09 0.07 0.07
62.7+ 66.8+ 70.0+ 80.5+ 84.2% 71.8+
Weight (kg) 0.133 0.039
7.35 9.68 5.11 9.76 16.6° 10.5
21.6% 22.5% 23.1+ 26.8+  28.3% 24.0+
BMI (kg/cm?) 0.287 0.012
1.80 241 2.23 2.05 5.05b 2.79
Percentage Fat
15.3+ 16.1+ 14.9+ 33.0¢ 30.3% 26.8+
Mass 0.828 0.280
6.02 6.71 5.29 6.96 11.0 6.81
(%)
Total Body Lean
49.9+ 53.3% 56.8+ 52.0+ 55.1+ 50.7+
Mass 0.077 0.079
6.54 8.01 4.06 4.79 5.03 7.34
(ke)
Appendicular
2.34+ 2.52+ 2.28+ 243+ 2.49+ 2.69+
Lean Mass 0.263 0.085
0.30 0.25 0.44 0.40 0.48 0.23
(kg)
Percentage Lean
79.7+ 80.0+ 81.3% 64.9+ 67.1+ 70.9+
Mass 0.807 0.242
6.92 6.63 5.56 5.67 104 6.20
(%)
1.14+ 1.22+ 1.20+ 1.29+ 1.23+ 1.22+
BMD (g/cm?) 0.520 0.485
0.34 0.12 0.10 0.12 0.14 0.12
30.8+ 30.3% 28.8+ 35.0¢ 31.6% 31.1+
BMC (g) 0.658 0.303
6.35 5.42 5.35 6.95 6.92 4.26
8.11% 10.1+  8.98%
MBR - - - - 0.086
0.81 1.33 2.60
Quads CSA 56.8+ 63.5+ 56.5+
- - - - 0.157
(cm?) 5.36 11.7 12.0
32.8% 39.4+ 42.3% 31.0¢ 36.3+ 36.7+
HGS (kg) 0.054 0.300
10.5b 8.52 8.24 11.6 8.59 8.71
333% 328+ 283+
KE MVC (N) - - - - 0.356
94.4 82.0 126
5.58+ 5.47+ 5.68+ 9.47+  8.32% 7.37+
TUG (s) 0.670 0.366
0.52 0.69 0.70 4.06 3.73 2.37
13.3+ 12.2+ 19.2+
1leg EO (s) - - - - 0.271
12.7 11.8 12.4
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4,99+ 2.98+% 4.27+
1leg EC (s) - - - - 0.668
10.2 2.51 5.56

1.37% 1.87¢ 1.90+
Vmax (m/s) - - - - 0.008
0.402 0.43 0.29

0.23+ 0.27t 0.26% 0.15+ 0.23+ 0.23+
Hmax (m) 0.814 0.108
0.14 0.17 0.16 0.08 0.10 0.08
1.38+¢ 1.45+ 1.55¢ 1.79+ 1.69+ 1.73¢
Frmax (N) 0.485 0.829
0.39 0.35 0.26 0.27 0.27 0.56
1.88+ 2.16% 2.35% 1.75¢+  2.34+% 2.46%
Pmax (kW) 0.404 0.048¢
0.82 0.86 0.65 0.62 0.58 0.73
Pmax/mass 29.2+ 32.7¢ 33.7¢ 21.1+ 30.4% 32.6%
0.600 0.017
(W/kg) 9.31 11.3 9.61 7.032 9.41 8.94

3.92+ 437+ 3.87+
DHEA (pmol/L) = = = = 0.854
2.17 324 254

1.86+ 1.98+  1.90%
DHEAS (umol/L) - - - - 0.954
1.53 096  0.92

41.8+ 40.9+ 39.7+
Albumin (g/L) - - - - 0.398
2.68 2.98 4.85

441+ 434+  66.1%
SHBG (nmol/L) - - - - 0.004
13.1 173  25.6¢

1,25(0H).D; 57.1+  62.9+ 54.2%
= = = = 0.657
(nmol/L) 244 268 32.0

1.22 1.38 1.93
DHT (nmol/L) - - - - 0.100
+0.54 1073  #1.17

73.9% 78.7% 89.9+
E2 (pmol/L) - - - - 0.529
24.5 24.3 53.2

! Abbreviations: MA, master athletes; yr, year; m, metre; kg, kilogram; BMI, body mass index;
cm, centimetre; %, percent; HGS, handgrip strength; TUG, Timed Up & Go; Vmax, maximum
jump velocity; Hmax, maximum jump height; Fmax, maximum force; Pmax, absolute vertical
jump power; PmaxRel, absolute vertical jump power relative to body weight; BMD, bone
mineral density; BMC, bone mineral content (whole body); MBR, muscle-to-bone ratio; Quads
CSA, quadriceps cross-sectional area; KE-MVC, knee extensor maximal voluntary contraction;
N, Newton; s, seconds; EO, eyes open; EC, eyes closed; W, watt; kW, kilowatt; DHEA,
dehydroepiandrosterone; DHEAS, DHEA sulphate; SHBG, sex hormone binding globulin;
1,25(0H),Ds, 1,25-dihydroxyvitamin Ds, DHT, dihydrotestosterone; E2, oestradiol; umol,

micromole; nmol, nanomole; pmol, picomole; L, litre.
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ZSignificance taken as P <0.05. @ <0.05 compared with both AG and GG genotypes. ? <0.05
compared with GG genotype only. ©<0.05 compared with AG genotype only. ¢ <0.05 compared
with both AA and AG genotypes. © no significant differences after adjusting for multiple
comparisons.

3Data shown as mean + SD.
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Table 3.13. Participant characteristics (body composition, muscle strength/function,

physical function, and biochemical data) in relation to rs7041.

Variable All MA (n=47) P All Controls (n=45) P
T TG GG T TG GG
70.4+ 71.3+ 70.7+ 78.7+ 74.9+ 75.0%
Age (y) 0.904 0.242
5.49 6.39 6.75 5.44 5.96 6.52
1.71+ 1.72+ 1.74+ 1.73% 1.74+ 1.71+
Height (m) 0.383 0.436
0.07 0.07 0.05 0.06 0.07 0.08
66.7+ 65.6+ 68.0+ 77.5% 80.9+ 79.5%
Weight (kg) 0.778 0.838
8.15 9.59 8.35 12.3 12.3 18.2
22.8+ 22.2+ 22.3+ 25.8+ 26.9+ 26.9+
BMI (kg/cm?) 0.701 0.799
241 2.12 2.53 3.82 4.24 4.87
Percentage 16.1+ 16.2+ 14.5+ 31.2+ 29.6+ 29.1+
0.736 0.845
Fat Mass (%) 6.73 6.07 5.63 6.33 8.48 11.5
Total Body
53.5+ 52.2+ 54.9+ 50.2+ 55.0+ 52.8+
Lean Mass 0.632 0.130
8.20 8.23 4.39 5.94 5.53 6.18
(kg)
Appendicular
2.60+ 2.43+ 2.58+ 2.21+ 2.53+ 241+
Lean Mass 0.461 0.054
0.42 0.44 0.41 0.30¢ 0.31 0.36
(kg)
Percentage
80.2+ 79.6% 81.2+ 65.3+ 68.8+ 68.4+
Lean Mass 0.804 0.581
7.15 6.51 4.78 5.38 7.96 10.7
(%)
1.22+ 1.20+ 1.15+ 1.27+ 1.23+ 1.23+
BMD (g/cm?) 0.615 0.699
0.13 0.14 0.29 0.16 0.11 0.14
30.3¢ 29.0+ 30.1+ 33.3+ 32.3+ 31.2+
BMC (g) 0.775 0.682
5.69 6.08 6.02 7.53 5.21 6.71
7.62+ 9.02+ 10.3+
MBR - - - - 0.037
3.54b 1.35 1.17
Quads CSA 51.1+ 59.1+ 66.6+
- - - - 0.003
(cm?) 11.8b 6.31 113
39.3+10. 40.0+#.8 36.9%10. 30.9+ 39.4+ 33.7+
HGS (kg) 0.666 0.042
1 12 6.57¢ 9.21 9.55
229+ 337+ 342+
KE MVC (N) - - - - 0.006
86.0? 89.4 94.8
5.58+ 5.65+ 5.36% 9.50+ 7.46% 8.36%
TUG (s) 0.527 0.329
0.71 0.69 0.48 4.839 2.04 3.62
11.7+ 15.0+ 16.2+
1legEO (s) - - - - 0.692
12.8 12.7 12.1
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1.98+ 5.28+% 3.32%
1leg EC(s) - - - - 0.353
2.00 8.33 2.70

1.69+ 1.74+ 1.78+
Vmax (m/s) - - - - 0.910
0.42 0.36 0.57

0.26% 0.25% 0.28+ 0.19+ 0.22+ 0.20+
Hmax (m) 0.870 0.750
0.11 0.16 0.23 0.08 0.07 0.13
1.49+ 1.37+ 1.55+¢ 1.67+ 1.82+ 1.64+
Fmax (N) 0.309 0.430
0.33 0.37 0.29 0.37 0.44 0.25
2.23% 1.90+ 2.40% 211+ 2.28% 2.20%
Pmax (kW) 0.214 0.867
0.76 0.62 1.10 0.72 0.57 0.85
Pmax/mass 32.9+ 29.3% 35.2¢ 27.3% 28.3% 29.3%
0.306 0.893
(W/kg) 8.72 9.46 14.2 10.9 7.55 12.0
DHEA 4,56+ 3.84+% 4.16%
- - - - 0.814
(umol/L) 2.86 2.76 2.92
DHEAS 247+ 1.86% 1.68+
- - - - 0.161
(umol/L) 1.40 0.98 0.82

41.4+ 39.7+ 41.1+
Albumin (g/L) - - - - 0.409
1.43 4.66 3.32

SHBG 524+ 484+  52.4%
- - - - 0.842

(nmol/L) 224 211 23.8

1,25(0H).Ds 57.5+ 53.6+ 65.8%
. . . - 0.446

(nmol/L) 33.6 19.8 31.7

154+ 142+  1.63%
DHT (nmol/L) - - - - 0.792
0.84  0.89 0.98

89.0+ 73.8% 84.9+
E2 (pmol/L) - - - - 0.505
57.9 27.8 25.9

! Abbreviations: MA, master athletes; yr, year; m, metre; kg, kilogram; BMI, body mass index;
cm, centimetre; %, percent; HGS, handgrip strength; TUG, Timed Up & Go; Vmax, maximum
jump velocity; Hmax, maximum jump height; Fmax, maximum force; Pmax, absolute vertical
jump power; PmaxRel, absolute vertical jump power relative to body weight; BMD, bone
mineral density; BMC, bone mineral content (whole body); MBR, muscle-to-bone ratio; Quads
CSA, quadriceps cross-sectional area; KE-MVC, knee extensor maximal voluntary contraction;
N, Newton; s, seconds; EO, eyes open; EC, eyes closed; W, watt; kW, kilowatt; DHEA,
dehydroepiandrosterone; DHEAS, DHEA sulphate; SHBG, sex hormone binding globulin;
1,25(0H),Ds, 1,25-dihydroxyvitamin Ds, DHT, dihydrotestosterone; E2, oestradiol; umol,

micromole; nmol, nanomole; pmol, picomole; L, litre.
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2Significance taken as P <0.05. @ <0.05 compared with both TG and GG genotypes. ® <0.05
compared with GG genotype only. €<0.05 compared with TG genotype only. ¢ <0.05 compared
with both TT and TG genotypes. ¢ no significant differences after adjusting for multiple
comparisons.

3Data shown as mean + SD.
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Table 3.14. Participant characteristics (body composition, muscle strength/function,

physical function, and biochemical data) in relation to rs4588.

Variable All MA (n=47) P All Controls (n=45) P
cc CA AA cc CA AA
70.3 70.0+ 75.8+ 77.0 74.5+ 75.2+
Age (y) 0.205 0.466
6.03 5.63 6.40 6.17 5.99 6.71
1.73% 1.72+ 1.75+ 1.74+ 1.72+ 1.74+
Height (m) 0.622 0.679
0.06 0.07 0.07 0.06 0.08 0.01
69.0+ 64.6+ 64.2+ 80.8+ 75.1+ 88.1+
Weight (kg) 0.194 0.148
7.67 9.47 5.98 12.6 14.1 19.9
23.2+ 21.9+ 21.0+ 26.8+ 25.7+ 29.1+
BMI (kg/cm?2) 0.065 0.258
2.26 2.25 0.58 4.10 4.45 4.59
Percentage Fat Mass 16.7+ 15.0+ 12.1+ 30.6+ 26.2+ 36.5%
0.334 0.048
(%) 6.27 6.29 2.55 7.19 10.2 9.89¢
Total Body Lean 54.7+ 52.1+ 53.5+ 53.0+ 53.2+ 53.2+
0.515 0.989
Mass (kg) 7.43 7.14 5.00 6.19 6.17 6.03
Appendicular Lean 2.61+ 2.48+ 2.35+ 2.41+ 2.42+ 2.39+
0.394 0.983
Mass (kg) 0.43 0.39 0.43 0.35 0.34 0.38
Percentage Lean 79.3+ 81.0% 83.4% 66.2+ 72.1+ 61.8%
0.414 0.015
Mass (%) 6.90 5.92 2.44 6.75 8.94 9.34¢
1.26+ 1.17+ 0.95+ 1.27+ 1.23+ 1.16+
BMD (g/cm?) 0.001 0.253
0.10 0.12 0.434 0.14 0.10 0.15
31.3+ 28.4+ 28.7+ 33.2+ 31.2+ 30.6+
BMC (g) 0.204 0.507
5.43 5.74 3.25 6.62 5.41 7.50

9.05+ 9.33+ 9.88+
MBR = = = = 0.768
2.44 1.46 1.75

56.7% 62.0% 66.0%
Quads CSA (cm?) - - - - 0.164
10.5 9.77 15.4

39.8t 40.0+ 28.3% 349+ 377+ 303
HGS (kg) 0.053 0.240
8.68 9.12 8.29 7.72 9.92 12.2

310+ 320+ 315
KE MVC (N) - - - - 0.954
117 84.2 89.6

545t 565t 5.76% 8.42+ 7.39:  10.1%
TUG (s) 0.519 0.243
0.63 0.75 0.19 3.62 252 471

15.5¢ 14.3+ 13.0¢
1legEO (s) - - - - 0.905
12.8 12.6 12.0

3.01% 5.57% 2.29+
1leg EC (s) - - - - 0.343
2.09 8.99 2.78

1.83¢ 1.76% 1.43+
Vmax (m/s) - - - - 0.203
0.37 0.45 0.53
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0.25+ 0.28% 0.18+ 0.23+ 0.22+ 0.12+

Hmax (m) 0.558 0.072
0.14 0.20 0.08 0.09 0.10 0.08
1.51+ 1.40+ 1.52+ 1.80+ 1.64+ 1.78+

Fmax (N) 0.567 0.500
0.31 0.36 0.38 0.44 0.35 0.16
2.25+¢ 2.16% 1.63+ 2.42+ 2.14+ 1.85+

Pmax (kW) 0.366 0.251
0.67 0.98 0.43 0.71 0.59 0.81
32.6% 33.3¢ 25.3¢ 30.5¢ 28.7¢ 22.5¢

Pmax/mass (W/kg) 0.370 0.285
8.37 13.2 5.33 9.37 9.31 10.8

3.85+ 421+ 4.81%
DHEA (pmol/L) = = = = 0.758
2.93 2.41 3.63

1.98+ 206+ 1.41t
DHEAS (pmol/L) - - - - 0.431
1.17 1.05 0.45

40.9+ 39.4+ 43.3+
Albumin (g/L) - - - - 0.064
2.08 4.65 3.83

SHBG 49.0+ 545t 46.5%
- - - - 0.666
(nmol/L) 22.8 224 19.2

629+ 543t 582t
1,25(0H)2Ds (nmol/L) = = = = 0.642
300 221 36.4

144+ 169+  1.34%
DHT (nmol/L) - - - - 0.616
096  0.82 0.95

84.5+ 78.6% 77.4%
E2 (pmol/L) - - - - 0.851
47.4 23.2 14.5

! Abbreviations: MA, master athletes; yr, year; m, metre; kg, kilogram; BMI, body mass index;
cm, centimetre; %, percent; HGS, handgrip strength; TUG, Timed Up & Go; Vmax, maximum
jump velocity; Hmax, maximum jump height; Fmax, maximum force; Pmax, absolute vertical
jump power; PmaxRel, absolute vertical jump power relative to body weight; BMD, bone
mineral density; BMC, bone mineral content (whole body); MBR, muscle-to-bone ratio; Quads
CSA, quadriceps cross-sectional area; KE-MVC, knee extensor maximal voluntary contraction;
N, Newton; s, seconds; EO, eyes open; EC, eyes closed; W, watt; kW, kilowatt; DHEA,
dehydroepiandrosterone; DHEAS, DHEA sulphate; SHBG, sex hormone binding globulin;
1,25(0H),Ds, 1,25-dihydroxyvitamin Ds, DHT, dihydrotestosterone; E2, oestradiol; umol,
micromole; nmol, nanomole; pmol, picomole; L, litre.

%Significance taken as P <0.05. ? <0.05 compared with both CA and AA genotypes. ? <0.05

compared with AA genotype only. ©<0.05 compared with CA genotype only. ¢ <0.05 compared
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with both CC and CA genotypes. © no significant differences after adjusting for multiple
comparisons.

3Data shown as mean + SD.
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Table 3.15. Participant characteristics (body composition, muscle strength/function,

physical function, and biochemical data) in relation to DBP isoforms.

Variable All MA (n=47) P All Controls (n=45) P
Gclf Gcls Gc2 Gclf Gcls Gc2
70.5+ 68.6% 78.7+ 76.4+ 74.4+ 75.3+
Age (y) 0.035 0.628
5.87 5.27b 3.21 5.92 6.65 7.14
1.72+ 1.75% 1.74+ 1.74+ 1.70+ 1.75%
Height (m) 0.399 0.202
0.07 0.04 0.08 0.06 0.06 0.14
66.5+ 69.2+ 64.0+ 80.0% 74.4+ 92.4+
Weight (kg) 0.599 0.098
8.69 8.15 7.31 12.1 15.6 23.1
22.5+ 22.7+ 21.0+ 26.6+ 25.7+ 29.9+
BMI (kg/cm?) 0.508 0.256
2.25 2.67 0.70 4.02 4.60 5.44
Percentage Fat 16.1+ 14.7+ 12.8+ 30.5+ 24.5% 40.0%
0.600 0.008
Mass (%) 6.33 6.16 2.59 7.79 10.2b 6.21
Total Body Lean 53.1+ 55.8+ 52.9+ 53.2+ 52.9+ 53.1+
0.608 0.990
Mass (kg) 7.87 3.65 5.98 5.95 6.29 7.54
Appendicular Lean  2.54+ 2.62+ 2.23+ 2.41+ 2.43+ 2.34+
0.369 0.913
Mass (kg) 0.41 0.42 0.43 0.33 0.35 0.48
Percentage Lean 79.9+ 81.1+ 82.7+ 67.2+ 72.5% 58.6+
0.685 0.012
Mass (%) 6.77 5.30 2.55 7.34 9.69b 5.92
1.22+ 1.15+ 1.16% 1.24+ 1.25+ 1.23+
BMD (g/cm?) 0.526 0.967
0.12 0.33 0.04 0.13 0.12 0.17
30.0+ 30.9+ 27.3+ 32.4+ 31.3+ 32.5+
BMC (g) 0.635 0.871
5.51 6.42 1.84 6.12 6.33 8.63
8.76% 10.8+ 8.65+%
MBR - - - - 0.036
1.98b 0.84 0.65
56.4% 69.5+ 58.9+
Quads CSA (cm?) - - - - 0.004
9.17b 12.1 49.9
39.5+ 39.2+ 31.0+ 35.9+ 36.6+ 27.5+
HGS (kg) 0.310 0.213
9.12 9.77 7.83 9.31 8.16 11.4
300+ 353+ 306+
KE MVC (N) - - - - 0.316
100 94.8 113
5.60+ 5.25+ 5.79+ 8.22+ 7.30+ 11.4+
TUG (s) 0.332 0.119
0.70 0.47 0.21 3.34 2.55 5.39
13.4+ 17.6% 16.4+
1leg EO (s) - - - - 0.637
12.6 11.9 13.2
3.93+ 4.26% 1.79+
1leg EC (s) - - - - 0.755
6.79 2.56 2.14
1.70+ 2.08% 1.28+
Vmax (m/s) - - - - 0.017
0.38 0.41b 0.55
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0.25+ 0.31% 0.18+ 0.21+ 0.27+ 0.09+

Hmax (m) 0.453 0.035
0.14 0.24 0.09 0.08 0.12° 0.07
1.44+ 1.52+ 1.59+ 1.77+ 1.57+ 1.85+

Fmax (N) 0.686 0.408
0.35 0.25 0.44 0.41 0.28 0.11
2.08% 2.62+ 1.69+ 2.19+ 2.53% 1.67+

Pmax (kW) 0.107 0.180
0.68 1.11 0.51 0.61 0.77 0.88
31.3% 38.0¢ 26.2+ 27.5¢ 35.9+ 19.1+

Pmax/mass (W/kg) 0.130 0.022
9.10 14.2 6.15 8.62 9.39b 8.50

4.03t 3.59t 6.21%
DHEA (umol/L) = = = = 0.270
274 247 3.76

2.04+ 178t 1.56%
DHEAS (umol/L) - - - - 0.609
116  0.93 0.49

40.5+ 40.5+ 41.8+
Albumin (g/L) - - - - 0.816
3.95 3.05 3.77

50.0+ 581+  36.5%
SHBG (nmol/L) - - - - 0.233
20.9 26.1 10.6

1,25(0H)2D; 549+ 757+ 41.8%
. . . - 0.042¢
(nmol/L) 246 332 12.7

1.46x  1.88+  1.00%
DHT (nmol/L) - - - - 0.197
0.84  0.98 0.87

79.1% 87.7t 79.3%
E2 (pmol/L) - - - - 0.796
40.0 29.6 18.2

! Abbreviations: MA, master athletes; yr, year; m, metre; kg, kilogram; BMI, body mass index;
cm, centimetre; %, percent; HGS, handgrip strength; TUG, Timed Up & Go; Vmax, maximum
jump velocity; Hmax, maximum jump height; Fmax, maximum force; Pmax, absolute vertical
jump power; PmaxRel, absolute vertical jump power relative to body weight; BMD, bone
mineral density; BMC, bone mineral content (whole body); MBR, muscle-to-bone ratio; Quads
CSA, quadriceps cross-sectional area; KE-MVC, knee extensor maximal voluntary contraction;
N, Newton; s, seconds; EO, eyes open; EC, eyes closed; W, watt; kW, kilowatt; DHEA,
dehydroepiandrosterone; DHEAS, DHEA sulphate; SHBG, sex hormone binding globulin;
1,25(0H),Ds, 1,25-dihydroxyvitamin Ds, DHT, dihydrotestosterone; E2, oestradiol; umol,
micromole; nmol, nanomole; pmol, picomole; L, litre.

2Significance taken as P <0.05. ? <0.05 compared with both Gcls and Gc2 isoforms. ® <0.05

compared with Gc2 isoform only. ©<0.05 compared with Gcls genotype only. ¢ <0.05 compared
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with both Gclf and Gcls isoforms. € No significant differences after adjusting for multiple
comparisons.

3Data shown as mean + SD.
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3.4 Discussion

In this candidate gene study conducted in a cohort of elite MA and controls,
associations were reported between several VDR SNPs and outcomes of
skeletal muscle strength and performance, and a novel link between the
vitamin D system and SHBG. For the first time, this chapter also demonstrates
a relationship between SNPs of the vitamin D binding protein gene (GC) and

skeletal muscle strength/function and body composition.

3.4.1 VDR SNPs

The relationship between genetic variance of the VDR gene and skeletal muscle
function has already been investigated in multiple studies and the systematic
review conducted in Chapter 2 provides a comprehensive outline of their
results and findings. Of the six VDR SNPs investigated in this study, differences
were found in muscular function and strength in carriers of Apal, Cdx2, and
A1012G. Comparatively, no notable differences were demonstrated in MA or

controls carrying Fokl, Bsml, and Taq|l.

Apal is a SNP located close to the 3’ untranslated region (UTR) in intron 8 of the
VDR gene that is the result of a nucleotide change of C to A (C>A) [309]. Due to
its location, it is unlikely that Apal results in a VDR protein with a functionally
altered structure but it’s possible that it affects mRNA stability as the 3’ UTR is
key for mRNA translocation and localisation [310]. In relation to muscle
strength, data suggesting a relationship with Apal conflicts across the literature.

Multiple articles have failed to demonstrate any differences at all
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[276,279,281,282] and, whilst others report greater HGS and quadriceps
strength, there is conflict on what is to be regarded as the “beneficial”
genotype [277,280]. Like other groups, no significant differences were found in
muscle strength between genotypes, but carriers of the WT CC Apal genotype
did display significantly better balance. Balance is a key aspect of motor
function and, the time that an individual is able to stand on one leg with their
eyes closed is considered as an index of static steady-state balance ability [311].
Until now, Apal has only been investigated in relation to balance in one other
study and no significant differences were found [284]. However, the sample
size used in this study was small (n=63) making it possible that the study lacked
statistical power and the inclusion of participants with hemi-paralysis makes it
highly probable that their results were confounded to some degree [284]. In
the investigations, balance tests were only conducted in the control group so
it would be interesting to repeat them in the MA cohort to see how this data
translates across groups. In addition, performing these investigations in a
younger cohort would be valuable as there is a large volume of interest into
the use of balance as an indicator of future physical function and identification
of balance influencing SNPs may provide information clinically to identify at risk

individuals [312].

Getting its name from its location in the Cdx2 binding site within the le
promoter region of the VDR gene, Cdx2 involves an A to G nucleotide change
(A>G) [313]. While it doesn’t result in any alterations to the AA sequence,

reports have suggested that the G allele is associated with increased VDR
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transcriptional activity due to an altered binding affinity of VDR for the Cdx2
transcription factor [314]. Only 2 studies have investigated Cdx2 in relation to
skeletal muscle strength and function, both of which reported no significant
differences [271,281]. Interestingly, in the work conducted here, differences
between Cdx2 genotypes were only found in the MA cohort and, in line with
the literature, no differences were seen with regards to skeletal muscle
strength. Comparatively, the data demonstrated that MA carrying one or two
copies of the mutant G allele weighed significantly more, displayed significantly
greater absolute and relative power, and had significantly higher whole body
bone mineral content (BMC) and lean mass (appendicular and total body) than
GG homozygotes. Weight is infrequently reported in studies that have
previously investigated Cdx2, and they tend to report BMI instead making it
difficult to draw direct comparisons with the data presented here. Given that
total body lean mass was also significantly higher in MA carrying one or two G
alleles and that muscle is denser than fat, the observation that these individuals
also weighed significantly more is unsurprising. However, these observations
conflict with the literature, as several studies have reported no differences at
all [315,316] whilst others have found that carriers of the GG genotype possess
increased fat mass compared to G allele carriers [317]. As jumping is a natural
movement that is also physiologically complex, jump mechanography acts as a
novel validated technique that can measure both muscle and neuromuscular
function [318]. Here, it was demonstrated that MA in possession of one or two
G alleles of the Cdx2 SNP displayed significantly higher lower limb power, both

absolute and relative (Pmax and PmaxRel, respectively), than those carrying the
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AA genotype. Pmax represents the ability of the muscle to produce force at a
given velocity, and reports suggest that it is correlated with the percentage of
type Il muscle fibres [319,320]. Whilst it is possible that Cdx2 may affect the
contractile properties of muscle fibres, it is unlikely through a direct affect upon
skeletal muscle given that expression of the Cdx2 transcription factor has not
been documented in skeletal muscle and its influence upon VDR expression is,
in fact, intestine-specific [321]. Instead, it is wholly possible that the Cdx2 SNP
is in linkage disequilibrium (LD) with one or more functional SNPs within the
VDR gene that are yet to be discovered. However, whilst the Cdx2 SNP may not
have direct effects upon skeletal muscle, the specificity of the Cdx2
transcription factor to the intestine may have influence upon skeletal
parameters due to the calciotropic function of vitamin D. In vitro studies
conducted in Cdx2 transfected Caco-2 cells, a colonic derived cell line, have
demonstrated that transcriptional activity of the VDR promoter in AA cells was
70% of those carrying the GG genotype [314]. This observation has been
translated clinically, as several articles have shown associations between the
Cdx2 SNP and bone mineral density (BMD) [314,322,323]. In the investigations
conducted here, no significant differences were seen in BMD for Cdx2, but it
was demonstrated that AA homozygous MA had significantly lower bone
mineral content (BMC) than those carrying one or two G alleles. Only one other
study exists investigating Cdx2 in relation to BMC (all other articles only
included BMD) and it reported that no significant differences were seen
between genotypes in a cohort of patients with juvenile idiopathic arthritis

[324]. As this was conducted in a patient cohort with a mean age of 10.96+4.6
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years, it is clearly difficult to draw comparisons with this cohort of older healthy
elite male MA, which only indicates a need for further investigations including
study populations inclusive of a wide range of age groups and disease/healthy

states.

An A to G transition (A>G) at position -1210 to the transcription start site in the
VDR gene results in a SNP known as A1012G. This SNP is relatively novel in
comparison to others, but it is the only SNP to be consistently associated with
greater HGS throughout the literature, as demonstrated by the systematic
review conducted in Chapter 2 [265,285]. Here, the data was in support of the
literature as it was also found that MA carrying the mutant GG genotype
displayed significantly greater HGS than AA homozygotes. For the first time,
significant differences were demonstrated in relative power and maximal
velocity (Vmax) between GG homozygous controls and those carrying one or two
A alleles, indicating that the benefits of the mutant G allele of A1012G aren’t
only limited to the upper limbs. Interestingly, a relationship was found between
the vitamin D system and sex hormones, as GG control homozygotes had
significantly higher serum levels of the protein responsible for transporting sex
hormones, sex hormone binding globulin (SHBG). Multiple studies, conducted
in both men and women, have reported positive correlations between serum
25(OH)D3 and SHBG levels [325—-328] and, whilst A1012G has never been
studied in relation to SHBG before, associations have been found between
SHBG levels and both Fokl and Bsml [329,330]. Currently, the functional

consequence of A1012G isn’t wholly understood. Due to its location in the 1a
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promoter region, it appears that A1012G negatively modifies the binding ability
of the VDR promoter to the zinc-finger transcription factor, GATA-3 [288]. It
has been demonstrated that the GATA-3 binding site is present in the AA
genotype of A1012G whereas it is absent in GG homozygotes [331]. The impact
of this is unclear, particularly in skeletal muscle, as the majority of functional
A1012G research has been conducted in immune cells due to the direct role of
GATA-3 upon polarisation of naive T cells into Th2 cells [332]. One study
conducted in peripheral blood mononuclear cells (PBMC) isolated from
psoriasis patients genotyped for A1012G demonstrated that the SNP influences
VDR mRNA expression as a dose dependent increase in VDR expression was
seen across genotypes (AA<AG<GG) [333]. Another potential hypothesis is that
A1012G determines where transcription starts in the VDR gene and, therefore,
what VDR protein isoform an individual possesses. If transcription begins in
exon 1a (AA), then the WT VDRA isoform is produced, whereas initiating
transcription in exon 1d (GG) produces a protein with a longer N-term and
greater transactivation potential, VDRB1 [334]. As these functional studies
have never been conducted in skeletal muscle cells, further research is
imperative to clarify and confirm whether the hypotheses presented are valid
in skeletal muscle, or whether there are other potential underlying

mechanisms present.

3.4.2 GC (DBP) SNPs
At time of writing (Spring 2024), this is the only work to have investigated and

report relationships between two SNPs of the vitamin D binding protein (DBP;
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GC) gene and musculoskeletal outcomes. The impact of genetic variation within
the GC gene upon circulating 25(0OH)Ds3 levels has been well-researched,
relative to skeletal muscle function and performance, and several studies have
reported associations between two GC SNPs in particular, rs7041 and rs4588
[335—-338]. rs7041, is a SNP occurring in exon 11 of the GC gene that results in
an AA substitution of aspartate (Asp) to glutamine (Glu)) caused by a nucleotide
change of T to G (T>G) [36]. Comparatively, rs4588 is also located in exon 11,
involves a C to A transition (C>A), and results in the substitution of threonine
(Thr) for lysine (Lys) [36]. As displayed in Table 3.1, three isoforms of DBP exist:
Gclf (rs7041-T/rs4588-C), Gcls (rs7041-G/rs4588-C), and Gc2 (rs7041-

T/rs4588-A).

DBP & Muscle Outcomes

In the physiological scenario of skeletal muscle, the data suggests that rs7041
may be a SNP with positive influences as GG homozygous controls displayed
greater quadriceps CSA and KE-MVC than those carrying one or two WT T
alleles. Additionally, carriers of the Gcls isoform of DBP possessed greater
lower limb muscle power and function, as demonstrated by jump
mechanography, compared to those carrying Gc2. As GC SNPs and DBP
isoforms have never been explored before in relation to skeletal muscle
outcomes, no other studies exist to allow for comparison of the data presented
here. The longstanding hypothesis for the potential functional mechanism

underlying rs7041 has been that it influences vitamin D status due to altered
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binding affinity of DBP for vitamin D metabolites, thereby subsequently altering
vitamin D bioavailability for target tissues [339]. However, this hypothesis is
currently a matter of debate within the field due to several conflicting articles
that either showed no differences in affinity between isoforms or differences
that appear to be dependent on the population studied and/or the assay kit
utilised to quantify DBP [339—-342]. Another possible hypothesis is that the SNP
affects glucose control as it appears that DBP is involved in insulin dynamics.
Several groups have demonstrated negative correlations between serum levels
of DBP and insulin levels in both men and women, whilst mice lacking the Gc
gene (DBP-KO) possess elevated insulin sensitivity and reduced glucagon
secretion compared to their WT littermates [343—345]. Given this information
and paired with the fact that skeletal muscle is a major regulator of glucose
homeostasis, it is perhaps sensible to consider whether altered insulin
dynamics contributed to the beneficial effects of the rs7041 GG genotype that

were seen in the control cohort.

Since the discovery that DBP is also key in macrophage activation, it is often
also known as, macrophage-activating factor (DBP-MAF) [53]. DBP is converted
to active DBP-MAF via deglycosylation of the threonine that is substituted for
lysine in the rs4588 SNP. Galactose and sialic acid are removed by PB-
galactosidase and sialidase, respectively, leaving just N-acetyl-galactosamine
(NaGal) bound to threonine, thereby forming DBP-MAF [54]. Whilst both Gc1f
and Gcls DBP isoforms are glycosylated, Ge2 is unglycosylated due to having a

lysine in place of threonine, thus potentially impairing DBP-MAF formation and
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activity [346]. Macrophages play a major role in skeletal muscle plasticity
(particularly in response to damage/increasing age), lipid dysregulation, and
insulin resistance, so it is possible to hypothesise that the positive effects upon
skeletal muscle that were associated with Gcls here may be due to the Gc2
isoform possessing diminished macrophage activation and conversion
[347,348]. In addition, activated macrophages have been documented to
regulate bioavailability of 1,25(0OH).D3 by expression of high levels of la-
hydroxylase (CYP27B1), so the hypothesised diminished macrophage
activation could contribute further to a reduction in bioavailability of
macrophage-derived 1,25(0OH).Ds [349]. Unfortunately, there is a distinct
absence of experimental studies exploring these theories, especially in skeletal
muscle, but further research should endeavour to validate these speculations.
Finally, one other potential mechanism lies in the actin-binding ability of DBP.
The extracellular actin scavenging system (EASS) is key in an individual’s
response to trauma, as tissue damage leads to a large efflux of actin into the
circulation, forming polymerised filamentous actin (F-actin) [43]. If not
removed, this pool of F-actin can lead to intravascular coagulation and,
ultimately, multiorgan failure [43]. To avoid this, the EASS employs gelsolin to
depolymerise F-actin into globular actin (G-actin), which DBP can bind with high
affinity, thereby preventing its repolymerisation [45]. The DBP-actin complex is
then cleared from circulation at multiple sites, primarily the liver, but also the
lungs and spleen [40]. A previously held common misconception was that this
function of DBP was only relevant to extracellular actin, until the discovery that

DBP strongly co-localises with cytoskeletal actin filaments in skeletal muscle
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[350]. It has since been demonstrated that DBP can be internalised into skeletal
muscle via megalin/cubilin, bind cytoplasmic actin and, subsequently,
intracellular 25(0OH)Ds; that can be released into circulation following
proteolytic degradation of DBP [252]. The functional consequence of different
DBP isoforms/SNPs upon actin binding is unclear as very few experimental
studies exist exploring this, but two early studies report no differences in
affinity for actin between the three isoforms [42,351]. Comparatively, when
affinity was measured via capillary electrophoresis by another group,
differences between isoforms were detected; the methodological differences
have not since been clarified nor validated, therefore representing an
attractive topic for future research [352]. Finally, loss of the Gc gene in murine
pancreatic a cells generated abnormalities in the actin cytoskeleton, suggesting
involvement of DBP in normal cytoskeletal maintenance [345]. It would be
intriguing to explore whether similar observations occur in skeletal muscle cells,

as the cytoskeleton is crucial for fusion of myoblasts into myotubes.

DBP & Skeletal Outcomes

Whilst there is an absence of research in relation to skeletal muscle and genetic
variation of DBP, a greater volume of information exists relating to its impact
upon skeletal physiology comparatively. In the work conducted herein, it was
found that the mutant A allele of rs4588 was associated with reduced BMD
compared to the WT CC genotype. Like the effects in skeletal muscle, rs7041
appeared to provide a positive effect upon the muscle-to-bone ratio (MBR), as

this was higher in controls carrying the mutant GG genotype than TT individuals.
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This was supported further by the fact MBR was also higher in controls
possessing the Gcls DBP isoform when compared to Gclf. These results are
not unique to the investigations conducted in this chapter, as similar
observations have been described in the literature. An article by Rivera-Paredz
et al. also reported that, within their cohort of Mexican women, the A allele of
rs4588 was associated with higher BMD and DBP serum levels than the CC
genotype [353]. Furthermore, women carrying the G allele of rs7041 possessed
lower serum levels of DBP and also had reduced BMD in comparison to those
with the wildtype TT genotype [353]. Fortunately, the knowledge of the
mechanisms underlying these observations is far less speculative than that of
skeletal muscle as the stimulatory nature of DBP-MAF is not just restricted to
macrophages - it also has a stimulatory effect upon osteoclasts. In fact,
osteoclast activity is actually greater when treated with ex-vivo synthesised
DBP-MAF compared to that of traditional stimulators (e.g., 1,25(0OH).Ds and
PTH) [55]. Additionally, DBP-MAF treatment of rats with osteopetrosis, a
condition in which bones are excessively dense, increased osteoclastic activity

and number and resulted in a subsequent reduction in bone mass [56].

3.4.3 Limitations

Studying a cohort as unique as the MA comes with associated difficulties,
particularly with regards to attaining large sample sizes, so future genetic
association studies conducted in MA should seek to use much larger sample
sizes. Additionally, some outcomes were only conducted in the control cohort,

e.g., the biochemical parameters, and it would be useful to have this data for
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the MA to allow for comparisons between the two groups. The participant data
for ethnicity or previous medical history, such as previous surgeries,
comorbidities, or joint replacements was not available. This data would have
provided further information about the population being studied, as it’s well
known that SNP frequency can differ across different populations, and it also
could have highlighted any potential confounders. In addition, no data was
collected with regards to activity levels in the controls, which would have been
useful as if some were sedentary then this could have confounded their
performance on certain outcomes. Having dietary questionnaire data, such as
calcium intake or details of any supplements routinely taken, would have been
beneficial as it could aid interpretation of the bone densitometry results. As the
participant data used in this chapter was collected for another study, the
investigator (SB) did not have full control over how certain data is described.
For example, serum levels of 25(0OH)Ds states whether they were above or
below 10 ng/mL (> or <10), and no exact values were provided, thus only
providing a very general view of the data. Exact values were provided for

1,25(0H),Ds yet, of the two, this is arguably the least useful value.
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3.5 Conclusions

Based on the literature, it appears the work conducted in this chapter is the
first to explore the impact of two key GC SNPs, rs4588 and rs7041, upon
multiple parameters of musculoskeletal physiology in a cohort of elite master
athletes. Like several other groups, no differences were found in those carrying
the VDR SNPs Bsml, Taql, and Fokl. However, the results did support an
association between A1012G and greater muscle/physical function, whilst
highlighting novel links between the vitamin D system and sex hormones in
muscle. Future research should further explore the relationship between the
vitamin D binding protein and skeletal muscle physiology, whilst also
attempting to clarify the functional mechanisms underlying the SNPs

investigated here.
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Chapter 4: VDR regulates myogenic/proteolytic signalling
and mitochondrial respiration in response to anabolic,
catabolic, and pro-inflammatory conditions in C2C12
myotubes.

4.1 Introduction

The focus of this thesis so far has been the role of the vitamin D system in
skeletal muscle physiology, particularly the impact of genetic variation within
this pathway. Vitamin D biology, e.g., synthesis, metabolism, and
genomic/non-genomic mechanisms of action, have been discussed in depth in
Chapter 1. The physiological effects of vitamin D are the result of 1,25(0OH).Ds
binding to its receptor, vitamin D receptor (VDR). This 1,25(0OH).Ds-VDR
complex translocates to the nucleus where it forms a trimeric complex with
retinoid x receptor (RXR), a nuclear receptor that can recruit both corepressors
and coactivators. Itis through this liganded complex that VDR is able to perform
its function as a transcriptional co-activator controlling ~3% of the human

genome [71,72].

In relation to skeletal muscle, the role of VDR has historically been a matter of
debate. For over a decade, there was a degree of uncertainty surrounding
whether VDR was actually expressed in skeletal muscle, but it was discovered
that this was the result of using unreliable antibodies that cross-reacted with

unrelated proteins [148,354]. Since this controversy, multiple studies using
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different VDR antibodies have confirmed that the VDR protein is indeed
present in both human and murine skeletal muscle [122,143,355]. Currently,
the exact role of vitamin D and VDR in skeletal muscle physiology is unclear but
several lines of evidence suggest a regulatory function upon myogenesis and
myogenic cell function. VDR-KO mice display smaller muscle fibres and have
persistently high expression of key myogenic factors, e.g., myogenin and Myf5
[163]. Additionally, work conducted in mice carrying a myocyte-specific
deletion of Vdr (mVDR-KO) displayed that loss of Vdr results in a sarcopenic
phenotype and altered expression of genes related to calcium-handling (e.g.
Serca-2b & -3) and cell cycle control (e.g. cyclin-D1, -D2 and -D3) [147]. In
support of this data, overexpression (OE) of VDR in skeletal muscle results in
muscular hypertrophy and a rise in muscle protein synthesis (MPS) paired with
upregulation of mTOR signalling [296]. These observations have also been
translated in vitro, as VDR-KD C2C12 myoblasts were unable to differentiate
normally, resulting in fewer myotubes, and also had reduced MPS [213]. Whilst
these existing studies support a putative relationship between the vitamin D
system and skeletal muscle, there remains to be a notable gap in the

knowledge of the mechanistic underpinnings of this connection.

Based on recent evidence, it appears that the vitamin D system has a key
regulatory role in skeletal muscle mitochondrial function. To date, the majority
of research has focused upon investigating the influence of vitamin D
deficiency, and several articles have demonstrated that supplementation of

deficient humans and rodents results in improvements in both mitochondrial
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function and density [224,248,356]. These observations have been replicated
in vitro as treatment of human skeletal muscle cells with 1,25(0OH).Ds resulted
in an increase in mitochondrial volume and oxygen consumption rate (OCR)
[174]. Loss of the Vdr gene in C2C12 myoblasts via lentiviral short hairpin RNA
(shRNA) silencing was associated with blunted mitochondrial respiration from
oxidative phosphorylation (OXPHOS) in both proliferating myoblasts and
differentiated myotubes [244]. However, the mechanisms underlying this
mitochondrial regulatory function of vitamin D is unknown, as it appears that
vitamin D has no impact upon mitochondrial protein content, such as activity
of citrate synthase (CS) or expression of electron transport chain (ETC)

machinery [243].

Intriguingly, whilst multiple studies exist examining the influence of perturbed
VDR expression upon basal myogenic cellular function in vitro, there is a
distinct lack of investigations that challenge VDR silenced skeletal muscle cells
with conditions frequent to skeletal muscle, such as atrophy or inflammation.
These types of investigations would be particularly useful as they could provide
further information about the involvement of VDR in cellular responses to

these types of physiological scenarios, particularly in skeletal muscle.

Skeletal muscle atrophy is regarded as the loss of muscle mass and
development of muscle weakness that occurs when the protein net balance
(NPB) is negative due to the rate of muscle protein breakdown (MPB)

exceeding that of muscle protein synthesis (MPS). Clinically, atrophy is a
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common negative outcome of certain catabolic pathological scenarios, such as
infections, prolonged periods of immobilisation (e.g., bedrest), and cancer (also
termed cachexia). So, understandably, there is a large volume of research
focused upon furthering our understanding of the underlying mechanisms and
investigating potential interventions. Whilst a plethora of randomised clinical
trials (RCTs) exist investigating the efficacy and efficiency of vitamin D
supplementation in the prevention and/or restoration of muscle atrophy, in
vitro mechanistic studies are lacking. Dexamethasone (Dex) is a glucocorticoid
commonly used in the treatment of a range of diseases, e.g., rheumatoid
arthritis or SARS-CoV-2, due to its anti-inflammatory properties [357,358].
When used in high doses or long-term, Dex treatment can result in muscle
atrophy [359], and it is because of these side effects that Dex is frequently used
in vivo and in vitro to generate a model of glucocorticoid-induced skeletal
muscle atrophy. VDR-KO mice were injected daily with 25 mg/kg Dex for 10
days to induce muscle atrophy and the skeletal muscle injuries that these mice
developed were much more severe than their WT counterparts [360]. Dex
treatment caused a decrease in the density of type | and lla muscle fibres, but
type llb fibre density increased; an effect that was far more profound in the

VDR-KO mice versus WT [360].

On the opposite side of the scale, skeletal muscle hypertrophy occurs when the
NPB is positive due to the rate of MPS exceeding that of MPB. Common
inducers of hypertrophy in vivo include resistance training and certain

hormones (i.e., testosterone and insulin-like growth factor-1, IGF-1) [361,362],
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some of which can be exploited experimentally and be used to generate in vitro
hypertrophic models. Unlike muscle atrophy, VDR has been scarcely
researched in relation to skeletal muscle hypertrophy. Work previously
conducted by Bass et al. exemplified that VDR-OE in the Tibialis anterior (TA)
of rats induced hypertrophy as marked by a significant increase in global total
protein and RNA content plus a larger myofibre CSA [296]. In addition, several
studies in which C2C12 myotubes were treated with 1,25(OH),Ds and/or
25(OH)Ds3 have shown increases in myotube diameter [143,144,156]. Skeletal
muscle hypertrophy is accompanied by an increase in expression of the growth
factor, IGF-1. IGF-1 can be used in vitro as a model of hypertrophy as when
added to differentiated myotubes, it results in activation of the
phosphatidylinositol 3-kinase (PI3K)/Akt pathway; a pathway considered one
of the principal regulators of mTOR [363,364]. As mentioned previously, no
articles exist examining muscular hypertrophy in vitro in the scenario of
perturbed VDR signalling, thus representing an attractive area to explore

experimentally.

Finally, a significant field of vitamin D research has focused upon its anti-
inflammatory and immunoregulatory properties. Lipopolysaccharide (LPS) is an
endotoxin derived from bacterial outer-membranes and its administration in
vivo and in vitro is a well-established model of skeletal muscle inflammation
[365,366]. Unfortunately, little data exists investigating vitamin D and
inflammation in relation to skeletal muscle with only one study demonstrating

that pre-treatment of C2C12 myotubes with 1,25(0OH),Ds; was able to inhibit
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LPS-induced IL-6 production [367]. This protective effect of 1,25(0OH),D3 against
LPS-induced inflammation has also been demonstrated in other cell types, such
as alveolar basal epithelial cells and oral keratinocytes [368,369]. In addition,
markers of renal inflammation, e.g., creatinine accumulation and tubular cell
apoptosis, were significantly greater in VDR-KO mice with LPS-induced acute
kidney injury (AKI) in comparison to WT mice [370]. When this information is
considered collectively, it is sensible to hypothesise that loss or impairment of
VDR signalling in skeletal muscle would pre-dispose to heightened
inflammation in response to either LPS treatment or other pro-inflammatory

conditions.

Here, the aim of this chapter was to use RNA interference (RNAi) to knockdown
Vdr expression (VDR-KD) in C2C12 myotubes to investigate the involvement of
the vitamin D/VDR axis in mitochondrial respiration and myogenic signalling in
response to atrophic, hypertrophic, and pro-inflammatory conditions

(dexamethasone, IGF-1, and LPS).
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4.2 Methods

4.2.1 Cell Culture

Murine C2C12 myoblasts (ECACC, Salisbury, UK) were cultured and maintained
in Dulbecco’s Modified Eagle Medium (DMEM; Thermo Fisher Scientific)
supplemented with 10% (v/v) fetal bovine serum (FBS), 1% (v/v) antibiotic-
antimycotic solution, and 4mM L-Glutamine (all Sigma-Aldrich, UK) at 37°C
with 5% CO,. Cells (passage 8) were seeded onto 6-well plates (Nunclon™ Delta:
Thermo Fisher Scientific) and upon reaching 70-80% confluency, differentiation
was induced by switching to DMEM with reduced serum (2% FBS (v/v)). The
day on which differentiation was induced is referred to as day 0. Media changes

were performed every 48 hours.

4.2.2 RNA Interference

A small-interfering RNA (siRNA) sequence targeting vitamin D receptor (VDR)
was used (Sigma Aldrich; EHU010441) and all knockdown experiments were
performed in parallel with cells transfected with a Universal Negative Control
siRNA (Sigma Aldrich; SIC001). At day 2 post-differentiation, cells were
transfected with 25 pmol VDR or negative control (NC) siRNAs using the
Lipofectamine RNAIMAX Transfection Reagent (Invitrogen) diluted in OptiMEM
(Gibco) following manufacturer’s instructions.

The VDR eSIRNA sequence was as follows:

CCAGTTCGTGTGAATGATGGTGGAGGGAGCCATCCTTCCAGGCCCAACTCCAGACACACTCCCAGCTT
CTCTGGGGACTCCTCCTCCTCCTGCTCAGATCACTGTATCACCTCTTCAGACATGATGGACTCGTCCAG

CTTCTCCAATCTGGATCTGAGTGAAGAAGATTCAGATGACCCTTCTGTGACCCTAGAGCTGTCCCAGCT
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CTCCATGCTGCCCCACCTGGCTGACCTGGTCAGTTACAGCATCCAAAAGGTCATTGGCTTTGCTAAGAT
GATACCAGGATTCAGAGACCTCACCTCTGAGGACCAGATCGTACTGCTGAAGTCAAGTGCCATTGAG
GTCATCATGTTGCGCTCCAATGAGTCCTTCACCATGGACGACATGTCCTGGACCTGTGGCAACCAAGA
CTACAAGTACCGCGTCAGTGACGTGACCAAAGCCGGACACAGCCTGGAGCTGATTGAGCCCCTCATC

AAGTTCCAGGTGGGACTGAAGAAGCTGAACTTGCATGAGGAGGAGC

4.2.3 Treatment of Cells

At 5 days post-differentiation, cells were incubated in the presence of selected
treatments known to influence muscle protein synthesis (anabolism),
breakdown (catabolism), and inflammation for 24 hours. Treatments were
either 20 ng/mL insulin-like growth factor-1 (IGF-1), 1 UM dexamethasone
(Dex), or 0.1 pg/mL lipopolysaccharide (LPS; from Escherichia coli 026:B6). All

were purchased from Sigma Aldrich.

4.2.4 High-Resolution Respirometry

Mitochondrial oxidative phosphorylation (OXPHOS) was quantified in
permealised myotubes by performing high-resolution respiratory in a two-
channel titration injection respirometer (Oxygraph-2 k; Oroboros Instruments,
Innsbruck, Austria) with the SUIT-008 _02_ce-pce_DO025 protocol as designed
by Oroboros. Oxygen concentration (uM), as well as oxygen flux per cell (pmol

0,.571-cell™?), was recorded in real time using DatLab software.

In brief, following a 24-hour incubation period with LPS, IGF-1 or Dex, C2C12
myotubes (day 6 post-differentiation) were trypsinised and centrifuged for 5

minutes at 300 g. The cell pellet was resuspended in mitochondrial respiration
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media (MiR05; Oroboros) before being placed in the oxygraph chamber with
10 pg/ml digitonin for myotube permealisation. The chamber had been pre-
equilibrated with 2 mL MiRO5 stirring at 750 rpm at 37°C. To generate NADH
for Complex I, 5 mM pyruvate and 2 mM malate were added simultaneously in
the absence of adenosine diphosphate (ADP) to measure leakage respiration.
Malate acts to maintain pyruvate metabolism by providing a source of
oxaloacetate for citrate synthesis. 2.5 mM ADP was added to quantify OXPHOS
capacity followed by 10 puM cytochrome c to test mitochondrial outer
membrane integrity. Next, 10 mM glutamate was added as a substrate for
Complex | whilst the OXPHOS capacity of Complex Il was quantified as the
difference in oxygen flux after addition of 10 mM succinate. Uncoupling of
phosphorylation and oxidation was achieved by performing a titration with 0.5
UM carbonyl cyanide p-trifluoromethoxyphenylhydrazone (FCCP) until
maximal respiration was reached. FCCP transports protons across the inner
mitochondrial membranes, thereby disrupting adenosine triphosphate (ATP)
synthesis. 0.5 uM rotenone was subsequently injected to inhibit Complex | and
test the contribution of Complex Il to the electron transport chain (ETC). Finally,
residual oxygen consumption was induced via addition of 2.5 uM antimycin A.
Oxygen consumption rates (OCR; pmol/ml.s) were calculated using DatLab7
(Oroboros, Innsbruck, Austria) and values were normalised to total protein
content. Experiments were performed twice with average values from the two
oxygraph chambers (i.e., 4 technical replicates/treatment) taken forward for

statistical analyses.
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4.2.5 qRT-PCR

RNA was extracted using the phenol-chloroform method [371]. At day 6 post-
differentiation, cells were scraped into 200 ul TRI reagent (Sigma Aldrich), and
then incubated at room temperature and pressure (RTP) for 10 minutes. For
the phase separation step, 40 ul chloroform (Fisher) was added and incubated
for a further 10 minutes at RTP before samples were centrifuged at 12,000 rpm
for 15 minutes at 4°C. The upper aqueous phase was transferred into a fresh
Eppendorf (Eppendorf) and equal volume 100% isopropanol (Sigma) and 1 ul
GlycoBlue (Invitrogen) were added to precipitate the RNA. Samples were
centrifuged for 5 minutes at 7,000 rom and 4°C, and the resulting RNA pellet
was washed three times with 80% ethanol. Following removal of all ethanol
after the third and final wash, the pellet was left to air dry and subsequently
resuspended in 20 pl Nuclease Free DEPC-treated water (Invitrogen). Sample
concentration and purity (260/280 ratio) was determined using a Nanodrop

1000 (Thermo Scientific), and samples were stored at -80°C until further use.

Reverse transcription was performed using a High-Capacity cDNA Reverse
Transcription kit (Applied Biosystems) and quantitative reverse transcriptase
PCR (gRT-PCR) was subsequently performed on a ViiA7 Real-Time PCR system
(Life Technologies) using SYBR Select Master Mix (Applied Biosystems) and
primers designed in-house (Table 4.1). Thermal cycling conditions were as
follows: 2 minutes at 50°C, 10 minutes at 95°C, 40 cycles of 15 seconds at 95°C,
and 1 minute at 60°C. Samples were run in triplicate with two control samples,

one without reverse transcriptase and one without cDNA, as negative controls.
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Gene expression (relative fold change) was quantified by normalising against

GAPDH using the 2724¢T method [372].
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Table 4.1. Primers used in gRT-PCR.

Gene Target

Forward Primer (5’-3’)

Reverse Primer (5°-3’)

Gapdh TGGAAGGGCTCATGACCACAG ACCAGTGGATGCAGGGATGA
vdr TCCCCCATCCCTAGAACCAGC TCCTCATTGCTTGGGCTCTG
Foxo1 AACCAAAGCTTCCCACACAGT AAGGACTTTTAAATGTAGCCTGC
Foxo3 GAAGGGAAGGAGCCGAGGTAG TCCACTTCGAGCGGAGAGAG
Mtor TTCCTGAACAGCGAGCACAA GTAGCGGATATCAGGGTCAGG
Tsc2 GAACTGAGTGGTGAATGCGG CTCCACTGCATGCTCCTCAA
Akt TGAAAACCTTCTGTGGGACC TGGTCCTGGTTGTAGAAGGG
Cubn GGCTCCAAGTCCCATTGTCA AATGTACGTCCACAACGGCT
Myh8 CACACCCTATCTCCGCCAAG AGCCGAGGTTTCAGCTATGG
Myf5 TCAGGAATGCCATCCGCTAC CCCGGCAGGCTGTAATAGTT
Mrf4 GAGATTCTGCGGAGTGCCAT GCTCCTCCTTCCTTAGCAGT
Myh1 GCATCCCTAAAGGCAGGCTC CAAACACCGATGACTTGGCG
Rps6 CTTTTTCGTGACGCCTCCCA ATCCGGACCACATAACCCTTC
Hdac9 CTCACCGAATCCGCATGACT ATTGGCTTTGTGAGGACGGT
Ppp3ca AAAGCGCTACTGTTGAGGCT GTCCGTGCCGTTAGTCTCTG
Myog AGGAGATCATTTGCTCGCGG ATCCTCCACCGTGATGCTGT
Myod1 TGCTCTGATGGCATGATGGAT CACTGTAGTAGGCGGTGTCG
Ccnd1 TCAAGTGACCCGGACTGC CCTTGGGGTCGACGTTCTG
Cdknla TTGTCGCTGTCTTGCACTCT TTTCGGCCCTGAGATGTTCC

Abbreviations: Gapdh, Glyceraldehyde 3-phosphate dehydrogenase; Vdr, vitamin D receptor;
Foxo1, forkhead box protein O1; Foxo3, forkhead box protein 03; Mtor, mechanistic target of
rapamycin; Tsc2, tuberous sclerosis complex 2; Akt, AKT serine/threonine kinase 1; Cubn,
cubilin; Myh8, myosin heavy chain 8; Myf5, myogenic factor 5; Mrf4, myogenic regulatory
factor 4; Myh1, myosin heavy chain 1; Rps6, ribosomal protein 6; Hdac9, histone deacetylase
9; PPP3ca, protein phosphatase 3 catalytic subunit alpha; Myog, myogenin; Myod1, myoblast

determination protein 1; Ccndl, Cyclin D1; Cdknla, cyclin dependent kinase inhibitor 1a.
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4.2.7 Western Blotting

At day 6 post-differentiation, cells were homogenised and scraped into ice-cold
homogenisation buffer (10 mM B-glycerophosphate disodium salt, 50 mM NaF,
1 mM EGTA, 1 mM EDTA, 1 mM activated Na3VOa, and 50 mM Tris-HCl (pH 7.4))
followed by centrifugation of lysates at 11,000 g for 10 minutes at 4°C. The
supernatant was removed to quantify protein content via Nanodrop.
Depending on initial protein concentration, all samples were appropriately
diluted in homogenisation buffer and 1x Laemmli buffer to the same

concentration.

Samples were loaded onto a Criterion XT Bis-Tris 12% SDS-PAGE gel (BioRad)
and ran electrophoretically at 200V for one hour. The resulting separated
proteins were then transferred onto a PVDF membrane at 100V for 45 minutes,
followed by a one-hour blocking stage using 2.5% milk in 1x Tris buffered saline
with 0.1% Tween-20 detergent (1x TBST) with gentle agitation. Membranes
were subsequently incubated with their corresponding primary antibody
solutions at 4°C overnight after which they were washed for five minutes three
times with 1x TBST and incubated at RTP with the HRP-conjugated secondary
antibody (anti-rabbit; Cell Signalling Technologies #7074S). After an hour,
membranes were washed again three times for five minutes with 1x TBST and
subsequently incubated in Millipore HRP reagent (Millipore) for five minutes at
RTP. Membrane visualisation was performed with a Chemidoc XRS, and bands

were quantified using ImagelLab software (Version 6.1). Data was normalised
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to total loaded protein as visualised by staining with Coomassie brilliant blue
(CBB) R250.

Primary antibodies were all were purchased from Cell Signalling Technologies
(unless stated otherwise), diluted 1:2000, and were as follows: Total-ULK1 (T-
ULK1; #8054P), Total p70S6K (T-p70S6K; #9202S), Total Akt (T-Akt; #4685S),
Total mTOR (T-mTOR; #2972S), phospho-EIF4E (p-EIF4E; #9741S), phospho-
AMPKa (p-AMPKa ; #2535S), phospho-4EBP1 (p-4EBP1; #2855S), phospho-Akt
(p-Akt; #9271S), phospho-TSC2 (p-TSC2; #3611S), phospho-mTOR (p-mTOR;
#2971S), phospho-p70S6K (p-p70S6K; #9234S), phospho-Raptor (p-Raptor;
#2083S), and phospho-ULK1 (p-ULK1; #14202S). VDR (ab109234) and DBP

(ab65636) were both purchased from Abcam.

4.2.8 Statistical Analysis

For statistical comparisons, the D’Agostino and Pearson test was first
performed to assess for normality. Statistical differences between groups were
then assessed using a Student T-test (for parametric factors), Mann Whitney U
test (for non-parametric factors) for comparing NC and VDR-KD, and a two-way
ANOVA with post-hoc Tukey’s for multiple comparisons for comparisons
between the different experimental conditions for NC and VDR-KD. Results are
reported as mean * standard deviation (SD) and statistical significance was set
at P <0.05. All statistical analyses were performed using GraphPad Prism

Software (Version 10.0.2; San Diego, California, USA).
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4.3 Results

4.3.1 Successful generation of VDR-KD C2C12 myotubes.

To silence Vdr signalling, gene knockdown was performed via RNAi in C2C12
myoblasts at day 2 post-induction of differentiation. Following siRNA
transfection, Vdr mRNA expression was significantly reduced by 43.35% (P =
0.0199; (A) of Figure 4.1), whilst protein levels were also significantly reduced
compared to the negative control (NC) by 75.95% (P = <0.0001; (B) of Figure
4.1).
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Figure 4.1. Successful generation of VDR-KD C2C12 myotubes. (A) Vdr mRNA expression, (B)
Representative western blot and quantification of KD (n = 6). Data is shown as mean £ SD. * P
< 0.05, **** p <0.0001. Abbreviations: Vdr, vitamin D receptor; mRNA, messenger ribonucleic
acid; %, percent; KD, knockdown; NC, negative control; CBB, coomassie brilliant blue; kDa,

kilodalton.

4.3.2 VDR knockdown in C2C12 myotubes results in altered mRNA and protein
expression of key metabolic targets.
To characterise the effects of VDR-KD alone in C2C12 myotubes, expression

levels of key metabolic genes and proteins were quantified via gRT-PCR and
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western blotting, respectively. Values are compared to that of the negative
control (NC) myotubes (Figures 4.2 and 4.3, respectively).

At mRNA level, significant reductions in expression of genes encoding the key
anabolic targets were observed, Mtor (P = 0.0176), Rps6 (P = 0.0085), and Tsc2
(P=0.0091) in VDR-KD myotubes (Figure 4.2). When quantified at protein level,
levels of key anabolic targets were all significantly lower in VDR-KD myotubes
compared to the NC; p-mTOR (P = <0.0001), T-mTOR (P = 0.0012), p-Akt (P =
0.0017), T-Akt (P = 0.0444), p-TSC2 (P = 0.0023), and p-p70S6K (P = <0.0001)
(Figure 4.3). mRNA levels of several key catabolic targets were also significantly
downregulated in VDR-KD myotubes compared to the NC including Foxol (P =
0.0381) and Foxo3 (P =0.0043), as was the epigenetic factor Hdac9 (P = <0.0001;
Figure 4.2). In addition, genes encoding the myogenic regulatory factors
(MRFs), Mrf4 (P = 0.0177), Myog (P = <0.0001) and Myod1 (P = <0.0001), and
the metabolic related targets, Ppp3ca (P = 0.0006), Myh8 (P =0.0197), Myh1 (P
= 0.0022), and Cdknla (P = 0.00177) were all significantly reduced in VDR-KD

myotubes compared to the NC (Figure 4.2).
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Figure 4.2. Effect of VDR-KD upon mRNA expression of key metabolic and myogenic targets as
measured by gRT-PCR. Data is shown as mean +SD (n =6). * P<0.05, ** P<0.01, *** P<0.001,
**x% P <0.0001. Abbreviations: mRNA, messenger ribonucleic acid; %, percent; NC, negative
control; VDR, vitamin D receptor; KD, knockdown; Foxol, forkhead box protein O1; Foxo3,
forkhead box protein O3; Mtor, mechanistic target of rapamycin; Tsc2, tuberous sclerosis
complex 2; Akt, AKT serine/threonine kinase 1; Cubn, cubilin; Myh8, myosin heavy chain 8;
Myf5, myogenic factor 5; Mrf4, myogenic regulatory factor 4; Myh1, myosin heavy chain 1;
Rps6, ribosomal protein 6; Hdac9, histone deacetylase 9; PPP3ca, protein phosphatase 3
catalytic subunit alpha; Myog, myogenin; Myod1, myoblast determination protein 1; Ccnd1,

Cyclin D1; Cdkn1la, cyclin dependent kinase inhibitor 1a.
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Figure 4.3. Effect of VDR-KD upon protein expression of (A) non-phosphorylated and
phosphorylated forms of key anabolic and catabolic targets, and (B) key metabolic targets as
measured by western blotting. Representative blots are displayed here, and data is shown as
mean * SD (n = 6). * P<0.05, ** P<0.01, *** P <0.001, **** P <0.0001. Abbreviations: NC,
negative control; VDR, vitamin D receptor; KD, knockdown; %, percent; p-, phosphorylated-;
ULK1, uncoordinated 51-like kinase 1; Akt, AKT serine/threonine kinase 1; mTOR, mechanistic
target of rapamycin; p70S6K, p70kDa S6 kinase; DBP, vitamin D binding protein; EIF4E,
eukaryotic translation initiation factor 4€; 4EBP1, elF4E-binding protein 1; AMPKa, adenosine
monophosphate-activated protein kinase catalytic subunit alpha; TSC2, tuberous sclerosis

complex 2; CBB, coomassie brilliant blue; kDa, kilodalton.
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4.3.3 Changes in gene expression & protein content of key metabolic targets in
VDR-KD myotubes following exposure to hypertrophic, atrophic, and pro-
inflammatory conditions.

4.3.3.1 Altered Vdr levels following 24-hour stimulation of NC myotubes.

Vdr mRNA levels were significantly higher in NC myotubes following exposure
to IGF-1 (P = 0.0145) and Dex (P = 0.0022) for 24 hours, whilst, comparatively,

24-hour LPS treatment resulted in significantly lower Vdr levels (P = 0.0022;

Figure 4.4).
600- k%
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- I NC-Control
S 400 NC-Treatment
< *
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$ 200~ Wil
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Figure 4.4. Effect of 24-hour exposure to IGF-1, dexamethasone (Dex) and lipopolysaccharides
(LPS) upon mRNA expression of Vdr in NC myotubes, as measured by gRT-PCR. Data is shown
as mean = SD (n = 6). * P < 0.05, ** P < 0.01. Abbreviations: Vdr, vitamin D receptor; mRNA,
messenger ribonucleic acid; %, percent; NC, negative control; IGF-1, insulin-like growth factor

1; Dex, dexamethasone; LPS, lipopolysaccharides.

4.3.3.2 Hypertrophy — IGF-1
To induce hypertrophy in vitro, VDR-KD and NC myotubes were both exposed
to 20 ng/mL IGF-1 for 24 hours. As expected, treatment of NC myotubes with

IGF-1 significantly increased gene expression of Akt (P = 0.0476) and mTOR (P
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= 0.0297) compared to the untreated NC (Figure 4.5). This was reinforced
further as protein levels of p-Akt (P = 0.0163), p-mTOR (P = <0.0001), and p-
p70S6K (P = 0.0164) were significantly higher than the untreated NC in IGF-1
treated myotubes (Figure 4.6). Protein levels of T-ULK1 were also significantly
reduced by IGF-1 (P = 0.0001). In NC myotubes, IGF-1 treatment also
significantly increased gene expression of Myh1 (P = 0.0002; Figure 4.5) and
pTSC2 protein levels (P = 0.0383) (Figure 4.6).

Intriguingly, treatment of VDR-KD myotubes with IGF-1 resulted in significantly
higher mRNA expression of Myf5 (P = 0.0128; Figure 4.5) and T-ULK1 protein
levels were significantly lower compared to the VDR-KD untreated control (P =

0.0002; Figure 4.6).
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4.3.3.3 Atrophy - Dexamethasone

Both NC and VDR-KD myotubes were both treated with 1 uM Dex for 24 hours
to induce a model of atrophy. Dex treatment had significant impact on gene
expression of several key myogenic and metabolic targets. In NC myotubes,
Dex significantly lowered mRNA expression of the MRFs, Myog (P = 0.0006) and
Myod1 (P = 0.0002), and a component of the 40S ribosomal subunit, Rps6 (P =
0.0017; Figure 4.7). In addition, mRNA expression of the cell cycle regulator,
Cdkn1la, was significantly lower in Dex treated NC myotubes (P = 0.0089), as
was mRNA expression of multiple metabolic targets with Dex treatment, i.e.,
Hdac9 (P = <0.0001), Foxo3 (P = 0.0005), and Ppp3ca (P = 0.0130). At protein
level, differences were only seen in T-mTOR and p-Akt, as both were reduced

in Dex treated NC myotubes (P = 0.0143 & <0.0001, respectively; Figure 4.8).

In Dex treated VDR-KD myotubes, gene expression of Myf5 and Tsc2 were

significantly increased (P = 0.0012 and 0.0423, respectively; Figure 4.7), yet no

significant changes were observed in any of the studied targets at protein level.
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4.3.3.4 Inflammation - LPS

To generate a model of inflammation, NC and VDR-KD myotubes were both
incubated with 0.1 pg/mL LPS for 24 hours. 24-hour treatment of NC myotubes
with LPS was accompanied with significantly greater gene expression of Cdknla
(P =0.0115) and significantly lower expression of Foxo3 (P = <0.0001), Mrf4 (P
= 0.0005), Hdac9 (P = <0.0001), Ppp3ca (P = 0.0417), Rps6 (P = 0.0013), Myh8
(P=0.0025), and Myh1 (P=0.0311) compared to the untreated NC (Figure 4.9).
In comparison to the untreated NC, LPS treatment significantly reduced protein
levels of DBP (P =0.0173), T-Akt (P = <0.0001), p-Akt (P = <0.0001), T-ULK1 (P =

0.0054), p-p70S6K (P = 0.0487), and T-mTOR (P = <0.0001; Figure 4.10).

Comparatively, 24-hour treatment of VDR-KD myotubes with LPS failed to
induce any differences of significance at mRNA level but it was associated with
significantly lower protein levels of T-ULK1 compared to the VDR-KD untreated

control (P = 0.0001; Figure 4.10).
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4.3.4 Changes in mitochondrial respiration following VDR knockdown in C2C12
myotubes.

To further evaluate the effects of VDR-KD, mitochondrial respiration was
assessed in digitonin permealised NC and VDR-KD myotubes via high-resolution
respirometry. A representative trace can be seen in Figure 4.11. Across all
experiments, addition of cytochrome C did not significantly alter rate of
respiration thus indicating that the outer mitochondrial membrane remained

intact following permealisation.

No significant differences were found in either the routine or leak state
between the NC and VDR-KD (Figure 4.12). Reduction of VDR expression
resulted in significant reductions in the maximal oxidative phosphorylation
(OXPHOS) capacity of complex | as demonstrated by reduced ADP-induced
oxygen (02) consumption in the presence of pyruvate and malate (PM; P =
<0.0001) and glutamate (PMG; P = <0.0001; Figure 4.12). Combined OXPHOS
of complexes | and Il (PMGS), maximal respiratory capacity (ET), and OXPHOS
of complex Il only (Cll) were all significantly reduced by VDR-KD (all P = <0.0001;

Figure 4.12).
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Figure 4.12. Examination of cellular respiration in VDR-KD and NC C2C12 myotubes. Routine
state represents oxygen (O;) consumption rate (OCR) at baseline, before digitonin
permealisation. Malate (M) and pyruvate (P) were added together to induce proton leakage
(LEAK); addition of ADP stimulates maximal oxidative phosphorylation (OXPHOS). OCR in the
presence of N-linked substrates, i.e. M, P, and glutamate (G), represents OXPHOS capacity of
Complex | (Cl). Succinate (S) addition demonstrates the combined OXPHOS capacity of Cl and
Cll together. Titrated addition of carbonyl cyanide p-trifluoromethoxyphenylhydrazone (FCCP)
uncouples OXPHOS and induces maximal respiratory capacity (ET). Addition of rotenone
inhibits Complex I, thus demonstrating activity of Cll without influence from Cl respiration and
permitting evaluation of non-mitochondrial respiration. Data expressed as specific flux (oxygen
consumption normalised to protein content of sample and after subtraction for non-

mitochondrial respiration) and is shown as mean + SD (n = 4). **** P <0.0001.

4.3.5 Changes in mitochondrial respiration in VDR-KD myotubes following
exposure to hypertrophic, atrophic, and inflammatory conditions.
To evaluate the impact of VDR knockdown upon mitochondrial function in

states of atrophy/hypertrophy, mitochondrial respiration was also measured
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in permealised C2C12 myotubes following 24-hour treatments with the

different conditions.

4.3.5.1 Hypertrophy — IGF-1

No significant differences were seen in any of the specific flux states in IGF-1-
treated NC myotubes compared to untreated (Figure 4.13).

Comparatively, IGF-1 treatment of VDR-KD myotubes resulted in significant
changes to multiple flux states. Whilst there were no differences in the routine
or leak states, IGF1-treatment lead to heightened OXPHOS capacity of complex
| (PM and PMG; P = 0.0085 & 0.0137, respectively) and complexes | and Il
combined (PMGS; P = 0.0029) in VDR-KD myotubes (Figure 4.13). Maximal
respiratory capacity (ET) was also significantly increased by IGF-1 (P = <0.0001)
yet OXPHOS capacity of complex Il (Cll) was not significantly altered (Figure

4.13).
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4.3.5.2 Atrophy - Dexamethasone

No significant differences were seen in both the routine and leak states in Dex-
treated NC myotubes compared to untreated (Figure 4.14). 24-hour Dex
treatment of NC myotubes was associated with significant reductions in the
OXPHOS capacity of complex | (PM and PMG; both P = <0.0001) and complexes
| and Il combined (PMGS; P = <0.0001; Figure 4.14). In addition, both
mitochondrial respiratory capacity (ET) and OXPHOS capacity of complex Il (Cl)
were also significantly reduced by Dex treatment (P = <0.0001 and 0.0011,

respectively; Figure 4.14).

In stark comparison, 24-hour Dex treatment had the opposite effect in VDR-KD
myotubes. Like the NC, there were no differences in the routine or leak states,
but Dex treatment resulted in significantly heightened OXPHOS capacity of
complex | (PM and PMG; P = 0.0008 and 0.0061, respectively) and complexes |
and Il combined (PMGS; P = 0.0002; Figure 4.14). Whilst mitochondrial
respiratory capacity (ET) was also significantly higher following Dex treatment
(P =<0.0001), no differences in the OXPHOS capacity of complex Il were found

(CIl; Figure 4.14).
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4.3.5.3 Inflammation - LPS

Like IGF-1, 24-hour treatment of NC myotubes with LPS did not induce any
significant changes in any of the specific flux states investigated (Figure 4.15).
In VDR-KD myotubes, LPS treatment had no significant influence on either the
routine or leak states, but it did significantly increase the OXPHOS capacity of
complex | (PM and PMG; both P = <0.0001) and complexes | and Il combined
(PMGS; P = <0.0001; Figure 4.15). In addition, LPS treatment resulted in
significantly higher mitochondrial respiratory capacity (ET; P = <0.0001) and

OXPHOS capacity of complex Il (Cll; P = 0.0009; Figure 4.15).
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4.4 Discussion

Whilst the relationship between the vitamin D axis and skeletal muscle has
already been studied extensively using both animal and cellular models, the
overall understanding of the mechanistic underpinnings of this relationship
remains poor. In this chapter, VDR-KD myotubes were successfully generated
by performing RNAi in C2C12 myotubes and demonstrated that loss of VDR
results in perturbed expression of key metabolic and myogenic related targets
at both mRNA and protein level. For the first time, VDR-KD and NC myotubes
were exposed to either IGF-1, dexamethasone, or LPS for 24 hours to create in

vitro models of hypertrophy, atrophy, and inflammation, respectively.

4.4.1 Effects of VDR-KD

Following RNAI, Vdr mRNA expression was reduced by 43.35%, whilst protein
levels were reduced by 75.95% compared to those transfected with NC siRNA.
VDR-KD myotubes demonstrated significant reductions in mTOR, ribosomal
protein S6 (rps6), 70kDa ribosomal protein S6 kinase (p70S6K), AKT
serine/threonine kinase 1 (Akt), and tuberous sclerosis complex 2 (TSC2; all key
regulators of muscle protein synthesis (MPS)) at both mRNA and protein level,
thereby indicating a possible decline in MPS. Given that it was demonstrated
that VDR-KD lead to downregulation of anabolic targets and that previous
studies have demonstrated that catabolic targets were upregulated following
VDR-KD in vivo, it was anticipated that similar observations would be seen here

[373]. However, no differences were seen between VDR-KD and NC myotubes
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for any of the catabolic-related targets studied at protein level, but significant
reductions were observed in Foxo3 mRNA expression.

One article previously published by Bass et al. reported that anabolic signalling
was unchanged in skeletal muscle following in vivo VDR-KO [213]. However,
previous studies have shown involvement of the vitamin D axis within
regulating MPS, as both deficiency and VDR-KO in rats was associated with
reduced levels of anabolic targets whilst 1,25(0OH),D3 treatment of C2C12
myotubes in vitro lead to increased p-Akt, p-p70S6K, and p-mTOR
[206,224,225]. Intriguingly, VDR overexpression (VDR-OE) also resulted in
increased anabolic signalling in rodent skeletal muscle [296]. Overall, the
consensus appears to remain that VDR is directly involved in MPS signalling, as
demonstrated by previous studies and the data presented herein. In contrast,
the results with regards to catabolic signalling between VDR-KD and NC

myotubes were surprising and inconsistent with the literature.

Whilst other articles have reported increased proteolytic signalling following
VDR-KO and in states of deficiency [88,211,213], no differences in proteolytic
related targets were seen at protein level and observed reduced gene
expression of certain targets. Forkhead box proteins (FOXO) are a family of
transcription factors all possessing significant roles in driving muscle atrophy.
MRNA expression of Foxo3 was lower in VDR-KD but, within the literature, the
data conflicts as treatment of human myotubes with 1,25(0OH).Ds upregulated
FOXO3 expression whereas vitamin D supplementation decreased levels of

FOXO3 in the paraspinal muscle of patients with chronic lower back pain
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[204,374]. Additionally, one article reported no differences in FOXO3 protein
levels in the skeletal muscle of VDR-KO mice, yet another group suggested that
deficiency results in oxidative stress in bone via reductions in the number of

FOXO3 positive cells [212,375].

One potential explanation for the observation of no change to catabolic targets
following VDR-KD is that muscle atrophy associated with loss of VDR is not the
outcome of altered proteolytic signalling, as previously believed, and is instead
a consequence of perturbed autophagy. However, no significant differences
were found in protein levels of phosphorylated Unc-51-like autophagy
activating kinase 1 (p-ULK1) or phosphorylated 5’ adenosine monophosphate-
activated protein kinase a (p-AMPKa) between VDR-KD and NC myotubes.
Phosphorylation and subsequent activation of AMPKa has previously been
shown to be upregulated following treatment of C2C12 myotubes with
1,25(0H),Ds, thereby representing induction of autophagosome formation plus
skeletal muscle AMPKa activity was reduced in deficient obese and non-obese
rats [196,209,211]. On the other hand, the work in this chapter represents the
first time that ULK1 has ever been investigated in skeletal muscle in relation to
VDR, so it is hard to compare results. Considering no differences were observed
in p-AMPKa, it is somewhat unsurprising that p-ULK1 was also unchanged in
this instance. Yet, previous research has demonstrated increased levels of
other autophagy-related proteins, e.g., Beclin-1, Atg-5 and -7, in not only the
skeletal muscle of VDR-KO rats but also VDR-KO vascular smooth muscle cells

(VSMCs) and mammary glands [213,376,377]. To ascertain if induction of
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autophagy was being prevented via another pathway, histone deacetylase 9
(HDAC9) was investigated, as previous work has demonstrated that increased
Hdac9 expression in hypoxic C2C12 myotubes inhibited autophagic processes
by binding the promoters of Beclin-1, Atg-7 and LC3B [378]. However, Hdac9
gene expression was actually found to be significantly lower in VDR-KD

myotubes, so this could not explain the results generated here.

It is possible that the discrepancies between the results presented here, and
the literature can be explained by the differences existing between in vivo and
in vitro models. Here, VDR-KD was performed in the early stages of
differentiation (day 2) meaning that loss of Vdr would primarily impact fusion
of myoblasts into mature myotubes and post-differentiation myogenic events.
Comparatively, studies that have demonstrated changes in proteolytic
signalling either used genetic animal models (either loss of Vdr from conception
or in vivo electrotransfer (IVE)) or chronic models of deficiency [196,197,213].
In addition, the chronic nature of these models means that the systemic whole-
body effects that accompany both deficiency and loss of Vdr, but are not

present in vitro, may contribute to the changes seen in proteolysis.

Aside from proteolysis, the influence of VDR-KD upon expression of key
myogenic genes was also investigated. A significant body of research has
previously focused upon the role of the vitamin D axis within myogenesis, the
process by which skeletal muscle is generated (as previously discussed in

Chapter 1). Here, a reduction in VDR protein levels was found to be
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accompanied by a decline in mRNA expression of several myogenic regulatory
factors (MRFs). Broadly speaking, myoblast determination protein-1 (MYOD1)
and myogenic factor 5 (MYF5) are both deemed as “gatekeepers” in the
commitment of stem cells to myogenic lineage, whilst MRF4 (also known as
herculin or, in humans, MYF6) and myogenin (MYOG) are responsible for
stimulating the transition into multinucleated myofibres. No differences were
observed in mRNA expression of Myf5, yet Myod1, Mrf4, and Myog were all
downregulated following VDR-KD. In addition, the reductions in Mrf4 (76.69%)
and Myog (70.88%) gene expression were greater than that of Myod1 (58.44%).
Intriguingly, similar observations have been reported, as VDR-KD in C2C12
myotubes resulted in reduced mRNA expression of Myog and Mrf4 yet no
differences were seen in Myodl and Myf5 [379]. In addition, Cdknla was
downregulated by VDR-KD. Cdknla represents the gene encoding p21, a cyclin
dependent kinase (CDK) inhibitor (CDKI) whose expression increases when
myoblasts commit to differentiation into myotubes via cell cycle withdrawal
[380]. This result is consistent with the literature as p21 levels were also lower
following VDR-KD in a mammary tumour cell line whilst 24 hour 1,25(0OH),Ds
treatment of C2C12 myoblasts upregulated p21 in a VDR-dependent manner
[158,381]. Maintenance of G2 arrest requires p21, so it is possible to speculate
whether loss of VDR and its subsequent suppression upon p21 expression
renders VDR-KD myotubes unable to completely commit to cell cycle
withdrawal [382]. Indeed, depletion of p21 expression has been previously
shown to “re-activate” terminally differentiated primary muscle cells and result

in apoptosis due to increased levels of DNA damage and incomplete DNA
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replication [382]. Thus, if VDR-KD does indeed suppress Cdknla expression,
then any VDR-KD myotubes that may have managed to survive DNA damage-
induced apoptosis can enter mitosis with incompletely replicated and damaged
DNA, therefore potentially resulting in mitotic catastrophe [382]. This
hypothesis could explain previous observations, as myoblasts lacking Vdr were
unable to fully complete differentiation, with the bulk being in Go/G1 phase,
and any myotubes that did form were very irregular and large with an increased

myonuclei number [213].

Here, gene expression of the fast myosin isoform, myosin heavy chain 1 (Myh1;
also known as MHC-lIx), was reduced in VDR-KD myotubes. During
differentiation, MyH1 is upregulated to aid in initiation and sustainment of
myotube fusion, so downregulation of Myhl expression, as observed here,
would suggest impairment of differentiation by VDR-KD. Furthermore, as
MyH1 is the predominant myosin isoform in type Il muscle fibres (fast-twitch)
[383], this result provides further support for previous observations of type Il
fibres being the principal target of vitamin D deficiency [115,122,123]. Like
MyH1, Myh8 (perinatal MHC) mRNA expression was also lowered by VDR-KD.
As a developmental MHC, MyH8 is expressed in developing and regenerating
skeletal muscle [384]. There are inconsistencies throughout the literature
surrounding MyH8 and the vitamin D axis, as it has been documented to be
both up- and downregulated following treatment of C2C12 and primary human
myotubes with 1,25(0OH),Ds [144,374,385,386]. In this instance, the

observation of reduced Myh8 expression appears consistent with the fact that
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VDR-KD resulted in impaired expression of differentiation markers, but it
highlights a requirement for additional studies to provide further information
on this relationship. When viewed collectively, the evidence presented here
indicates greater involvement of VDR in the latter stages of differentiation in
comparison to the early stages and supports previous evidence suggesting a

selective role of the vitamin D axis in type Il fibres.

Finally, it was demonstrated that VDR-KD results in impairment of
mitochondrial OXPHOS capacity across multiple flux states. Interest into the
relationship between skeletal muscle mitochondria and the vitamin D axis has
grown substantially over recent years with reports of improvements in
mitochondrial function following vitamin D supplementation [224,248,356].
Indeed, this has been confirmed in vitro as treatment of both primary human
and C2C12 myotubes with 1,25(0OH),Ds increased OCR, indicative of greater
mitochondrial metabolism [174,246,247]. Here, no significant differences were
observed in mitochondrial respiration in either the routine (baseline) or leak
(presence of pyruvate and malate; PM) states in VDR-KD myotubes, but VDR-
KD significantly reduced OXPHOS capacity of Complexes | and Il (both
individually and combined) and maximal respiratory capacity. Previous data
suggesting that loss of VDR in C2C12 myotubes results in impairment of basal
mitochondrial respiration may suggest that these findings of VDR-KD exerting
no influence upon basal respiration are inconsistent with the literature [244].
However, this difference could be explained by several methodological

differences, as Ashcroft et al. performed their experiments in a stably
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transfected VDR-KD C2C12 cell line possessing lower VDR levels (95% lower
than control) than what was achieved herein (75.95% lower than NC), and they
measured mitochondrial function via extracellular flux analysis (EFA; Seahorse)
[244]. Aside from the baseline data, the remainder of the observations
presented here support the notion that loss of VDR results in impaired

mitochondrial respiration in myotubes.

The mechanism by which VDR-KD regulates mitochondrial bioenergetics is
currently unknown, but several groups have shown that it is not related to
mitochondrial volume changes as neither VDR-KO and/or treatment with
1,25(0OH),Ds exert significant effects upon mitochondrial protein content
[147,174,213,244]. Intriguingly, the effects of 1,25(0OH).D3 upon OCR are
abolished when added directly to isolated mitochondria as opposed to directly
treating cells [174], thereby indicating that the underlying mechanism is
dependent on extramitochondrial events. To date, several groups have used
microarray analyses in an attempt to identify genes that are direct targets of
VDR, and evidence suggests that multiple mitochondrial-related gene sets are
under VDR-regulation [174,213]. However, it is unclear whether any of these
genes possess VDREs and are therefore directly regulated or whether indirect
mechanisms are at play. Finally, it is probable that the infamous calciotropic
effects of the vitamin D axis also extend to regulating intramitochondrial Ca%*
homeostasis. Maintenance of Ca?* levels within mitochondria is tightly
regulated and is coupled to the metabolic state of the cell [387]. When avian

and human myotubes were treated with 1,25(0OH).Ds an intracellular flux of
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Ca?* was observed plus expression levels of the calcium handling gene,
sarcoplasmic reticulum calcium transport ATPase (Serca), were reduced in the
Quadriceps of both VDR-KO and deficient mice [147,166,230,235]. Under basal
conditions, mitochondrial uptake of Ca?* occurs during the twitch and tetanic
responses of muscle contraction [240], but when the cell is in a vitamin D
deficient state it seems that oxidative phosphorylation is impaired, and
mitochondria are unable to retain Ca?* [241]. Further work is required to
improve the overall understanding of this relationship, particularly in vivo, as
expansion of our knowledge surrounding the vitamin D axis and Ca?* dynamics
would further the understanding of not only skeletal muscle and mitochondria,

but other tissues also.

4.4.2. Treatment of VDR-KD myotubes with the hypertrophic, atrophic, and pro-
inflammatory conditions

Given the evidence implicating VDR in skeletal muscle physiology, as presented
in this thesis and within the literature, it is fair to question the extent to which
VDR is involved in certain physiological scenarios that are common to skeletal
muscle. This was investigated by exposing VDR-KD and NC myotubes to in vitro

models of hypertrophy, atrophy, and inflammation.

4.4.2.1. IGF-1
Treatment of myotubes with IGF-1 is a commonly used in vitro model of
hypertrophy as it induces the PI3K/Akt/mTOR pathway [364]. Indeed, as

expected, the PI3K/Akt/mTOR pathway was activated following treatment of
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NC myotubes with IGF-1 for 24 hours as demonstrated by elevated mRNA
expression and protein levels of p-Akt, p-mTOR, and p-p70S6K. In support of
this observation, increased protein levels of the phosphorylated form of TSC2
were observed, which is a protein that, when unphosphorylated, forms a mTOR
inhibiting complex with TSC1 [388]. In the IGF-1 treated VDR-KD myotubes, the
results revealed a very different picture. No changes were seen at mRNA level
and there were no significant differences in levels of p-Akt or p-mTOR,
therefore implying that, in this instance, IGF-1 treatment was unable to

activate the PI3K/Akt/mTOR pathway.

As it was demonstrated that IGF-1 upregulated Vdr mRNA expression in NC
myotubes, it can be proposed that the previously discussed effects of IGF-1 are
VDR-dependent and provide support for previous articles reporting positive
correlations between serum IGF-1 and 25(OH)Ds levels [389,390]. In line with
these observations, VDR-KO mice also display reduced serum IGF-1 levels
which can be corrected by feeding the mice a high Ca?* diet [391]. Whilst the
underlying mechanisms are yet to be confirmed, particularly in relation to
skeletal muscle, several hypotheses have been proposed based on data
generated from various other tissue types. The most common suggestion has
been that the vitamin D axis influences IGF-1 levels primarily via the liver, as
hepatic cells represent a major site of IGF-1 synthesis, express VDR, and
respond to 1,25(0OH);Ds in vitro [392]. In line with this, an indirect mechanism
has been suggested in that the newly synthesised IGF-1 is subsequently

transported via the systemic circulation to target tissues, e.g., skeletal muscle,
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where it exerts its effects [202]. Whilst it is possible that this hypothesis is
correct, it does not explain why the effects of IGF-1 were abolished in the
absence of VDR as this result indicates the presence of a direct mechanism.
One possibility is that VDR-KD had a direct effect upon certain members of key
signalling pathways that IGF-1 acts through. One such example is cellular
sarcoma kinase (c-Src), a major transcription factor that has been previously
documented to regulate Akt phosphorylation following 1,25(0OH).Ds treatment
in C2C12 myotubes [393]. During basal conditions, c-Src is colocalised with
caveolin-1 in close proximity to the plasma membrane but, following
1,25(0H),Ds treatment and translocation of VDR to the plasma membrane, the
co-localisation appears to be disrupted [220,221]. As the association with
caveolin-1 is inhibitory of c-Src function, it is possible to hypothesize that
1,25(0OH),Ds-induced VDR translocation permits activation of c-Src signalling,
therefore suggesting that c-Src acts as a gateway to cell signalling for vitamin
D. In addition, downregulation of c-Src and several of its downstream targets
(e.g., mitogen-activated protein kinase; MAPK) has been previously

documented in C2C12 myotubes lacking the Vdr gene [217].

As previously discussed, IGF-1 primarily exerts its hypertrophic influences via
the PI3K/Akt/mTOR pathway and data from oligodendrocytes suggests that c-
Src activity is required for activation of Akt in response to IGF-1 [394]. When
viewing the evidence collectively, it is perhaps sensible to propose that, in the
model of VDR-KD used herein, two possible theories exist: 1. IGF-1 could not

activate the PI3K/Akt/mTOR pathway as c-Src expression is downregulated by
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VDR-KD, and/or 2. IGF-1 could not activate the PI3K/Akt/mTOR pathway as,
due to absence of VDR, c-Src remains co-localised with caveolin-1 close to the

plasma membrane and can therefore not be activated.

In skeletal muscle, the effects of IGF-1 are not limited to MPS regulation only,
as it also exerts a regulatory effect upon autophagy [395]. ULK1 is inhibited by
phosphorylation via mTOR at Ser 757 and IGF-1 is an activator of mTOR, so an
increase in phosphorylation of ULK1 was anticipated to occur following IGF-1
treatment of NC myotubes. However, no significant differences were found in
protein levels of p-ULK1 (Ser 757) in either NC or VDR-KD myotubes. Instead,
IGF-1 treatment reduced levels of T-ULK1 on a similar magnitude in both VDR-
KD (50.26%) and NC (54.69%) myotubes. Intriguingly, this result indicates that
VDR is not involved in IGF-1 regulation of autophagy, despite the suppressive
effects of VDR-KD upon the PI3K/Akt/mTOR pathway. It is possible to speculate
that ULK1 was phosphorylated at other sites (e.g., Ser 317 and Ser 777) by
AMPKa but, as protein levels of this phosphorylated form of ULK1 were not
measured and p-AMPKa protein levels were not significantly altered by IGF-1

treatment in either cell type, this hypothesis cannot be confirmed.

In NC myotubes only, Foxol mRNA expression was increased by IGF-1
treatment, which initially appears paradoxical considering that IGF-1 and
activation of the PI3K/Akt pathway has been demonstrated to inhibit FOXO
proteins in skeletal muscle by preventing their nuclear translocation [396,397].

Comparatively, Foxol mRNA expression did not change in VDR-KD IGF-1
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treated myotubes, which is perhaps unsurprising, given that it had already
been demonstrated that loss of VDR suppressed Foxol gene expression in VDR-
KD controls compared to the NC. It is possible that the elevated Foxol gene
expression is a compensatory mechanism for the supposed increased
phosphorylation of FOXO01 by IGF-1-activated Akt and clearance by
ubiquitination but, as protein levels of p-FOXO1 were not measured, this
theory remains purely hypothetical. Surprisingly, it appears that stimulation of
VDR-KD myotubes with IGF-1 lead to increased mRNA expression of Myf5. As
previously discussed, Myf5 is deemed one of the “gatekeepers” of myogenic
differentiation along with Myod1. As mRNA expression of both Myf5 and
Myod1 remained unaltered in untreated VDR-KD myotubes, plus IGF-1 has
previously been shown to act as a positive regulator of these myogenic factors
in vitro [398], it raises an interesting question. Does VDR transcriptionally
down-regulate Myf5 expression during differentiation? Evidence from work
conducted in vivo supports this theory, as persistently high expression levels of
Myf5 were observed in quadriceps of 3-week-old VDR-KO mice [163]. However,
whether the Myf5 gene possesses a VDRE is yet to be established so, until then,
a precise mechanism is unable to be definitively confirmed. In line with data
published by other groups, IGF-1 treatment increased mRNA expression of
Myh1 in NC myotubes only, but like FOXO1, Myh1 gene expression was not
altered by IGF-1 treatment of VDR-KD myotubes [399,400]. In humans, it
appears that MyH1 only increases after periods of inactivity or declined
neuromuscular activity, e.g., long-term bed-rest and detraining [401,402], but

not following exercise. Whilst this topic is beyond the scope of this thesis, these
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observations are supported by previously published in vitro data, thus

warranting the necessity of further investigations.

4.4.2.2. Dexamethasone

Dexamethasone (Dex) is frequently used in vitro to induce a model of
physiological atrophy, so using 1 uM Dex, both VDR-KD and NC myotubes were
treated for 24 hours before collection and processing for analyses. In NC
myotubes, Dex treatment negatively influenced markers of MPS as
demonstrated by reductions in mRNA expression of Rps6 and protein levels of
p-Akt and T-mTOR. These observations are consistent with previous studies
investigating effects of Dex upon MPS in muscle cells [403—-405], however,
unlike these other articles, downstream targets of mTOR remained unchanged
at protein level. This discrepancy could be due to several experimental
differences, such as the length of Dex exposure and the dosage used as, here
myotubes were treated for 24 hours with 1 uM Dex whilst others either used
varying dosages (0.01-10 uM) and/or longer exposure times (48 hours to 8

days).

Loss of VDR has previously been demonstrated to induce muscle atrophy
[88,212,213], so VDR-KD was expected to exacerbate the atrophic effects of
Dex, yet this was not the case. Surprisingly, no changes were seen in any MPS
or MPB targets in Dex-treated VDR-KD myotubes compared to untreated VDR-
KD. As impairment of MPS targets was observed in both Dex-treated NC

myotubes and VDR-KD control myotubes, difficulties arise when attempting to
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determine the exact mechanisms by which MPS is being impaired. For VDR-KD,
confidence can be placed in that in the absence of VDR the PI3K/Akt/mTOR
pathway is suppressed, thus providing an explanation for the reductions seen
in VDR-KD control myotubes compared to the NC control. However, it raises an
interesting question; why didn’t Dex reduce MPS target levels further in Dex-
treated VDR-KD myotubes? One possibility is that the presence of VDR is a
requirement for Dex to perform its MPS-related actions and, indeed, for the
first time it was demonstrated that Vdr expression was upregulated in NC
myotubes following Dex exposure. This is in support of similar observations
from studies where squamous cell carcinoma VI cell lines and murine kidneys
were also exposed to Dex [406,407], plus Vdr gene upregulation has previously
been hypothesised to enhance both the effects of Dex action upon cells and
also the cellular response to Dex by potentiating the effects of 1,25(0OH),Ds
[406,408]. In addition, Dex may suppress MPS via targets that are
transcriptionally regulated by VDR and are subsequently downregulated by
VDR-KD. Based on data presented in this chapter, this could include FOXO1 as,
in skeletal muscle, Dex has previously been documented to suppress MPS via
FOXO1 and its mRNA expression was downregulated here by VDR-KD, thus
potentially preventing Dex from activating this catabolic pathway [409].
Answering the question of why Dex was unable to reduce MPS targets further
in VDR-KD is mechanistically complex and clearly requires further
investigations that are beyond the scope of this thesis. Additional research is
required to provide further information surrounding the relationship between

the vitamin D axis and glucocorticoids, particularly Dex, in relation to MPS/MPB.
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Similar to IGF-1, the effects of Dex upon skeletal muscle are not restricted to
regulation of proteostasis, and several articles have demonstrated regulatory
influences upon myogenesis. However, the data conflicts across the literature,
as some argue that Dex acts as negative myogenic regulator [404], whilst others
have generated data suggesting the opposite [410,411]. Here, declines were
observed in mRNA expression of Myog and Myod1 following Dex treatment of
NC myotubes, thereby providing support to the hypothesis of Dex possessing a
negative myogenic regulatory role. Like the MPS/MPB targets, Dex treatment
of VDR-KD myotubes failed to exert the same changes as in the NC. However,
it was noted that in NC myotubes, Dex suppressed Myog and Myod1 expression
to levels similar to those seen in VDR-KD untreated myotubes. This observation
suggests that reduction of VDR levels induces a state close to that induced by
Dex. To add to this, Dex had no influence upon Myf5 mRNA expression in NC
myotubes, but an almost 3-fold increase in its expression was observed in Dex-
treated VDR-KD myotubes, similar to that observed in IGF-1. It is possible that
Dex treatment induces Myf5 expression in VDR-KD to compensate for reduced
expression and increased degradation of Myod1 [412]. Yet, if this was the case,
then it would also be expected for Dex to increase Myf5 expression in NC
myotubes, thus providing further evidence to support the previously discussed
question of whether VDR transcriptionally down-regulates Myf5 expression

during differentiation.
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Comparatively, whilst Dex treatment reduced mRNA expression of Cdknla,
Hdac9, and Foxo3 in NC myotubes, no changes were observed in Dex-treated
VDR-KD. As previously discussed, p21 (the protein encoded by the Cdknla
gene), is essential for cell cycle withdrawal and commitment to terminal
myogenic differentiation [380]. Unfortunately, very few articles exist exploring
the influence of Dex upon Cdknla expression in skeletal muscle, but a 7-fold
upregulation of Cdknla gene expression has been reported in the triceps surae
complex of Dex-treated mice [413]. This result has been translated clinically as,
like in the Dex-treated mice, Cdknla gene expression was upregulated in
tibialis anterior biopsies collected from ICU patients with clinical illness
myopathy (CIM) [414]. As Cdknla was already down-regulated in untreated
VDR-KD myotubes, it is perhaps unsurprising that Dex treatment was unable to
alter its expression further. However, given the evidence, downregulation of
Cdknlain NC myotubes by Dex was unexpected. One possibility is that reduced
Cdknla expression re-activates terminally differentiated (TD) myotubes (as
discussed previously in relation to VDR-KD) and could therefore contribute to

the pro-atrophic effect of Dex.

As previously demonstrated using different models of muscle atrophy
[415,416], Hdac9 levels were also found to be downregulated by Dex treatment
in NC myotubes. This Hdac9 downregulation has been proposed to occur in
atrophic conditions to prevent the inhibitory influence of Hdac9 upon muscle
reinnervation and myogenesis [378,416]. Comparatively, in VDR-KD, Dex

treatment had no influence upon Hdac9 mRNA expression, as levels were
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consistent with that of untreated VDR-KD, thus supporting the notion that
Hdac9 expression is VDR-dependent. In addition, Foxo3 mRNA expression
decreased with Dex treatment in NC myotubes, which was an unexpected
result given that previous data indicates increased expression in atrophic
conditions [417,418]. Comparatively, Dex treatment of the VDR-KD myotubes
(which had already shown to have reduced Foxo3 expression) failed to alter
MRNA expression of Foxo3 further. FOXO3 exerts its pro-atrophic effect by
stimulating expression of certain catabolic genes, e.g., Atrogin-1 and muscle
RING-finger protein-1 (MuRF1), that are well-documented mediators of
atrophy [419]. Why VDR-KD and Dex treatment of NC myotubes reduced Foxo3
expression in this instance is unclear and, due to time constraints, this result
was unable to be explored further. Thus, additional experiments are required

to confirm these observations and to provide a mechanistic explanation.

4.4.2.3. Lipopolysaccharide

To create an in vitro model of muscle inflammation (e.g., metabolic
endotoxemia and/or sepsis) NC and VDR-KD myotubes were exposed to 0.1
ug/mL lipopolysaccharide (LPS) for 24 hours. Following LPS treatment, NC
myotubes displayed reductions in key targets of MPS, namely rps6, p70S6K, Akt,
and mTOR, yet no changes were observed in any of the catabolic targets
investigated. Previous animal studies have shown significant alterations to
catabolic targets and MPB rate in skeletal muscle following LPS treatment
[420-423], plus in vitro data suggests that perturbed catabolic signalling

appears to reach a maximal response 8-12 hours after exposure of myotubes
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to LPS [422,424]. It is therefore possible that the timepoint of greatest
proteolysis was missed as a single time point of 24 hours post LPS exposure

was used throughout all experiments conducted in this chapter.

It was initially anticipated that the response to LPS would be more
drastic/severe in VDR-KD myotubes, however, this was not the case as no
changes were observed in any anabolic or catabolic-related targets following
exposure to LPS. Intriguingly, following LPS exposure of NC myotubes, Vdr gene
expression was reduced by 71.01% compared to the untreated NC. This is in
support of previous reports stating LPS as a negative modulator of the vitamin
D axis in various cell types, e.g. monocytes and oral keratinocytes [425,426],
and provides the first line of evidence suggesting that the same phenomenon
occurs in skeletal muscle. As VDR levels are already significantly reduced in the
VDR-KD model prior to LPS treatment, LPS is therefore unable to suppress VDR
and the PI3K/Akt/mTOR pathway further. One possibility is that LPS
downregulates VDR to prevent 1,25(0OH),Ds from exerting its anti-inflammatory
and anabolic effects, thus creating an atrophic and inflammatory cellular

environment.

Co-treatment of cell and animal models with both 1,25(0OH),Ds; and LPS has
been demonstrated to inhibit the pro-inflammatory effects of LPS [368,427],
while pre-treatment with 1,25(0OH),Ds prior to LPS exposure appears to block
LPS-induced nuclear translocation of nuclear factor kappa B (NF-kB) in the

placenta [428]. NF-kB is a well-known contributor to muscle inflammation as it
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activates MPB whilst inhibiting MPS, and positively regulates several pro-
inflammatory cytokines (e.g. tumour necrosis factor alpha (TNF-a), interleukin
6 (IL-6)), and matrix metalloproteinases (MMPs)) [429]. Furthermore, LPS
treatment of NC myotubes reduced mRNA expression of Foxo3 which regulates
the anti-inflammatory response via negative regulation of IL-6, IL-1B, and TNF-
o [430-432]. VDR-KD also resulted in Foxo3 down-regulation, but LPS exposure
of VDR-KD myotubes resulted in no further changes to Foxo3 expression. Thus,
when this evidence is considered collectively, it can be assumed that in normal
conditions, i.e. in the presence of VDR, Vdr expression is downregulated by LPS
in order to suppress and minimise the anabolic and anti-inflammatory effects

of VDR and the vitamin D axis.

Intriguingly, reduced levels of T-ULK1 were observed in both NC and VDR-KD
myotubes post LPS exposure, thereby suggesting a VDR-independent
mechanism through which LPS regulates ULK1 levels. In addition, when in the
absence of LPS, VDR-KD had no effect on T-ULK1 levels compared to the NC
which would imply that ULK1 levels are not directly regulated by VDR. Given
that T-ULK1 levels were reduced it is sensible to wonder by what means it is
being modified, e.g. phosphorylation, but no differences were demonstrated
in levels of p-ULK1 (Ser 757). One possibility is that ULK1 is being
phosphorylated by MAPK at another site not investigated, such as Ser 504, as
previously demonstrated in hepatic stellate cells [433,434]. MAPK
phosphorylation inhibits the kinase activity of ULK1 and subsequently disrupts

its connections with components of the autophagy initiation complex, e.g.
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ATG13 [435]. ULK1 inhibition via MAPK phosphorylation is required for LPS-
induced activity of the nucleotide-binding and oligomerisation domain (NOD)-
like receptor family pyrin domain containing 3 (NLRP3) inflammasome, which
could provide an explanation for why LPS downregulated levels of T-ULK1. To
confirm this hypothesis further experiments would be required but it would
also expand our knowledge regarding LPS-induced inflammation within

skeletal muscle.

Within the literature, previous research has primarily focused upon the
catabolic and pro-inflammatory effects of LPS in skeletal muscle, but evidence
suggests involvement in key myogenic pathways. In relation to MRFs,
upregulation of Mrf4 expression was observed following LPS exposure in the
NC but mRNA expression of Myod1, Myf5, and Myog all remained unaltered in
both LPS treated NC and VDR-KD myotubes. Untreated VDR-KD myotubes
displayed reduced Mrf4 expression compared to the unstimulated NC, but
when VDR-KD myotubes were exposed to LPS, no further changes in Mrf4 were
observed. From this, a mechanism can be proposed through which LPS
suppresses VDR in order to minimise the inhibitory effect of VDR upon a
currently unknown or unidentified factor that is lying downstream of VDR but
upstream of Mrf4. Very little research exists investigating Mrf4 and LPS, as
most studies appear to focus on the influence of LPS upon levels of Myod1 and
Myog [436,437], so any hypotheses generated to explain these results are

purely speculative.
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Interestingly, Cdknla mRNA expression was upregulated following LPS
exposure of NC myotubes. Similar observations have been reported in dental
pulp-derived mesenchymal stem cells (DPMSCs) and murine central nervous
system and this rise in Cdknla has been proposed as a driver for LPS-induced
cellular senescence [438,439]. Whilst Cdknla mRNA expression was the only
senescence marker investigated in this chapter, other markers of senescence,
e.g. increased activity of senescence-associated beta-galactosidase (SA-B-Gal)
and heightened p53 levels, have been previously demonstrated in murine
skeletal muscle following LPS treatment [440]. This rise in Cdknla expression
was not present in LPS-treated VDR-KD myotubes which would suggest that
without VDR, LPS is unable to upregulate Cdknla. As LPS suppresses Vdr gene
expression, itis likely that a mechanism exists similar to that suggested for Mrf4,

but this would need confirming experimentally.

LPS also downregulated mRNA expression of Myh1 and Myh8 in NC myotubes
only. As previously discussed in relation to VDR-KD, suppression of these
myosin isoforms implies impaired differentiation by LPS, thus supporting
previous reports [436]. If LPS does indeed perturb myogenic differentiation,
then this could be a contributing factor to LPS-induced muscle atrophy and
should be explored in more detail, but this was beyond the scope of this thesis.
Like Mrf4, Myh1 and Myh8 are also downregulated by VDR-KD in the absence
of LPS and their mRNA expression remained unchanged following treatment of
VDR-KD myotubes with LPS. Furthermore, these observations provide further

evidence to support the hypothesis that VDR may act as a positive regulator of
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both Myh1 and Myh8. Indeed, treatment of fully differentiated human-derived
myotubes and murine satellite cells with 1,25(0OH),D3 upregulates Myh1 and
Myh8, and VDR-KO rats display reduced expression of both myosin isoforms

[162,224,386].

One particularly interesting result from this chapter is the observation that LPS
acts as a negative regulator of vitamin D binding protein (DBP) as DBP protein
levels were significantly reduced following exposure of NC myotubes with LPS.
This phenomenon has been demonstrated before but only in THLE2 cells (a
liver epithelial cell line), so this is the first report of this relationship in C2C12
cells [441]. This raises the question of can VDR regulate DBP levels by either a
direct or indirect mechanism? The work conducted in this chapter represents
the first time that DBP has ever been explored in relation to skeletal muscle
and VDR-KD, making comparisons difficult. From a clinical perspective, lower
serum levels of DBP have been associated with poorer outcomes following
sepsis, such as multi-organ dysfunction and mortality [441-444]. It is unclear
why DBP levels are lowered in these clinical scenarios but, due to the actin-
binding capabilities of DBP, it is probable that DBP scavenges actin released
from injured tissue. This would prevent polymerisation of monomeric actin into
filamentous actin (F-actin) and subsequently avoid formation of polymeric
structures that may have potentially led to blockages in the microcirculation
[26]. Intriguingly, LPS had no influence upon DBP levels in VDR-KD myotubes.
It is possible to speculate that, in these physiological scenarios, the changes in

DBP levels are an indirect consequence of direct influences upon VDR, however,

215



whether the GC gene possesses a vitamin D response element (VDRE) is
currently unknown. Chapter 5 discusses the relationship between skeletal
muscle and DBP in greater detail, but further research into the regulatory role

of VDR upon DBP would be of great interest.

4.4.2.4. Mitochondrial Function

The influence of the three different conditions upon mitochondrial respiration
in was also investigated in both NC and VDR-KD myotubes by using high-
resolution respirometry. However, the results for VDR-KD were unexpected
and very similar for each stimulus so, to avoid repetition, they will be discussed

collectively here.

NC IGF-1 - Traditionally, the hypertrophic effects of IGF-1 have been explained
primarily by its influence upon MPS, however, some reports have questioned
whether effects upon mitochondrial respiration may contribute. Previously
published data from work conducted in C2C12 myotubes appeared to suggest
that IGF-1 had a positive influence upon mitochondrial biogenesis and
respiration [445], yet the results suggest otherwise. In fact, no significant
differences in mitochondrial respiration were observed, in any of the
investigated flux states, following treatment with IGF-1. This could be due to
the length of time of the IGF-1 treatment, as Guan et al. used a 5-day exposure
whereas, in this chapter, myotubes were incubated with IGF-1 for 24 hours
[445]. However, IGF-1 deficiency in mice has been previously reported to have
no effect upon skeletal muscle mitochondrial activity, thus providing support

for the result presented here [446]. Definitively defining the influence of IGF-1
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upon mitochondrial function in skeletal muscle was beyond the scope of this
thesis, however it does represent an attractive area of research moving

forwards.

NC Dexamethasone - Several lines of evidence have implicated dysfunctional
mitochondria as a major contributor to muscle atrophy so, as anticipated, it
was demonstrated that Dex treatment leads to impaired OXPHOS capacity of
Complexes | and Il (both individually and combined) and maximal respiratory
capacity (ET) in NC myotubes [447,448]. In humans, chronic glucocorticoid
administration has been associated with several factors of mitochondrial
dysfunction, including altered transcription of mitochondrial related genes,
mitochondrial enlargement and aggregation, and oxidative damage of
mitochondrial DNA (mtDNA) [449]. Mitochondrial dysfunction has also been
observed in vitro as glucocorticoid exposure resulted in ATP deprivation and

declines in mitochondrial respiration in C2C12 myotubes [447].

NC Lipopolysaccharide - Given that impairment of microcirculatory perfusion is
a primary pathological event in sepsis, it is logical to propose that LPS
treatment would result in dysfunctional mitochondrial function and respiration
[450]. To date, research investigating the influence of LPS upon mitochondrial
physiology has been primarily focused upon hepatic mitochondria with only a
handful of studies investigating this relationship in the context of skeletal
muscle. Like IGF-1, no differences were observed in mitochondrial respiration

following LPS treatment of NC myotubes. Experimental differences may be to
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blame here as previous articles displaying negative effects of LPS upon
mitochondrial respiration used different dosages of LPS (e.g. 50 pg/mL and 1
mg/mL), different exposure lengths (e.g. 2-12 hours), isolated mitochondria

versus whole tissue, and different models (animal and cells) [451-453].

VDR-KD — Intriguingly, in VDR-KD myotubes the results were very similar across
the three different treatments, as increased OXPHOS capacity of Complex | and
Complexes | and Il combined, and maximal respiratory capacity (ET) was
observed in IGF-1, Dex, and LPS-treated myotubes. OXPHOS capacity of

Complex Il was increased by LPS only.

Initially, these observations appear counterintuitive given that VDR-KD
resulted in impaired mitochondrial respiration in the absence of any of the
investigated conditions, but it may be that the ideology of increased OCR
always equating to improved mitochondrial function may have to be
reconsidered. Enhancement of respiratory activity by VDR-KD has been
demonstrated previously using the human keratinocyte cell line, HaCaT, and it
is believed to be the result of increased generation of reactive oxygen species
(ROS) [251]. It may be that, when cells are challenged by an external stimuli in
the absence of VDR, elevated mitochondrial OCR represents a compensatory
mechanism that acts to protect against the cellular environment induced by
VDR-KD and the treatment (i.e. IGF-1, Dex, or LPS). Indeed, it is difficult to be
certain on how mitochondria in these challenged VDR-KD myotubes are

utilising the increased volume of oxygen that they are consuming, and it is likely
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that this adaptive mechanism is transient with mitochondrial function breaking
down eventually. Confirming this would require future experiments with time
points beyond 24 hours.

All three conditions used in the investigations conducted herein have
previously been shown to promote ROS generation in skeletal muscle in vivo
and/or in vitro [452,454-457]. In addition, it appears that VDR acts as a
negative regulator of ROS levels as ROS synthesis is increased in the absence of
VDR and models of vitamin D deficiency whilst VDR upregulation suppresses
ROS generation [251,458,459]. At lower levels, ROS are considered as key
regulators of multiple cellular processes, e.g. proliferation and metabolism, but
excessive ROS production/accumulation results in mitochondrial damage and,
ultimately, mitochondrial-induced apoptosis [460,461]. Following treatment of
VDR-KD with all three conditions, an increase in the maximal OXPHOS capacity
of Complex | was observed, whose capacity for ROS production is high [462],
but as ROS levels were not measured in the investigations conducted in this
chapter, it can only be speculated based on previous evidence that a
combination of VDR-KD and the conditions used here caused ROS levels to rise,

thus requiring a greater OCR.

4.4.3 Limitations
As with any scientific study, it is important to consider the limitations of the
work; of which there are several associated with the model and protocols used

throughout this chapter.
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Firstly, there have been reports of Lipofectamine transfection reagents
exerting cytotoxic effects so a vehicle control group (Lipofectamine only) would
have been useful to clarify whether transfection-mediated cytotoxicity, if any,
may have influenced any of the investigated outcomes [463]. Due to multiple
issues in the development and maintenance of a stably transfected VDR-KD cell
line, it was decided to use siRNA instead, but this does have its drawbacks as
siRNA only provides transient suppression of VDR-mediated signalling while
stable transfection would have permitted VDR silencing throughout all stages
of myogenesis. In addition, due to the nature of the siRNA technique, off-target
effects cannot be eliminated. For the three different conditions, all
experiments were conducted 24-hours post-treatment. Whilst this timeframe
is routinely used in laboratory protocols, further time points (e.g. at 3- and 12-
hours post-treatment) may have provided information on how the cellular
response evolved to what was observed at 24 hours. In NC myotubes treated
with the three different conditions, data was only available for Vdr mRNA
expression not protein levels. Having the protein level data for VDR would have

given a more accurate picture of how each condition altered VDR levels.

For the investigations into the influence upon mitochondrial physiology, the
original plan was to investigate mitochondrial morphology and protein levels
of key mitochondrial related proteins, as well as respiratory activity.
Unfortunately, despite a lengthy validation process, | was unable to get the
OXPHOS antibody cocktail to work with the samples. In addition, whilst the

imaging protocol for MitoTracker was successfully validated and optimised, the
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microscope and camera set up was incompatible with data collection. As the
protocol uses permealised myotubes it is impossible to separate interfibrillar
and subsarcolemmal mitochondria (IFM and SSM, respectively). It would be of
interest to investigate whether the effects of VDR-KD are selective to a
particular mitochondrial subpopulation, for example Dex has been shown to
predominantly cause loss and dysfunction of IFM [447]. While high resolution
respirometry can provide exceptionally useful data, the technique carries its
own set of limitations. Use of a stirrer within each 02K chamber ensures even
oxygenation of the medium and sample, yet this can generate shear forces that
may potentially exert physiological stress upon the cells placed within the
chamber. In addition, supraphysiological oxygen concentrations are required
to overcome diffusion limitations. | ensured to treat all samples identically and
use the same oxygen concentrations throughout, but it is important to consider

that the experimental conditions do not necessarily match normal physiology.

Given that that differentiation was seemingly affected by VDR-KD,
considerations must be made with regards to drawing comparisons
between myoblasts and myotubes. In the VDR-KD cells, it can be
assumed that as differentiation was impaired in the absence of VDR,
there would be a greater number of myoblasts present. As the primary
energy source shifts from glycolysis to OXPHOS during myogenic
differentiation, the metabolic profiles of myoblasts and myotubes are,

consequently, very different [464]Taking this into account, it is rational
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to consider whether this could have somewhat contributed to the
observed differences between NC and VDR-KD myotubes with regards to
markers of cellular signalling and mitochondrial respiration [465,466].
Whilst this is an unavoidable limitation, given the nature of the
knockdown model used, it is important to consider this when

interpreting the results presented in this chapter.

Finally, and perhaps one of the biggest limitations of this chapter, is that
it is unclear whether the conditions used did truly induce hypertrophy or
atrophy. For both conditions, light microscopy images were taken of NC
and VDR-KD from days O to 6 post-differentiation to ascertain whether
myotubes were hypertrophic/atrophic, however, these images were lost
due to corruption of my hard drive. This represents a huge flaw here as
it meant that conclusions can be drawn based upon the gene and protein
expression data only. Moving forwards, these experiments would need
repeating with appropriate analysis of myotube images in order for true

conclusions to be made with regards to hypertrophy and atrophy.

222



4.5 Conclusions

In this chapter, it was demonstrated that silencing of Vdr in C2C12 myotubes
resulted in perturbed myogenic signalling and mitochondrial respiratory
activity, therefore providing further evidence for a key regulatory role for VDR
in skeletal muscle. VDR-KD myotubes were also exposed to IGF-1,
dexamethasone, and lipopolysaccharides for 24 hours to generate models of
hypertrophy, atrophy, and inflammation, respectively. In the absence of VDR,
IGF-1 was unable to activate the PI3K/Akt/mTOR pathway and it appears that
VDR is not involved in IGF-1 regulation of autophagy. Based on the current
literature, it seems that this is the first report to demonstrate upregulation of
Vdr by dexamethasone in C2C12 NC myotubes and the data presented here
suggests that VDR may be a negative regulator of Myf5 expression. This also
represents the first line of evidence to suggest that LPS downregulates Vdr
expression and DBP protein levels C2C12 myotubes which, based on the data
presented here and previous reports, may contribute to the pro-inflammatory
environment created by LPS in skeletal muscle. Finally, exposure of VDR-KD
myotubes to each of the three conditions resulted in increased mitochondrial
respiratory activity in primarily Complex | and Complexes | and Il combined.
Whilst unexpected, it is possible that this may be a compensatory mechanism

to overcome increased ROS production and metabolic demand.
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Chapter 5: Characterisation of loss of the vitamin D
binding protein (DBP) gene (Gc) in C2C12 myotubes — a
preliminary study.

5.1 Introduction

So far, the focus of this thesis has been on investigating the role of the vitamin
D axis in skeletal muscle with Chapter 4 concentrating upon determining the
impact of silencing of the Vdr gene in C2C12 myotubes. However, data from
Chapter 3 indicated a novel relationship between genetic variation within the
gene encoding the vitamin D binding protein (DBP; GC) and skeletal muscle
physiology and function, thus raising an interesting question — does DBP have

a regulatory role in skeletal muscle?

DBP acts as the major transport protein for circulating vitamin D metabolites
due to the presence of a single vitamin D metabolite binding cleft in its A
domain [26]. It is primarily synthesised by the liver but gene and protein
expression of DBP has also been detected in other tissues, such as stomach,
gall bladder, pancreas, and cardiac muscle [27-29]. Aside from transporting
vitamin D metabolites, DBP also has a high affinity for monomeric actin (G-actin)
which allows DBP to be classified as a positive acute phase reactant [46,467].
An influx of intracellular actin into the circulation is a common occurrence
following major tissue injury and reduced serum DBP levels are frequently
observed in cases of severe trauma and/or illness [43,46,442,468,469].

Therefore, it has been hypothesised that DBP acts to form actin-DBP complexes
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that are rapidly cleared from the bloodstream, thus avoiding the

hypercoagulable profile that is stimulated by heightened actin levels [43].

Recent evidence has suggested that the actin-binding property of DBP is not
limited to actin scavenging in circulation as it appears that DBP is also able to
bind actin intracellularly. Indeed, 25(OH)Ds-bound DBP (25(OH)Ds-DBP) is
internalised into the cell via the two transmembrane transport proteins,
megalin and cubilin, as demonstrated in C2C12 myotubes [255]. Once in the
cell, the 25(0OH)D3-DBP complex binds intracellular actin via the actin-binding
site of DBP, therefore forming high-affinity storage sites for 25(0OH)Ds. As actin
is found in abundance within skeletal muscle cells, particularly within
cytoskeletal actomyosin or throughout the sarcoplasm, and DBP has been
shown to have a short residence time in rabbit skeletal muscle, it has since
been proposed that skeletal muscle acts in the maintenance of vitamin D status
[299]. As such, this hypothesis may explain the prolonged half-life (15-50 days)
of circulating 25(0OH)D3, as release of 25(0OH)Ds from DBP following proteolytic
degradation of actin-bound DBP-25(0OH)Ds allows it to re-enter the circulation

and be immediately re-bound to circulating free DBP [255].

Given that it was demonstrated that certain SNPs of the DBP gene (GC), were
associated with alterations to muscle strength and size in Chapter 3, it is
reasonable to consider the underlying mechanisms of this relationship and
what roles DBP possesses in skeletal muscle beyond those already discussed.

In vitro investigations have displayed involvement of DBP in regulation of cell
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morphology and glucagon secretion in pancreatic-a cells, as DBP silencing lead
to reductions in cell size and hyperplasia with altered distribution of
filamentous actin (F-actin) microfilaments [345]. Fusion of myoblasts into
multinucleated myotubes relies on dramatic remodelling of the actin
cytoskeleton, a tightly regulated multi-step process that, if disrupted, could
lead to incomplete fusion, abnormally shaped myotubes and, ultimately,
myofibres that are incapable of complete and efficient contraction [470]. As
loss of DBP leads to altered actin arrangement in pancreatic-a cells, it raises
the question of its influence upon cytoskeletal actin within skeletal muscle,
particularly given the previously discussed role of DBP binding intracellular
actin to provide storage sites for 25(0OH)Ds. Furthermore, mRNA expression of
DBP has previously been documented in C2C12 myotubes which would suggest
that it plays a direct role in skeletal muscle [143]. However, articles
investigating DBP in the physiological setting of skeletal muscle are severely
lacking with studies only examining the effects of exogenous DBP and, whilst a
DBP knockout (DBP-KO) mouse model has been generated, nothing has been
published in relation to the skeletal muscle physiology of these mice [471,472].
As DBP appears to have several other functions than those already mentioned,
i.e. in binding of fatty acids, inflammation, and glucagon secretion, it is sensible
to ponder whether it has a role in skeletal muscle cell function beyond storage

of 25(0OH)Ds [49,473-475].
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Here, this chapter aimed to use RNA interference (RNAi) to knockdown DBP
expression (Gc; DBP-KD) in C2C12 myotubes to provide a characterisation of

the role of DBP in skeletal muscle for the first time.
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5.2 Methods

5.2.1 Cell Culture

Murine C2C12 myoblasts (ECACC, Salisbury, UK) were cultured and maintained
in Dulbecco’s Modified Eagle Medium (DMEM; Thermo Fisher Scientific)
supplemented with 10% (v/v) fetal bovine serum (FBS), 1% (v/v) antibiotic-
antimycotic solution, and 4mM L-Glutamine (all Sigma-Aldrich, UK) at 37°C
with 5% CO,. Cells (passage 8) were seeded onto 6-well plates (Nunclon™ Delta:
Thermo Fisher Scientific) and upon reaching 70-80% confluency, differentiation
was induced by switching to DMEM with reduced serum (2% FBS (v/v)). The
day on which differentiation was induced is referred to as day 0. Media changes

were performed every 48 hours.

5.2.2 RNA Interference

A small-interfering RNA (siRNA) sequence targeting vitamin D binding protein
(DBP; GC) was used (Sigma Aldrich; EHU011421) and all knockdown
experiments were performed in parallel with cells transfected with a Universal
Negative Control siRNA (Sigma Aldrich; SIC001). At day 2 post-differentiation,
cells were transfected with 25 pmol DBP or negative control (NC) siRNAs using
the Lipofectamine RNAIMAX Transfection Reagent (Invitrogen) diluted in Opti-
MEM (Gibco) following manufacturer’s instructions.

The DBP eSIRNA sequence was as follows:

TGTGATCCAGGAAACACCAAAGTCATGGATAAGTATACATTTGAACTAAGCAGAAGGACTCATCTTCC
GGAAGTATTCCTCAGTAAGGTACTTGAGCCAACCCTAAAAAGCCTTGGTGAATGCTGTGATGTTGAAG

ACTCAACTACCTGTTTTAATGCTAAGGGCCCTCTACTAAAGAAGGAACTATCTTCTTTCATTGACAAGG
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GACAAGAACTATGTGCAGATTATTCAGAAAATACATTTACTGAGTACAAGAAAAAACTGGCAGAGCG
ACTAAAAGCAAAATTGCCTGATGCCACACCCACGGAACTGGCAAAGCTGGTTAACAAGCACTCAGAC
TTTGCCTCCAACTGCTGTTCCATAAACTCACCTCCTCTTTACTGTGATTCAGAGATTGATGCTGAATTGA
AGAATATCCTGTAGTCCTGAAGCATGTTTATTAACTTTGACCAGAGTTGGAGCCACCCAGGGGAATGA

TCTCTGATGACCTAACCTAAGCAAAACCACTGAGCTTCTGGGA

5.2.3 Light Microscopy

Images of myotubes (magnification: 4x) were taken each day on an inverted
light microscope (EVOS XL Core: Invitrogen), starting from day 0 of
differentiation to day 5 post-differentiation, to determine the effect of DBP
knockdown upon C2C12 myotube morphology. At least ten fields were taken

per well and at least 60 images were captured per plate.

5.2.5 qRT-PCR

RNA was extracted using the phenol-chloroform method [371]. At day 5 post-
differentiation, cells were scraped into 200 ul TRI reagent (Sigma Aldrich), and
then incubated at room temperature and pressure (RTP) for 10 minutes. For
the phase separation step, 40 ul chloroform (Fisher) was added and incubated
for a further 10 minutes at RTP before samples were centrifuged at 12,000 rpm
for 15 minutes at 4°C. The upper aqueous phase was transferred into a fresh
Eppendorf (Eppendorf) and equal volume 100% isopropanol (Sigma) and 1 ul
GlycoBlue (Invitrogen) were added to precipitate the RNA. Samples were
centrifuged for 5 minutes at 7,000 rom and 4°C, and the resulting RNA pellet

was washed three times with 80% ethanol. Following removal of all ethanol
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after the third and final wash, the pellet was left to air dry and subsequently
resuspended in 20 pl Nuclease Free DEPC-treated water (Invitrogen). Sample
concentration and purity (260/280 ratio) was determined using a Nanodrop

1000 (Thermo Scientific), and samples were stored at -80°C until further use.

Reverse transcription was performed using a High-Capacity cDNA Reverse
Transcription kit (Applied Biosystems) and quantitative reverse transcriptase
PCR (gRT-PCR) was subsequently performed on a ViiA7 Real-Time PCR system
(Life Technologies) using SYBR Select Master Mix (Applied Biosystems) and
primers designed in-house (Table 5.1). Thermal cycling conditions were as
follows: 2 minutes at 50°C, 10 minutes at 95°C, 40 cycles of 15 seconds at 95°C,
and 1 minute at 60°C. Samples were run in triplicate with two control samples,
one without reverse transcriptase and one without cDNA, as negative controls.
Gene expression (relative fold change) was quantified by normalising against

GAPDH using the 2724¢T method [372].
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Table 5.1. Primers used in gRT-PCR.

Gene Target Forward Primer (5’-3’) Reverse Primer (5’-3’)
Gapdh TGGAAGGGCTCATGACCACAG ACCAGTGGATGCAGGGATGA
vdr TCCCCCATCCCTAGAACCAGC TCCTCATTGCTTGGGCTCTG

Foxo1l AACCAAAGCTTCCCACACAGT AAGGACTTTTAAATGTAGCCTGC
Foxo3 GAAGGGAAGGAGCCGAGGTAG TCCACTTCGAGCGGAGAGAG
Foxo4 TCATCAGCCAGGCCATTGAA TTGTGACGGATGGAGTTCTTC
Mtor TTCCTGAACAGCGAGCACAA GTAGCGGATATCAGGGTCAGG
Eifdebp1 GGTTGCTGGAGGGTCGTG TAGATAATCCTGGTTCCTCCCG
Prkaal GGCAAAGTGAAGACTACCAGG CTCTTCAACCCGCCCATGT
Tsc2 GAACTGAGTGGTGAATGCGG CTCCACTGCATGCTCCTCAA
Pax7 TTCGATTAGCCCAGTGCTCA ATCCAGACGGTTCCCTTTGT
Cubn GGCTCCAAGTCCCATTGTCA AATGTACGTCCACAACGGCT
Lrp2 GGCATAGGCCTCAGTGTTGT GGGAAGGTAGGCACGTTTGA
Myh8 CACACCCTATCTCCGCCAAG AGCCGAGGTTTCAGCTATGG
Myf5 TCAGGAATGCCATCCGCTAC CCCGGCAGGCTGTAATAGTT
Slc2a1 CTTATGTTGGCCGTGGGAG CTCTCCATAGCGGTGGTTCC
Slc2a4 GGCCATCGTCATTGGCATTC TGTGAGAGCCAGAAGCAGTG
Mrf4 GAGATTCTGCGGAGTGCCAT GCTCCTCCTTCCTTAGCAGT
Myh1 GCATCCCTAAAGGCAGGCTC CAAACACCGATGACTTGGCG
Myh7 CCCAACCCTAAGGATGCCTG GGCATCCTTAGGGTTGGGTAG
Rps6 CTTTTTCGTGACGCCTCCCA ATCCGGACCACATAACCCTTC
Rps6kb1 TTATTTCGGGAGCAAGGGGG ACAATGTTCCATGCCAAGTTCA
Hdac9 CTCACCGAATCCGCATGACT ATTGGCTTTGTGAGGACGGT
Ppp3ca AAAGCGCTACTGTTGAGGCT GTCCGTGCCGTTAGTCTCTG
Myog AGGAGATCATTTGCTCGCGG ATCCTCCACCGTGATGCTGT
Myod1 TGCTCTGATGGCATGATGGAT CACTGTAGTAGGCGGTGTCG
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Cend1 TCAAGTGACCCGGACTGC CCTTGGGGTCGACGTTCTG

Cdknla TTGTCGCTGTCTTGCACTCT TTITCGGCCCTGAGATGTTCC
Tubala AAGCAGCAACCATGCGTGA CCTCCCCCAATGGTCTTGTC
ActB TATAAAACCCGGCGGCGCA GTCATCCATGGCGAACTGGTG

Abbreviations: Gapdh, Glyceraldehyde 3-phosphate dehydrogenase; Vdr, vitamin D receptor;
Foxo1, forkhead box protein O1; Foxo3, forkhead box protein O3; Foxo4, forkhead box protein
04; Mtor, mechanistic target of rapamycin; Eif4ebpl1, Eukaryotic translation initiation factor
4E-binding protein 1; Prkaal, AMP-Activated Protein Kinase, Catalytic, Alpha-1; Tsc2, tuberous
sclerosis complex 2; Pax7, paired box protein 7; Akt, AKT serine/threonine kinase 1; Cubn,
cubilin; Lrp2, megalin; Myh8, myosin heavy chain 8; Myf5, myogenic factor 5; Slc2al, glucose
transporter protein type 1 (GLUT1); S/c2a4, glucose transporter protein type 4; Mrf4, myogenic
regulatory factor 4; Myh1, myosin heavy chain 1; Myh7, myosin heavy chain 7; Rps6, ribosomal
protein 6; Rps6kb1, ribosomal protein S6 kinase B1, Hdac9, histone deacetylase 9; PPP3ca,
protein phosphatase 3 catalytic subunit alpha; Myog, myogenin; Myodl, myoblast
determination protein 1; Ccnd1, Cyclin D1; Cdknla, cyclin dependent kinase inhibitor 1a;

Tubala, a-tubulin; ActB, B-actin.
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5.2.6 Western Blotting

At day 5 post-differentiation, cells were homogenised and scraped into ice-cold
homogenisation buffer (10 mM B-glycerophosphate disodium salt, 50 mM NaF,
1 mM EGTA, 1 mM EDTA, 1 mM activated Na3VOa, and 50 mM Tris-HCl (pH 7.4))
followed by centrifugation of lysates at 11,000 g for 10 minutes at 4°C. The
supernatant was removed to quantify protein content via Nanodrop.
Depending on initial protein concentration, all samples were appropriately
diluted in homogenisation buffer and 1x Laemmli buffer to the same
concentration.

Samples were loaded onto a Criterion XT Bis-Tris 12% SDS-PAGE gel (Bio-Rad)
and ran electrophoretically at 200V for one hour. The resulting separated
proteins were then transferred onto a PVDF membrane at 100V for 45 minutes,
followed by a one-hour blocking stage using 2.5% milk in 1x Tris buffered saline
with 0.1% Tween-20 detergent (1x TBST) with gentle agitation. Membranes
were subsequently incubated with their corresponding primary antibody
solutions at 4°C overnight after which they were washed for five minutes three
times with 1x TBST and incubated at RTP with the HRP-conjugated secondary
antibody (anti-rabbit; Cell Signalling #7074S). After an hour, membranes were
washed again three times for five minutes with 1x TBST and subsequently
incubated in Millipore HRP reagent (Millipore) for five minutes at RTP.
Membrane visualisation was performed with a Chemidoc XRS (BioRad), and

bands were quantified using ImagelLab software (Version 6.1).
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Data was normalised to total loaded protein as visualised by staining with
Coomassie brilliant blue (CBB) R250. Primary antibodies were all purchased
from Cell Signalling (unless stated otherwise), diluted 1:2000, and were as
follows: Total-ULK1 (#8054P), Total p70S6K (#9202S), Total Akt (#4685S), Total
AMPKo (#5832P), phospho-EIFAE (p-EIFAE; #9741S), phospho-AMPKa (p-
AMPKa; #2535S), phospho-4EBP1 (p-4EBP1; #2855S), phospho-Akt (p-Akt;
#9271S), phospho-mTOR (p-mTOR; #2971S), phospho-p70S6K (p-p70S6K;
#9234S), phospho-ULK1 (p-ULK1; #14202S), LC3B-II (#2775S), Beclin-1 (#3495T),
B-Tubulin (#2128P), B-actin (#4968S), and GLUT4 (#2213S). VDR (ab109234)

and DBP (ab65636) were both purchased from Abcam.

5.2.8 Statistical Analysis

For statistical comparisons, the D’Agostino and Pearson test was first
performed to assess for normality. Statistical differences between groups were
then assessed using either a Student T-test (for parametric factors) or a Mann
Whitney U test (for non-parametric factors). All analyses were performed by a
two-way ANOVA followed by post hoc testing for multiple comparisons. All
data is represented as mean * standard deviation (SD) of the mean. Statistical
analysis was performed using GraphPad Prism statistical software (Version 7.0a)

(La Jolie, CA, USA) with statistical significance set at * p <0.05.
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5.3 Results

5.3.1 Successful generation of DBP-KD C2C12 Myotubes.

To silence DBP, gene knockdown was performed via RNAi in C2C12 myoblasts
at day 2 post-induction of differentiation. Following siRNA transfection, DBP
protein levels were significantly reduced compared to the negative control (NC)

by 68.61% (P = 0.0074; Figure 5.1).
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100 -
CBB -

(34
o
|

DBP Protein Expression (%)
o
|

4’0
%,

Figure 5.1. Successful generation of DBP-KD C2C12 myotubes. Representative western blot and
quantification of KD. Data is shown as mean = SD (n = 6). ** P<0.01. Abbreviations: %, percent;
NC, negative control; DBP, vitamin D binding protein; KD, knockdown; CBB, coomassie brilliant

blue; kDa, kilodaltons.

5.3.2 Effect of DBP-KD upon C2C12 myotube morphology
Images were taken daily using an inverted light microscope from day O
differentiation (when media was switched to differentiation media) to

determine the influence of DBP-KD upon myotube morphology.
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At day 5 differentiation, DBP-KD myotubes appeared dysmorphic and
disorganised (Figure 5.2). NC myotubes were more unidirectional whilst DBP-

KD resulted in areas of dense myotube overlapping with notable branching.

Day 5 post-differentiation

DBP-KD

Figure 5.2. Light microscopy images of NC and DBP-KD C2C12 myotubes at day 5 differentiation
displaying myotube disorganisation, branching, and overlapping in the DBP-KD group. Images
were taken at 4x magnification. Abbreviations: NC, negative control; DBP, vitamin D binding

protein; KD, knockdown.

5.3.3 Effect of DBP knockdown in C2C12 myotubes upon mRNA and protein
expression of key metabolic targets.
To characterise the effects of DBP-KD in C2C12 myotubes, expression levels of

key metabolic genes and proteins were quantified via qRT-PCR (Figure 5.3) and
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western blotting (Figure 5.4), respectively. Values are compared to that of the

negative control (NC) myotubes.

5.3.3.1 Targets Related to Anabolism/Catabolism

At mRNA level, altered gene expression of key anabolic targets was observed
in DBP-KD myotubes with significant reductions in Mtor (P = 0.0285) and
Rps6kb1 (P = 0.0047), while Eif4ebp1 (4EBP1) was significantly increased (P =
0.0115; Figure 5.3). When quantified at protein level, levels of the key anabolic
targets p-4EBP1, p-EIF4E, and p-p70S6K were all significantly lower in DBP-KD
myotubes compared to the NC (P = 0.0136, 0.0260, and <0.0001, respectively;
Figure 5.4). Protein levels of T-ULK1, LC3B-Il, and Beclin-1 were all significantly
higher in DBP-KD myotubes (P = 0.0152, 0.0022, and 0.0107, respectively) but

these myotubes also displayed lower levels of p-AMPKa (P = 0.0001; Figure 5.4).

5.3.3.2 Metabolic-Related Targets

Significant reductions in mMRNA levels of the epigenetic factor Hdac9, the
calcium (Ca?*) handling gene, Ppp3ca, and the cell-cycle regulator Cdknla were
observed in DBP-KD myotubes (P = <0.0001, 0.0003, <0.0001, respectively;
Figure 5.3). In addition, DBP-KD was associated with significant declines in
MRNA expression of Foxo3 and Foxo4 (P = 0.0006 and <0.0001, respectively;

Figure 5.3).
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5.3.3.3 Myogenic-Related Targets
Genes encoding the myogenic regulatory factors (MRFs), Myf5 and Mrf4, were
significantly increased following DBP-KD (P =0.0056 and <0.0001, respectively),

whilst expression of Myod1 was significantly reduced (P = 0.0104; Figure 5.3).

5.3.3.4 Cytoskeletal & Sarcomeric-Related Targets

Intriguingly, mRNA expression of Tubala (a-tubulin) was significantly lower in
DBP-KD myotubes (P=0.0128; Figure 5.3) and, when examined at protein level,
B-tubulin was increased following DBP-KD (P = 0.0295; Figure 5.4). No
significant changes were seen in any of the sarcomeric-related genes

investigated, i.e. Myh1, Myh7, and Myh8.

5.3.3.5 Glucose Trafficking-Related Targets

DBP-KD resulted in altered expression of targets related to glucose trafficking,
with mRNA expression of Slc2al (Glutl) and Slc2a4 (Glut4) being increased
following DBP-KD (P = 0.0002 and <0.0001, respectively; Figure 5.3). However,

protein levels of Glut4 were unaltered by DBP-KD (Figure 5.4).

5.3.3.6 Vitamin D Axis-Related Targets

Finally, whilst mRNA expression of Vdr was significantly reduced in DBP-KD
myotubes (P = 0.0004; Figure 5.3), no changes were seen at protein level
(Figure 5.4). In addition, DBP-KD displayed significantly lower Cubn mRNA

expression (P = 0.0001) with Lrp2 expression remaining unaltered (Figure 5.3).
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Figure 5.4. Effect of DBP-KD upon protein expression of (A) non-phosphorylated and

p-4EBP1(137/46)

phosphorylated forms of key anabolic and catabolic targets, and (B) key metabolic targets as
measured by western blotting. Representative blots are displayed here, and data is shown as
mean * SD (n = 6). * P<0.05, ** P <0.01, *** P <0.001, **** P <0.0001. Abbreviations: %,
percent; p-, phosphorylated; ULK1, unc-51-like autophagy-activating kinase 1; p70S6K,
ribosomal protein S6 kinase B-1; Akt, AKT serine/threonine kinase 1; AMPKa, AMP-activated

protein kinase; EIF4E, eukaryotic translation initiation factor 4E; 4EBP1, eukaryotic translation
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initiation factor 4E-binding protein 1; mTOR, mechanistic target of rapamycin; LC3B-/I,
microtubule-associated proteins 1A/1B light chain 3B; GLUT4, glucose transporter protein type
4; VDR, vitamin D receptor; DBP, vitamin D binding protein; NC, negative control; KD,

knockdown; CBB, coomassie blue; kDa, kilodalton.
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5.4 Discussion

To date, the relationship between DBP and skeletal muscle has only been
researched in the context of maintenance of vitamin D status and no
investigations have been made into whether DBP has a role in skeletal muscle
beyond storage of 25(0OH)Ds. For the first time, in this chapter, DBP-KD
myotubes were successfully generated by performing RNAi in C2C12 myotubes
and demonstrated that loss of DBP results in perturbed expression of key
metabolic and myogenic related targets at both mRNA and protein level. In
addition, alterations to key targets involved in glucose uptake were observed,
supporting previous reports of involvement of DBP in glucose homeostasis

[345,475,476].

5.4.1 Effects of DBP-KD

Following RNAI, DBP protein levels were reduced by 68.61% compared to those
transfected with NC siRNA, however, | was unable to detect DBP (Gc) mRNA.
This is a direct contradiction of previous work demonstrating the presence of
DBP (Gc) mRNA expression in C2C12 myotubes [143], but it is possible that this
discrepancy may be due to experimental differences. In the work conducted
for this chapter, all samples were collected at day 5 differentiation, whereas
Girgis et al. only state that experiments were performed in myotubes and do
not provide specific information with regards to what day post differentiation
their experiments were performed at [143]. Another possibility is that DBP (Gc)

MmRNA levels may decline throughout the latter stages of myotube
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differentiation to levels that are too low to detect but this is unlikely due to the

high sensitivity of gRT-PCR.

Myotubes treated with DBP siRNA (DBP-KD) appeared dysmorphic with
overlapping, branching, and growth in irregular directions (as opposed to being
unidirectional), thus implying incomplete myoblast fusion. This is supported by
altered mRNA expression of key myogenic targets that are imperative in the
regulation of myogenic differentiation. As discussed in Chapter 4, myoblast
determination protein (MYOD1) and myogenic factor 5 (MYF5) are both
considered as “gatekeepers” in the commitment of stem stells to myogenic
lineage, whilst myogenic regulator factor 4 (MRF4; also known as herculin or,
in humans, MYF6) is required for stimulating the transition into multinucleated
fibres. Following DBP-KD, mRNA expression of Mrf4 and Myf5 was upregulated
whereas Myod1 was downregulated. Myf5 has been found to be upregulated
in skeletal muscle of MYOD1-KO mice and it has been proposed that this
increased Myf5 mRNA acts to compensate for the reduced expression and
proteolytic degradation of MYOD1 [477]. Impairment of MYOD1 signalling has
also been previously documented to be associated with compromised
differentiation in atrophic C2C12 myotubes, whilst MYOD1 overexpression
(MYOD1-OE) appears to protect against myotube atrophy [478]. Comparatively,
MRF4 appears to act as a negative regulator of skeletal muscle mass and it
signals via an autoregulatory positive feedback mechanism, so it is perhaps

unsurprising to see that it was upregulated in this instance [479,480]. Whilst
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this evidence can be used in support of the observations of impaired myotube
differentiation, it is tricky to determine exactly how DBP influences these MRFs

as, until now, they have never been studied together.

It is possible that the influence of DBP-KD upon MRFs may be a downstream
result of alterations to the cytoskeleton, as DBP-KD was associated with altered
expression of the microtubular proteins, a- and B-tubulin. Functioning as an
intracellular frame and a major site of intracellular trafficking, microtubules
(MTs) are composed of a- and B-tubulin dimers that are polymerised and
assembled into linear protofilaments [481]. Upon fusion of myoblasts into
myotubes, stabilisation of MTs is imperative to ensure correct orientation of
myotubes, so it can be assumed that disruption of microtubular proteins during
this highly regulated process will result in the formation of dysmorphic
myotubes [482]. Indeed, previous data has proposed MT disruption as a
contributing factor to dysfunction in atrophic and dystrophic rodent skeletal
muscle [483,484]. Following DBP-KD, mRNA expression of the gene encoding
o-tubulin (Tubala) was reduced, while protein levels of B-tubulin were

significantly increased.

Synthesis of tubulin proteins is under the control of an autoregulatory negative
feedback mechanism in which a rise in the concentration of intracellular
tubulin subunits will lead to targeted degradation of mRNAs encoding tubulin
[485]. While mRNA expression of Tubalb (B-tubulin) and protein levels of a-

tubulin were not measured, it is still possible to hypothesise that DBP-KD lead
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to MT disruption with subsequent release of free tubulin dimers and
degradation of tubulin mRNA. Intriguingly, B-actin and the three investigated
isoforms of myosin heavy chain (Myh1, Myh7, and Myh8) were not altered
following DBP-KD. Considering that loss of DBP in pancreatic a-cells lead to
altered G-actin content, it was anticipated that DBP-KD would result in similar
effects in C2C12 myotubes [345]. While B-actin protein levels were unaltered,
MRNA expression of its encoding gene, ActB, appeared to be reduced, however,
statistical significance was not quite reached (P = 0.0522). These results would
indicate that, in skeletal muscle, the relationship between DBP and actin does
not extend beyond the actin-binding properties of DBP, but further study is

needed for confirmation.

Signalling within key anabolic and catabolic pathways was also altered by DBP-
KD, with certain autophagic targets being upregulated. Considering that
perturbed proteostasis is a common feature of skeletal muscle atrophy, both
in vitro and in vivo, it is perhaps unsurprising that key anabolic targets were
suppressed in DBP-KD myotubes given that they displayed dysmorphic
morphology [486,487]. mRNA expression of Mtor was reduced following DBP-
KD yet protein levels of p-mTOR remained unchanged. It is possible that the
reductions in Mtor mRNA were reflected in declines in levels of total-mTOR,
however, as levels of phosphorylated mTOR were unaltered it is possible to
place confidence in that DBP-KD did not influence mTOR activity. Nevertheless,
Rps6kb1, p-EIFAE, p-4EBP1, p-p70S6K were all downregulated by DBP-KD, thus

indicating suppression of anabolic signalling in the absence of DBP.
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Comparatively, it appears that DBP-KD also resulted in perturbed catabolic
signalling. mRNA expression of two transcription factors possessing key roles
in muscle atrophy, the forkhead box proteins (FOXO) -3 and -4 (Foxo3 and
Foxo4, respectively) were downregulated following DBP-KD. Previous reports
have demonstrated pro-atrophic effects of FOXO3 in skeletal muscle, such as
activation of the key catabolic targets Atrogin-1 and Muscle RING-Finger
protein-1 (MuRF1), yet FOXO3 activity appears to decline with age, hence
previous suggestions for a cytoprotective role [488—491]. On the other hand,
FOXO4 expression does not appear to change over time and its role in skeletal
muscle is currently unknown, so the significance of its downregulation in this

instance is unclear [492].

As FOXO03 is a well-documented activator of autophagy it was anticipated that
markers of autophagy would remain unchanged, given its downregulation
following DBP-KD, yet this was not the case [493]. In fact, protein levels of two
definitive markers of autophagy, Beclin-1 and microtubule associated protein
1 light chain 3-B Il (LC3B-Il) were both significantly increased by DBP-KD. These
autophagic markers are downstream targets of Unc-51-like autophagy
activating kinase 1 (ULK1) which is necessary for the induction of autophagy.
Phosphorylation of ULK1 at Ser 757 by mTOR inhibits its activity, whilst
phosphorylation by 5’ adenosine monophosphate-activated protein kinase a
(AMPKa) at Ser 317 and/or Ser 777 acts to stimulate ULK1 activity [494]. As
protein levels of p-ULK1 (Ser 757) were unchanged following DBP-KD and there

were no significant differences between levels of p-mTOR, it can be
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hypothesised that the activity of ULK1 was not being inhibited. DBP-KD was
associated with reduced levels of T-ULK1, so it is possible that ULK1 was being
phosphorylated at other sites by AMPKa (e.g. Ser 317 or Ser 777). However,
given that the suppressed levels of p-AMPKa seen in DBP-KD myotubes imply
reduced AMPKa activity, it is therefore unlikely that autophagy is being induced
through the AMPKa-dependent pathway. Instead, it can be hypothesised that
DBP-KD induced autophagy via another pathway, for example protein kinase
C-a (PKCa) can also phosphorylate ULK1 (Ser 317, 555, and 777) and has
previously been proposed to activate autophagy via an AMPKa-independent

mechanism [495].

Considerations must also be made with regards to how the relationship
between DBP and the microtubular protein, tubulin, could indirectly influence
early stages of autophagy, especially in the context of DBP-KD. MT dynamics
have been implicated in autophagosome formation as demonstrated by certain
forms of LC3 being found in MT-containing subcellular fractions and certain
markers of autophagosome formation (e.g. Beclin-1 and ULK1) have been
associated with dynamic MTs [496,497]. As previously discussed, DBP-KD
resulted in reduced mRNA expression of a-tubulin and increased protein levels
of B-tubulin, which could be the result of microtubular rearrangement due to
increased autophagy. Future work should aim to look at post-translational
modifications of tubulin (e.g. acetylation) in the context of DBP-KD, as this
could provide further information with regards to the specific impact and

mechanisms underlying DBP-KD and MT dynamics.
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Previous research has demonstrated an association between DBP and glucose
homeostasis, with reduced DBP serum levels being inversely correlated with
insulin levels and glucagon secretion being negatively impacted by loss of DBP
in pancreatic a-cells [345,498]. Therefore, the effect of DBP-KD upon two major
glucose-trafficking-related targets in skeletal muscle, glucose transporter-1
(GLUT1) and -4 (GLUTA4), was also investigated. At mRNA level, both Glut1 and
Glut4 (encoded by Slc2a1 and Sic2a4, respectively) were upregulated following
DBP-KD, but protein levels of GLUT4 remained unaltered. Primarily
contributing to basal glucose transport across the sarcolemma, GLUT1
expression decreases throughout differentiation thereby reflecting the
metabolic shift from glycolysis to OXPHOS that occurs as myoblasts
differentiate into myotubes [499,500]. Upregulation of GLUT1 in DBP-KD cells
would perhaps suggest the presence of myoblasts, despite the experimental
time point of day 5 differentiation, which would support the previously
discussed observations of DBP-KD seeming to impair myogenic differentiation.
In comparison, GLUT4 is the most abundant GLUT isoform in skeletal muscle
and primarily functions as the major transporter in intracellular insulin- and
contraction-stimulated glucose uptake [501]. While GLUT1 is downregulated
during differentiation, GLUT4 has been reported to follow an opposing
expression pattern, with expression being upregulated following myoblast
fusion into myotubes [502]. Considering that neither NC or DBP-KD myotubes
were stimulated with insulin or electrical pulse stimulation (EPS; an inducer of
contraction in vitro), it can be suggested that, in DBP-KD myotubes, GLUT4 is

being upregulated via other means. However, why GLUT4 protein levels
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remained unchanged despite the significant increase in S/c2a4 mRNA is unclear.
It may be due to experimental timings, as samples were only collected at one
time point and further time points may better reflect changes that might be
occurring at protein level. Conversely, it appears that the translation efficiency
of Slc2a4 mRNA is regulated via specific post-translational events that may
explain the unchanged GLUT4 protein levels [503]. While DBP-KD did indeed
result in increased mRNA expression of Slc2a4, it is possible that the poly(A)
tails of these mRNA are shorter, therefore reducing translational efficiency;
however, this hypothesis would require experimental confirmation before

definitive conclusions can be made [503].

Finally, as it was demonstrated in Chapter 4 that VDR was able to regulate DBP
protein levels, it was also investigated whether loss of DBP would influence
expression levels of VDR and other key targets related to the vitamin D axis.
DBP-KD resulted in downregulation of Vdr mRNA expression, but protein levels
of VDR remained unchanged. Surprisingly, despite the development and
availability of the DBP-KO mouse, there is a notable absence of studies
investigating the impact upon VDR in this scenario. As previously discussed in
relation to other investigated targets, it may be that VDR protein levels do fall
in reflection of the reductions in Vdr mRNA and additional experimental time
points would be required to investigate this. It is possible to speculate that DBP
can indirectly regulate VDR levels via its ability to bind 25(OH)Ds; and
1,25(0H),Ds in circulation, yet this would still not explain the result due to the

in vitro nature of the work.
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Intriguingly, while DBP-KD had no effect upon mRNA expression of the
endocytic receptor megalin (Lrp2), its closely associated fellow endocytic
coreceptor cubilin  (Cubn) was significantly downregulated. These
transmembrane proteins are responsible for trafficking 25(OH)Ds-DBP
complexes into myotubes as, although megalin directly binds the 25(OH)Ds-
DBP complex, cubilin facilitates the mechanism of endocytosis by sequestering
25(0OH)D3-DBP complexes on the cell surface where they can then subsequently
associate with megalin [504]. However, until now, they have never been
investigated in a DBP-KO model. Given that cubilin dysfunction, by inhibition
and/or genetic mutation, results in increased urinary excretion of 25(0OH)Ds
and reduced serum 1,25(0OH),Ds levels, it would suggest involvement of cubilin
in 25(0OH)D3s metabolism [504]. If DBP can indeed regulate Cubn, then it is
possible that this could provide a mechanism for altered serum 25(0OH)Ds levels
in individuals carrying certain GC (DBP) SNPs that have been reported, not only
by us in Chapter 3, but also by several other groups [505,506]. These GC SNPs
have been previously proposed to influence the binding affinity of DBP for
25(OH)Ds so, when also taking the data presented herein into account, it is
possible to suggest that they also affect Cubn expression [339]. Indeed, if serum
levels of 25(0OH)Ds are altered due to an individual carrying certain GC SNPs,
then perturbation of endocytic trafficking by dysregulated Cubn will only

contribute further.
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5.4.2. Limitations
As with any scientific study, it is important to consider the limitations of the
work; of which there are several associated with the model and protocols used

throughout this chapter.

Firstly, there have been reports of Lipofectamine transfection reagents
exerting cytotoxic effects so a vehicle control group (Lipofectamine only) would
have been useful to clarify whether transfection-mediated cytotoxicity, if any,
may have influenced any of the investigated outcomes [463]. While siRNA is a
useful gene editing tool, it does have its drawbacks as siRNA only provides
transient suppression of DBP-mediated signalling while permanent
transfection techniques, e.g. CRISPR, would permit DBP silencing throughout
all stages of myogenesis. In addition, due to the nature of the siRNA technique,
off-target effects cannot be eliminated. As previously discussed, DBP-KD was
not possible to validate at mRNA level. It is possible that Gc expression is
variable and changes throughout the different stages of myogenic

differentiation, but experimental confirmation is required.

For the investigations into the influence upon cytoskeletal proteins, | had
originally planned to also perform an actin stain in NC and DBP-KD myotubes.
Whilst the imaging protocol for actin was successfully validated and optimised,
the microscope and camera set up was incompatible with data collection.
Myotube images were taken on a light microscope at 4x and 20x magnification,

however following data corruption, only the images taken at 4x magnification

251



were salvageable. Sadly, this represents a big limitation of the work conducted
in this chapter as the images at 20x magnification would have provided data on
multiple myotube morphology parameters, such as number, length, width, and
fusion index. In addition, only mRNA levels of a-tubulin and protein levels of B-
tubulin were investigated, whereas it would have been useful to have mRNA

and protein level data for both targets.

Finally, a glucose uptake assay was performed but the samples were unable to
be run on the appropriate machines due to time restraints as a consequence
of a high volume of users and large queues. It would have been of interest to
compare glucose uptake between DBP-KD cells and the NC. In addition, the
fact that DBP-KD seemed to alter myogenic differentiation should be taken into
consideration when interpreting the results. Given that rates of glucose uptake
have been shown to be 2-fold higher in myotubes compared to myoblasts and
that DBP-KD appeared to impair differentiation, it is possible that myoblasts
were still present in DBP-KD [507]. The presence of these two metabolically
distinct cell types could potentially explain differences seen between the DBP-
KD and NC groups, and it is important to take this into account when
interpreting the results with regards to cellular signalling and markers of

glucose trafficking.
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5.4 Conclusions

In this chapter, the effect of loss of DBP in C2C12 myotubes was investigated
to provide further information regarding potential mechanisms underlying the
relationship between DBP (Gc) SNPs and skeletal muscle, as demonstrated in
Chapter 3. DBP-KD lead to the formation of dysmorphic myotubes with
overlapping and branching and altered expression of key myogenic regulatory
factors (MRFs). Surprisingly, actin expression was unaltered following DBP-KD,
whereas mRNA expression of a-tubulin and protein levels of B-tubulin were up-
and downregulated, respectively. DBP-KD myotubes displayed impairment of
anabolic signalling with upregulation of certain autophagic targets, e.g. Beclin-
1 and LC3B-II, suggesting that loss of DBP results in a catabolic environment.
Like other groups, the data in this chapter suggests a regulatory role for DBP in
glucose handling as DBP-KD resulted in upregulation of GLUT1 and GLUTA4.
Finally, Vdr mRNA expression was reduced by DBP-KD, but no change was seen
at protein level and, intriguingly, Cubn (cubilin) was downregulated in the
absence of DBP with no change to its coreceptor Lrp2 (megalin). The work
conducted in this chapter represents the first time that loss of DBP has ever
been functionally studied in the physiological setting of skeletal muscle.
Further work is required to confirm the results and to expand on certain
observations. Whilst the data presented in this chapter may be preliminary, it
provides the first line of evidence to suggest a functional role for DBP in skeletal

muscle beyond binding actin to provide storage sites for 25(0OH)Ds.
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Chapter 6: General Discussion

6.1 Overview of Aims

As demonstrated by the narrative literature review conducted in Chapter 1,
there is a large body of evidence demonstrating a direct regulatory role for the
vitamin D axis in skeletal muscle. However, the overall understanding of the
mechanisms underlying this relationship remains unclear. Therefore, this thesis
aimed to explore the impact of genetic variation within the vitamin D system
upon skeletal muscle function and to investigate the potential underlying

mechanisms in vitro.

6.2 Summary of Results

6.2.1. Chapter 2 — The impact of genetic variation within the vitamin D pathway
upon skeletal muscle function: a systematic review.

The systematic review conducted in Chapter 2 provides the most up to date
and extensive overview of the current existing knowledge regarding the
relationship between genetic variation of the vitamin D system and skeletal
muscle. Following an extensive literature search, 21 articles were included in
the final review, of which 20 only studied genetic variation of the VDR gene. Of
the included articles, 81% solely included individuals aged 50 years or older,
and of the 9 studies that did not only include White individuals, only 2 included
Black participants. VDR SNPs were significantly associated with altered muscle

function and phenotypes in two or more studies. Of note, A1012G was
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consistently significantly associated with increased handgrip strength (HGS),

whilst results for other SNPs varied across studies.

6.2.2. Chapter 3 — The association of vitamin D receptor (VDR) and vitamin D
binding protein gene (GC) single nucleotide polymorphisms with skeletal muscle
function and performance in elite master athletes — a candidate gene
association study.

Based on the results of the systematic review conducted in Chapter 2, a
candidate gene association study was subsequently conducted in Chapter 3 to
investigate key SNPs of the genes encoding VDR and DBP (GC) in relation to
skeletal muscle function and performance in a cohort of elite master athletes
(MA). Like several other groups, no differences were found in those carrying
the VDR SNPs Bsml, Fokl, and Tagl. In MA, A1012G was significantly associated
with increased HGS, which is in support of the observations from Chapter 2,
whilst it was also demonstrated that A1012G carrying controls displayed higher
maximal velocity on tests for lower limb power and increased serum levels of
serum hormone binding globulin (SHBG). With regards to the GC gene, rs4588
was associated with higher maximal knee extensor strength (KE MVC) and peak
qguadriceps cross-sectional area (CSA) in controls only. Comparatively, those
carrying rs7041 displayed lower bone mineral density (BMD). Based on the
current available literature, the work conducted in Chapter 3 represents the
first study to explore the impact of two key GC SNPs, rs4588 and rs7041, upon
multiple parameters of musculoskeletal physiology. The findings confirm an

association between A1012G and greater muscle/physical function, whilst
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highlighting novel links between the vitamin D system and sex hormones in

muscle.

6.2.3. Chapter 4 — VDR regulates myogenic/proteolytic signalling and
mitochondrial respiration in response to anabolic, catabolic, and pro-
inflammatory conditions in C2C12 myotubes.

As it was demonstrated in Chapters 2 and 3 that genetic variation within the
VDR gene was associated with altered skeletal muscle function and physiology,
the aim of Chapter 4 was to investigate potential underlying mechanisms by
silencing Vdr (VDR-KD) in C2C12 myotubes. In comparison to the negative
control (NC), VDR-KD resulted in altered myogenic signalling, as demonstrated
by reduced mRNA expression of Myog, Mrf4, and Myod1, whilst anabolic
targets were downregulated following VDR-KD, i.e. mTOR, rps6, Akt and
p70S6K. In addition, loss of VDR impaired mitochondrial respiratory activity as
initially anticipated. NC and VDR-KD myotubes were stimulated with insulin
growth factor 1 (IGF-1), dexamethasone (Dex), and lipopolysaccharides (LPS;
from E.coli) for 24 hours to induce hypertrophic, atrophic, and pro-
inflammatory states, respectively. In the absence of VDR, IGF-1 was unable to
activate the PI3K/Akt/mTOR pathway and it appears that VDR is not involved
in IGF-1 regulation of autophagy. For the first time, it can be reported that Dex
upregulates Vdr expression, as demonstrated in NC myotubes, plus the data
also suggests that VDR may be a negative regulator of Myf5 expression. In
addition, Vdr expression and DBP protein levels were downregulated following

LPS exposure which, based on the data presented in Chapter 4 and previous
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reports, may contribute to the pro-inflammatory environment generated by
LPS in skeletal muscle. Finally, exposure of VDR-KD myotubes to each of the
three conditions increased mitochondrial respiratory activity in Complex | and
Complexes | and Il combined. This result was unexpected, and it is possible that
it may act as a compensatory mechanism to overcome increased cellular ROS

production and to meet metabolic demand.

6.2.4 Chapter 5 — Characterisation of loss of the vitamin D binding protein (DBP)
gene (Gc) in C2C12 myotubes — a preliminary study.

For the first time, results from Chapter 3 indicated a novel relationship
between two SNPs of the gene encoding DBP (GC) and musculoskeletal
parameters, therefore raising the question of whether DBP has a regulatory
role in skeletal muscle. To investigate this relationship further, the Gc gene was
silenced (DBP-KD) in C2C12 myotubes in Chapter 5. Loss of DBP resulted in the
formation of dysmorphic myotubes that were branched and displayed areas of
dense overlapping. These observations were accompanied by altered
expression of the key myogenic factors, MyoD1, Myf5, and Mrf4. Despite
previous reports of loss of DBP negatively impacting actin in other tissue types,
it was found that actin expression was unaltered following DBP-KD, but mRNA
expression of a-tubulin and protein levels of B-tubulin were up- and
downregulated, respectively. Anabolic signalling was impaired by DBP-KD with
DBP-KD myotubes displaying elevated levels of certain autophagic targets, e.g.
Beclin-1 and LC3B-ll. The observations of GLUT1 and GLUT4 mRNA

upregulation by DBP-KD are in support of previous reports indicating
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involvement of DBP in glucose handling. Finally, it appears that DBP can
regulate key gene targets within the vitamin D axis as both Vdr and Cubn

(cubilin) were downregulated in the absence of DBP.

6.3 Future Directions

Itis clear that changes are required moving forward to ensure that future work
addresses key issues and topics that will both further our knowledge and make

research more inclusive.

6.3.1 Genetic Association Studies

One of the most glaring issues raised by the systematic review conducted in
Chapter 2 was that only a very small proportion of studies investigating genetic
variation of genes within the vitamin D axis included Black individuals and other
people of colour. Whilst this racial bias is not restricted only to the study of the
vitamin D system, it does represent a major issue within the field of genetic
research. By ensuring that these populations are better represented, improve
the representativeness of results can be improved and the field can also move

towards fully understanding the genetic basis of human physiology and disease.

To date, many GWAS and candidate gene studies have reported vitamin D axis-
related SNPs that are seemingly associated with not only skeletal muscle, but
also disease and/or pathological outcomes, yet these articles very rarely
explore the mechanisms underlying these SNPs. Functional studies are crucial

moving forward, as they could provide explanations for the genetic-phenotype

258



associations that exist between these SNPs, and they could provide further
information on the genetic basis of the vitamin D axis. In addition, as it was
found in Chapter 2 that the vast majority of studies have only investigated the
VDR gene in relation to skeletal muscle, exploration of genetic variation within
other vitamin D axis-related genes, e.g. megalin (LRP2), in the context of
skeletal muscle is imperative. Not only would it further our understanding of
vitamin D physiology in relation to skeletal muscle health but it may also
synthesise novel relationships and/or mechanisms that have been missed thus

far.

Finally, the work conducted in Chapter 3 represents the first time that the GC
SNPS, rs4588 and rs7041, have been explored in relation to multiple
parameters of musculoskeletal physiology. While the cohort of elite MA offers
a unique population to study the impact of genetic variation upon muscular
outcomes but in an aged cohort, the sample size is a major limitation.
Therefore, it would be useful if these investigations were repeated but with a

much larger sample size.

6.3.2 Mechanistic Studies

While Chapters 4 and 5 both provided novel information with regards to the
impact of loss of the Vdr and Gc genes, respectively, in C2C12 myotubes,
further experiments are required to confirm these observations and to provide

further information.
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It is important to acknowledge that the nature of the knockdown models used
here for VDR-KD and DBP-KD may not fully recapitulate effects of the SNPs
identified in Chapters 2 and 3. The ideal method for functional characterisation
of these SNPs would be to compare isolated cells from genotyped donors and

it represents a promising research topic moving forwards.

As with any scientific project, there were planned experiments that could not
be included in this final thesis, be that for validation or optimisation reasons,
and/or time constraints due to delays with reagents. Future work should
endeavour to focus on imaging investigations, i.e. mitochondrial labelling in
VDR-KD myotubes and staining of filamentous actin in DBP-KD, while
performing a glucose uptake assay in DBP-KD myotubes would provide further
information with regards to the impact of loss of DBP upon glucose trafficking.
In addition, while high resolution respirometry was used to investigate
mitochondrial respiratory activity within VDR-KD myotubes, this technique has
the scope to provide an array of related measures, such as ROS production, ATP

levels, and mitochondrial membrane potential.

For the presented investigations, the murine myoblast cell line, C2C12, was
used. This cell line has been frequently used within in vitro skeletal muscle
research, but it obviously has its limitations being an immortalised line. Future
studies should aim to conduct the experiments performed here in human
derived skeletal muscle cells, as this would improve translatability of the

research. In addition, while we demonstrated that VDR- and DBP-KD impaired
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myogenic differentiation, this comes with an important caveat in that it is tricky
to determine whether the differences seen are a direct result of the gene

knockdown itself or the result of impaired myogenesis.

Despite the development of a DBP-KO mouse model exists, yet its skeletal
muscle has never been investigated or characterised. It would be of great
interest to functionally characterise the impact of loss of DBP upon skeletal
muscle in these animals. Finally, the DBP-KD experiments conducted here
represent the first line of investigations in which DBP has been investigated in
the context of skeletal muscle. The results generated by these experiments
need validating and investigating further before any definitive conclusions can

be made.
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