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Abstract

Recent published work indicates a role for pre-slaughter dietary vitamin D supplementation to
promote post mortem meat tenderization in cattle (Montgomery et al., 2000; Foote et al., 2004;
Montogmery et al., 2004), pigs (Wilborn et al., 2004) and sheep (Wiegand et al., 2001; Boleman et
al., 2004). The hypothesis being that vitamin D supplementation at supra-nutritional levels is able to
cause increases in the calcium status of the animals, increasing the activity of the calcium-dependant
proteolytic enzymes, the calpains, which are responsible for meat tenderization (Koohmaraie &
Geesink, 2006). Muscle fibre type is a variable factor in muscle and is related to meat quality (Klont
et al., 1998). Vitamin D has been suggested to play a role in regulating skeletal muscle function
through the creation of vitamin D receptor knockout mice models (Endo et al., 2003) and
observations that muscle weakness and falling risk in vitamin D deficient patients is linked to a loss
of fast muscle fibres (Aniansson et al., 1986; Larsson et al., 1979; Sorenson et al., 1979; Sato et al.,

2005).

This thesis investigated two vitamin D pre-slaughter diet regimes on their effects on meat quality of
the most economically important cut of the carcass, the longissimus dorsi (LD) muscle (Molina et al.,
2005) and the expression of the calpain system. Trial 1 fed sheep vitamin D at 2.0 X 10° 1U/day for
four days prior to slaughter and found that this had no effect on shear force of LD chops. Calcium
levels were unchanged but mRNA levels of calpain | and Il were increased 3.7 and 10% respectively
(P=0.099 and P=0.014) but there was no effect on calpastatin mRNA nor changes in the calpain
system at the protein level. Trial 2 fed sheep the same dose of vitamin D for 7 days with an
additional calcium bolus, resulting in a 10% increase in calcium concentrations of both serum and LD.
Toughness of LD chops was increased (P<0.01), there was no effect on mRNA of the calpain system

but there was an increase in the protein levels of calpain Il and calpastatin by 16 and 17%

respectively (P=0.05 and P=0.087).

A microarray study of rat primary myoblasts treated with 1,25(0H),D; for 24 hours highlighted a
number of responsive genes significantly up and down regulated 1.5 fold or more (P<0.05). Pathway
analysis identified novel targets of 1,25(0H),D; with a possible relationship to muscle growth and
function; these included C/EBPB, metallothionein 2A and the MAPK, ERK. Three muscle cell strains,
the rat primary muscle cells, L6 Aston and C2C12, were assessed for myosin heavy chain (MHC) gene
expression using semi-quantitative PCR and western blotting analysis. The muscle cell line

demonstrating the broadest range of MHC genes relevant to mature muscle tissue was used for the

XV



final experiments; this was the C2C12 cell line demonstrating expression of the slow MHC I/, an

isoform which was absent or showed much lower expression in the other cells.

C2C12 cells treated with 1a(OH)D; for 48 hours at varying stages of development responded in
changes in myogenic regulatory factors (MRFs), MHCs and novel target gene expression. Real time
PCR analysis of C2C12 cells treated with the active vitamin D metabolite 1a(OH)D; affirmed C/EBPB
mRNA expression to be upregulated (P<0.001) and MAPK ERK 1/2 phosphorylation to be down
regulated (P<0.001) by 1a(OH)D; in muscle cells. The effect of 1a(OH)D; in myoblasts was reduce
proliferation and promote differentiation, as myotubes formed the effect of 1a(OH)D; was to
promote MHC gene expression of an intermediate oxidative fibre type, increasing expression of MHC

1/B and 2A, decreasing MHC 2B.

In conclusion, there is no apparent benefit of a pre-slaughter dietary vitamin D feeding regime on
meat quality, but the active metabolites of vitamin D, 1a(OH)Ds; and 1,25(0OH),Ds, exert changes in
gene expression and MAPK signalling which are likely to affect muscle growth and fibre type, and is

of relevance in terms of both meat quality and muscle function in the elderly.
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Introduction

The overall aim of the work reported in this thesis was to examine the potential for vitamin D to
influence muscle growth and function from an animal production perspective, investigating the
influence of dietary vitamin D on the quality of meat as a product and the biologically active forms’
effects on gene expression relating to the muscle’s capacity to grow. Meat quality is a general term
used to describe a wide variety of factors which contribute to and define the value of meat as a
product. These factors can include the composition and conformation of the carcass, the health
issues associated with meat products e.g. Escherischa Coli 0157 contamination and bovine spong-
iform encaphalopathy (BSE), production methods related to the animal’s welfare and environmental
impact as well as the actual eating experience of the end meat product (Maltin et al., 2003). Al of
these are factors which affect consumer’s decisions when choosing meat products but the most
influential factor affecting their decision to re-purchase a chosen product is the tenderness of the
meat, with 94.6% of consumers choosing more expensive meat as long as it had lower shear force
scores (more tender meat) (Boleman et al., 1997). Therefore a major focus of the meat industry is to
gain an understanding of the mechanism of tenderization and thereby improve production methods

to consistently produce tender meat (Bindon & Jones, 2001).

Tenderisation is a result of proteolytic activity in the muscle post mortem which acts to degrade the
protein ultrastructure within the muscles and so reduces the amount of force required to cut the
meat. It is widely acknowledged that the majority of the tenderisation process is performed by the
calpain system (Koohmaraie & Geesink, 2006) which is regulated by intracellular levels of calcium
(Goll et al., 2003). In order to manipulate the activity of the calpain system during post mortem
storage, a number of studies demonstrated that infusing carcasses (Koohmaraie et al., 1988) or
marinating steaks (Whipple & Koohmaraie, 1993) in calcium chioride solutions is proficient in
reducing shear force of meat rapidly during the first 24 hours of storage. It has been shown that this
rapid increase in tenderness with calcium chloride infusion is a result of increased calpain activity
(Koohmaraie et al., 1989). Although this treatment of meat post mortem was demonstrated to vastly
improve the speed and extent of post mortem tenderisation, it required additional procedures to be
performed in the abattoir and the use of additives in meat products could lead to products which are
rejected by consumers (Hoover et al., 1995). In light of these observations, the research work
described in this thesis set out to examine whether supplementing animal feed with vitamin D, a

compound which is metabolised into a hormone responsible for activating calcium absorption from



the diet, could produce elevated calcium levels in the muscle and thereby activate the calpains

during post mortem aging.

A second variable trait which is reported to influence meat quality is the relative quantities of
different fibre-types within the muscle (Schiaffino & Reggianni, 1996). These intrinsically differ in
size, proteolytic and metabolic activity all of which influence tenderisation post mortem (Klont et al.,
1998). In relationship to manipulation of fibre type, multiple studies in human patients have
reported a relationship between vitamin D deficiency in elderly patients and the number of falls as a
result of impaired muscle function, findings which have led several researchers to the suggestion
that vitamin D could affect transitions in muscle fibre type (Bischoff et al., 2003; Bischoff-Ferrari et
al., 2006, Snijder et al., 2006). Reduced vitamin D status is associated with a reduction in fast fibres
and this leads to a higher incidence of falling in older patients (Aniansson et al., 1986; Larsson et al.,
1979; Sorenson et al, 1979; Sato et al, 2005). In addition to its responsibility for calcium
homeostasis, acting through the classical nuclear receptor (Norman et al., 2002), the vitamin D
receptor has been found to modulate intracellular signalling pathways which are not predominantly
associated with calcium homeostasis in muscle cells (Buitrago et al., 2006; Buitrago et al., 2001).
Some of these signalling pathways are associated with effects on proliferation and differentiation of
cells, with biologically active vitamin D reducing proliferation (De Haes et al., 2004) and enhancing
terminal differentiation in non-muscle cell types (Berry & Meckling-Gill, 1999). A fundamental aspect
of animal production is the enhancement of lean tissue mass which is predominantly associated with
an increase in fast type muscles. Therefore these general observations suggest that vitamin D may
have a role as an agent which can modulate both growth and the phenotype of muscle tissue in

ways which could have relevance to the meat production industry.

To this end, the latter experiments of this study were designed to investigate the effects of vitamin D
signalling in muscle cells, particularly changes in fibre type and growth of muscle cells. Overall, these
findings will improve the understanding of vitamin D as an agent to enhance meat quality both in
terms of activating proteolysis during post mortem storage, presumably via the calpain system, and
in changes in fibre type. In addition the studies will help to improve the general knowledge of

vitamin D’s role in muscle growth both in immature muscle through to manipulating muscle function

in aged muscle tissue.



Literature Review

1.1 Introduction to Literature Review

Vitamin D has been commonly known to prevent rickets and osteomalacia for almost a century, and
its role in calcium homeostasis to prevent these bone disorders is considered to be the compound’s
primary function (Holick, 1999). Recently, novel roles have been considered for vitamin D in tissues
unrelated to calcium homeostasis, and this has led to research to further understand its mechanisms
in “non-classical” tissues. The studies reported in this thesis investigate the effects of vitamin D in
muscle tissue in both the classical sense of calcium homeostasis and in the more recent role of
vitamin D’s ability to signal using pathways related to growth and differentiation. Therefore this
literature review aims to provide a background of vitamin D’s actions in both calcium and non-
calcium mechanisms, before the process of muscle development and growth is described and finally

the aspects of muscle tissue which affect the quality of meat as a product are considered.

1.2 Vitamin D

Vitamin D is the common term used to describe a group of cholesterol derived compounds which act
as pro-hormones in the calcium homeostasis mechanism. There are two major forms of vitamin D,
vitamin D, and vitamin D5, which are derived from the dietary plant and animals sources respectively
and are known as the calciferols or simply as vitamin D (Norman & Collins, 2001). Vitamin D,, or
ergocalciferol, is produced in plants and yeasts from the plant sterol ergosterol and similarly vitamin
D3, or cholecalfierol, is produced in animals from the vertebrate sterol cholesterol. it is thought that
both forms can have biological actions in vertebrate animals; however the efficiency of conversion of
vitamin D, in the liver is thought to be much less than that of vitamin D3 (Pfeifer et al.; 2002). Both
vitamin D, and D; are seco-steroids, where the second carbon ring in the sterol structure is broken
open, a process which requires energy from UV light and in most vertebrate species takes place in
the skin. The actual vitamin D compounds are considered pro-hormones as the molecules need to be
hydroxylated before they become biologically active, in animals these hydroxylation steps are
catalyzed by enzymes, firstly in the liver producing 25-hydroxyvitamin D, or calcidiol, before the
kidney produces the active vitamin D molecule 1,25 dihydroxyvitamin D (1,25(0OH),D), or calcitriol;
the structures of the products of these reactions are shown in figure 1.2-1. The biological function of
vitamin D is traditionally considered to be associated with calcium homeostasis and the formation of

healthy bones, however in the last decade research has looked towards understanding this



hormone’s effects in recently discovered targets in non-calceamic tissues including the thyroid cells
of the immune system, brain and nervous system, liver, lung and many others (Pfeifer et al.; 2002). It
is known that vitamin D exerts its effects by binding to its receptor (VDR) and in doing so activates
the classical calcium mobilisation responses, but more recently the discovery of the VDR in many
other tissues has led to the realisation that this hormone has a much larger role in tissue
development and maintenance. The VDR can be located in the membrane where it exerts immediate
biological effects within minutes of the active vitamin D binding, the major result being increased
calcium absorption in cells lining the intestine. However, the VDR-vitamin D complex can also
translocate to the nucleus where transcription of specific genes is regulated, such as the calcium-

binding protein, calbindin D-28K (Norman & Collins, 2001).

1.2.1 Sources, synthesis and deficiency of vitamin D

Vitamin D is a fat soluble substance required for normal calcium homeostasis and has few natural
dietary sources, mainly oily fish and their liver oil and less so the livers of meat animals such as
cattle, pigs and chickens (Holick, 1999). The largest source of vitamin D for most organisms is in fact
the exposure to sunlight, where vitamin D can be photosynthesised in the skin using the energy from
the UVB sunrays to convert the precursor, pro-vitamin D or 7-dehydrocholesterol (7DHC) to the
subsequent pre-vitamin D and vitamin D compounds. However the ability of animals to produce
vitamin D this way is variable depending on geographical location, seasonal variation in sunlight, skin
pigmentation, age, as well fleece shearing and housing practices in animals (Hidiroglou et al., 1979;
Hidiroglou & Karpinski, 1989). In terms of farming practices where animals are increasingly being
raised indoors it is a possibility that routine supplementation of vitamin D may be required to

prevent deficiency (Montgomery et al., 2004).

The natural vertebrate form of vitamin Dj; is derived from cholesterol (Voet et al., 2008). The major
source of vitamin D to vertebrate species is the photosynthesis of vitamin D during sun exposure
where vitamin D is metabolised from its steroid precursor 7DHC to pre-vitamin D by action of UVB
light (wavelength in the region of 295-315nm) which breaks open the second carbon ring of the
steroid structure (figure 1.2-1). Pre-vitamin D is then converted to vitamin D by a process of
isomerisation which does not require any enzymatic control. The endogenous vitamin D as well as
that absorbed from the diet is transported in the circulation by binding to its specific vitamin D
binding protein (DBP) (Walters, 1992). At the liver the enzyme 25-hydroxylase adds a hydroxyl group
to the carbon at the C25 position to form 25-hydroxyvitamin D (25(0H)D), before this product is

again transported in the blood to the kidney tubular cells where the enzyme la-hydroxylase adds



another hydroxyl group to the carbon at C1 position, generating 1,25-dihydroxyvitamin D

(1,25(0H),D), the biologically active form of vitamin D.
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The circulating forms of vitamin D, 25(0OH)D and 1,25(0H),D, are not equal in concentration as
circulating levels of the active form 1,25(0H),D are under tight control at the activation step in the
kidney (Brown et al., 1999). In light of this, the circulating levels of the 25(OH)D are representative of
bodily stores of vitamin D and this metabolite is routinely used to evaluate vitamin D status of
animals (Hidiroglou et al., 1979). Synthesis of the active form is controlled at the kidney
hydroxylation step by parathyroid hormone in response to fluctuating calcium and phosphorus levels
as well as a negative feedback of 1,25(0H),D on the la-hydroxylase. The active metabolite,
1,25(0H),D, is produced in response to these stimuli and is transported bound to DBP in the blood to
its primary target tissues; the small intestine and bone as well as the parathyroid gland (Deeb et al.,

2007), depicted in figure 1.2-2.

1.22 Action and Regulation Jfvitamin D »roduction

The active form of vitamin D is produced in response to a drop in the circulating levels of calcium
and phosphorus ions in the blood. A drop in calcium levels is detected by the parathyroid gland and
this stimulates the glands secretion of parathyroid hormone (PTH) into the bloodstream. PTH then
increases the synthesis of 1,25(0H),D in the kidney by up-regulating the activity of la-hydroxylase.
This causes a rise in the circulating levels of 1,25(0H),D which then works to normalise the calcium
and phosphorus levels in the blood by three mechanisms. Firstly the hormone prevents further loss
of ions by increasing calcium retention from the urine produced in the kidney (Yamamoto et al.,
1984) and by reducing the amount of phosphorus lost to the urine indirectly by decreasing PTH
secretion at the parathyroid gland (Bonjour et al., 1977). Secondly the hormone increases dietary
absorption by activating calcium uptake in the epithelial cells of the small intestine. Lastly, when
dietary supply is insufficient 1,25(0OH),D can release calcium and phosphorus from their stores in
bone, stimulating bone resorptive cells, known as osteoclasts, to release calcium and phosphorus
back into the blood stream. This response is in turn auto-regulated by action of 1,25-(OH),D which
downregulates the production of PTH at the parathyroid gland as well as inhibiting 1a-hydroxylase in
the kidney. Further, the circulating levels of 1,25-(OH),D are diminished by action of 24-hydroxylase ,
an enzyme which is most abundant in the kidney but is also present in the target tissues. This
enzyme catalyzes the catabolism of 1,25-(OH),D, converting it to the inactive form 1,24,24(OH);D
(Holick, 1999). The overall metabolism, activation and regulation of vitamin D within the body is
summarised in figure 1.2-2. This is the first step in the catabolism of vitamin D and eventually results

in the formation of calcitroic acid (1a, (OH)-24,25,26,27-tetranor-23-COOH-D;) which is excreted

from the body in the bile (Holick, 1999).



12.3  Vitamin D Zeficiency

The symptoms of vitamin D deficiency indicate the hormone’s vital role in calcium and phosphorus
homeostasis and its direct effect on bone formation (Brown et al., 1999). The appearance of the
symptoms of vitamin D deficiency is a result of a lifestyle lacking two factors; firstly when exposure
to sunlight is reduced thereby reducing production in the skin and secondly when the diet is itself is
lacking in vitamin D (Holick, 1999). The most notable signs of vitamin D deficiency are rickets in
young animals where the long bones do not form properly, causing stunted growth, in conjunction
with the classic bone deformities such as knock-knees or bowed legs (Holick, 1999). In adults vitamin
D deficiency presents with more subtle symptoms since the bones have already formed, and so
vitamin D deficiency is characterised by osteomalacia (unmineralized bone matrix), usually causing
pain and weakness in the bones and muscles, and associated osteoporosis {porous bones from

calcium resorption) where bones are weak and susceptible to fracture (Holick, 1999).

1.2.4 Vitamin D and r-uszle ‘ur.ction

Vitamin D deficiency has been frequently reported to present with muscle myopathy in addition to
the well understood bone disorders of osteomalacia in adults and rickets in children (Schott & Willis,
1976). Eastwood et al., (1977) reported that patients with long term kidney failure suffering with
osteomalacia could be treated with supplementation of 25-hydroxyvitamin D and found, besides the
effects on bone mineralization; patients also exhibited an increase in the muscle strength with
vitamin D treatment. The relationship between vitamin D deficiency and loss of muscle function was
further supported by studies describing an association between vitamin D deficiency and muscle
pain, weakness and loss of type Il fibres (“fast twitch” muscle fibres) in human patients (Russel,
1994; Ziambaras & Dagogo-Jack; 1999). Direct effects of vitamin D on muscle contractile function
were reported by Curry et al. (1974) whose study demonstrated that the sarcoplasmic reticulum (SR)
of muscle in vitamin D deficient rabbits had a slower uptake of calcium ions compared to the SR of
muscle from rabbits fed a diet sufficient in vitamin D. This discovery was further investigated by
Rodman & Baker (1978) who reported that muscles in vitamin D deficient rats had a slower
relaxation time in comparison to normal animals, a response which is mediated by calcium uptake by
the SR and in this case the vitamin D effect was found to be independent of calcium and phosphorus
levels. Further to the evidence for vitamin D’s effects on muscle contractile properties, Wassner et
al. (1983) reported that vitamin D deficient rats showed reduced muscle growth rates with a higher
rate of myofibrillar protein degradation. A further study into the effects of 25(0OH)D on rat

diaphragm muscle reported an increase in ATP levels and leucine incorporation into protein, again



demonstrating the possibility for vitamin D metabolites to regulate muscle metabolism and growth
(Birge & Haddad, 1975). Although these studies provided the insight for the connection between
vitamin D and muscle function, it was the discovery of the expression of the vitamin D receptor in
muscle which affirmed the association between vitamin D and 3 direct effect on muscle tissue.
Simpson et al., (1985) first reported the presence of the 1,25(0H),D receptor (vitamin D receptor,
VDR) in muscle cell lines and found that treatment of cell lines with the active form of vitamin D
reduced DNA synthesis and inhibited proliferation of muscle cells; thus indicating skeletal muscle as
a direct target organ of vitamin D and demonstrating that the hormone plays a role in regulating the
terminal differentiation of muscle cells. Another piece of the puzzle into the hormone’s role in
muscle cell growth and differentiation was supplied by Endo et al.’s study into VDR (-/-) mice (2003)
whereby the group observed reduced muscle fibre size in muscles of the hind limb and abnormally
high expression of the muscle growth regulatory genes; Myf5, myogenin and E2A, as well as
abnormal expression of the embryonic forms of the contractile protein myosin heavy chain (MHC).
The group performed an additional experiment treating the C2C12 muscle cell-line with vitamin D
and found treatment with the active hormone metabolite incurred downregulatory changes of these
genes, suggesting a novel role for the hormone in controlling normal muscle cell growth and

development.

1.2.5 Vitamin D signalling

Activated 1,25(0OH),D exerts its actions on target tissues by binding to its specific receptor, the VDR,
a member of the steroid hormone nuclear receptor family, whose general structure contains
domains for ligand binding, DNA binding and activation of transcription (Cooper & Haussman, 2007).
The understanding of the mechanism by which steroid receptors signal begins with the diffusion of
the steroid hormone across the cell membrane where it binds to the receptor in the cytoplasm.
Upon binding the ligand-receptor complex dimerizes with another nuclear receptor, the retinoid X
receptor (RXR), and this 1,25(0OH),D-VDR-RXR complex translocates to the nucleus where it directly
binds DNA and regulates expression of specific genes, depicted in figure 1.2-3. The RXR is required
for a number of nuclear receptors to exert actions on gene transcription, including the thyroid
hormone receptor (TR) and retinoic acid receptor (RAR), shown in figure 1.2-4. Vitamin D is able to
affect transcription of its target genes by the action of the VDR-RXR complex binding to response
elements (VDREs) in the promoters of its target sequences which subsequently causes activation or
inhibition of the expression of these genes. Genes which are known to be upregulated by vitamin D
and its receptor are calcium binding proteins such as calbindin D-S9k and -28k, and the 24-

hydroxylase enzyme which catalyzes breakdown of active vitamin D (Minghetti & Norman, 1988). In



contrast, genes which are down regulated by vitamin D-VDR-RXR binding are the la-hydroxylase
enzyme in the kidney and the VDR itself. Response elements for the VDR are typical of steroid
receptors which recognise their target genes by a code of short sequences of “half-sites” which are
usually repeated within a short distance of each other (Lewin, 2008). The nucleotide sequences of
the VDREs were elucidated by Carlberg et al. (1993) who reported that there were two mechanisms
for vitamin D to activate gene transcription; firstly they described response elements which were
responsive to VDRnuc alone, possibly as a homodimer, and finally those which were activated by the
VDR-RXR heterodimer. The sequences, or half sites, recognised by VDRnuc alone were GGGTGA
arranged in three specific patterns, either as a direct repeat with a space of 6 nucleotides, as a
palindrome with no space or as an inverted palindrome with 12 nucleotides between. The half-sites
required for activated gene transcription by the VDR-RXR heterodimer were direct repeats of pairs
of 6-nucleotide motifs; GGTCCA, AGGTCA and GGGTGA with a space of 3 nucleotides between the
repeated motifs e.g. 5-GGTCCANNNGGTCCA-3’, where, for activation of gene transcription, the RXR
binds the 5’ most motif and the VDR binds the 3’ motif (Kurokawa et al., 1993), shown in figure 1.2-
4.

1.2.5.1 Rapid-responses of VDR

More recently, the discovery of the VDR’s presence in non-calcaemic tissues has opened the door to
the elucidation of vitamin D’s roles beyond calcium homeostasis, including processes such as cell
proliferation, differentiation, regulating the immune response and apoptosis (Walters, 2002). The
realisation that vitamin D was able to stimulate intracellular signalling pathways usually associated
with membrane receptors was a result of multiple studies reporting vitamin D’s ability to increase
levels of second messenger molecules. Morelli et al., (1993) were first to report that treatment of
muscle cells with 1,25(0OH),D resulted in a rapid increase (seconds after vitamin D administration) in
inositol 1,4,5-trisphosphate (IP;) and diacylgycerol (DAG); two second messenger molecules
produced from the hydrolysis of phosphatidylinositol 4,5- bisphosphate (PIP,), a reaction catalyzed
by activation of the enzyme phospholipase C (PLC). The authors of that study reported the major
responses of the DAG and PIP; signal in muscle cells to be the release of calcium from intracellular

stores, the sarcoplasmic reticulum (SR) by ligand gated Ca®* channels, and the activation of the

enzyme protein kinase C (PKC).
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Despite these secondary signalling molecules having well known roles in the signalling of other
membrane receptors, it was unknown at the time of this study whether the VDR itself was present at
the membrane of cells. A further report of the rapid signalling effects of vitamin D in muscle was
produced by Vazquez et al. (1995) who observed changes in intracelullar calcium levels mediated by
the adenylyl cyclase and cyclic AMP (cAMP) mechanism of second messenger signal transduction,
again usually activated by membrane receptors. Both these studies provided substantial evidence
for the presence of a membrane receptor for vitamin D which was capable of inducing rapid
responses to ligand binding, unrelated to the classical VDR signalling via gene transcription, but had
not yet elucidated the receptor responsible. The final missing piece of the jigsaw came from Nemere
et al. (1998) who performed immunohistochemical staining for the VDR in the membrane of
chondrocytes (bone forming cells) and provided the evidence that was required to show the VDR
could be present at the cell membrane and was responsible for the activation of PKC by vitamin D.
Whether or not the VDR that is present at the cell membrane is the same VDR responsible for
induction of gene transcription is still unclear. Brown et al. (1999) made a clear argument for two
distinct VDR in their review of literature, however, Capiati et al. (2002) reported that the VDR was
able to translocate from the cytosol to the plasma membrane within 10 minutes following binding of

the ligand to the receptor.

Despite the lack of understanding over the exact form of receptor required for membrane signalling,
it is now clear that vitamin D is able to mediate responses via a number of intracellular signalling
pathways beginning with second messenger systems such as cAMP and PIP, hydrolysis, which lead to
the activation of intracellular signal transduction pathways such as the mitogen-activated protein
kinase (MAPK) cascade (Buitrago et al., 2001) and the protein-tyrosine kinase, c-Src (Gniadecki,
1998; Buitrago et al., 2001) in muscle, schematic diagram presented in figure 1.2-5. There are many
enzymes which constitute the MAPK system and they respond to physical and chemical stimuli in
order to coordinate cellular responses in survival and adaptation (Chang & Karin, 2001). Briefly there
are three tiers to the MAPK pathway, the MAPkinase (MAPK) itself, which is activated by a MAPK
kinase (MAPKK) which again is activated by a MAPKKkinase (MAPKKK), forming a multi-level cascade
demonstrated in diagram 1.2-6. Taken together this body of research provides evidence for vitamin
D’s ability to activate intracellular signals which are now understood to be responsible for the

control of cell growth, differentiation, proliferation and survival (Cooper & Hausman, 2007).
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1.2.6 Vitamin D and Muscle: Summary

In light of the studies reported so far, there is a clear role of vitamin D to maintain muscle function
and strength, as shown by reports of myopathy in vitamin D deficient individuals which can be
rectified with re-alimentation of vitamin D (Schott & Willis, 1976; Eastwood et al., 1977;. Russel,
1994; Ziambaras & Dagogo-Jack, 1999). In addition, the fact that muscle tissue has been shown to
express the vitamin D specific receptor, VDR, suggests the effect of vitamin D on muscle to be
hormone dependant and not only a secondary effect of calcium and phosphorus homeostasis
(Simpson et al., 1985). Finally, in view of the muscle deformities and abnormal expression of the
myogenic regulatory factors (MRFs) in VDR (-/-) mice there is substantial justification for

investigations into vitamin D’s possible role in this tissue as a regulator of growth and development

(Simpson et al., 1985; Endo et al., 2003).

1.3 Introduction to muscle metabolism, development and growth and its
relevance to meat quality

Understanding the growth and development of muscle tissue is important in terms of meat
production for 3 reasons; firstly, the factors which affect the growth of muscle during early muscle
cell proliferation ultimately affect the yield of meat; secondly, factors controlling the fibre type in
terms of metabolism and contractile speed (twitch) of the muscle will also affect meat quality and
finally the mechanisms for muscle growth in adult muscle tissue affects both yield and meat quality
(Maltin & Plastow, 2004). All these factors will be discussed within this literature review along with
the definition of meat quality and how it can be influenced, before the hypothesis behind vitamin

D’s possible role in influencing meat quality and overall production are discussed.

1.3.1 Myogenesis

Skeletal muscle formation is a highly organised procedure that is controlled by a number of
transcription factors working together to cause pluripotent stem cells of the embryo to specialise
and differentiate into the highly organised skeletal muscle tissue described in section 1.3.2. This
process, myogenesis has three main phases; the first is cell line determination, where cells are
programmed to become muscle cells, myoblasts, followed by proliferation, which increases the
population of these muscle destined cells (myoblasts), and lastly differentiation, where the cells
begin to specialise into the phenotype characteristic of muscle cells (Buckingham M., 1992). This
programme of cell specialisation is regulated by four transcription factors, known as the muscle
regulatory factors (MRFs), whose presence at specific times of myogenesis control the expression of

muscle specific genes (Edmondson & Olson, 1993).
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1.3.1.1 Initiation and Regulation of Myogenesis

Muscle tissue is derived from the neural tube of the embryo where the somites form. The somites
compartmentalize to create the scleratome and the dermamyotome, which eventually give rise to
bone and cartilage and appendicular muscle respectively. The dermamyotome then divides into the
myotome and the dermatome; the dermatome leading to the dermis and the myotome producing
skeletal muscle, schematic diagram of these events is shown in figure 1.3-1 (Buckingham M., 1992,
Cossu et al., 1996). Initiation for the signal to differentiate into muscle cell lines comes from other
regions of the embryo via signalling molecules Wnt and Sonic hedgehog (Shh). The dorsal neurotube
and surface ectoderm release Wnts, which is a positive initiator of MRF expression, in addition to
Shh released from the notochord and floor plate neural tube (Buckingham M., 2001). Wnts acts via
its receptor, Frizzledl1, and activates its signalling pathway through B-catenin and T-cell Factor TCF (a
transcription factor) which, with Shh, induces expression of the early MRFs Myf5 and MyoD.
Negative regulators of the muscle determination pathways also exist to assist in the control of
embryo development. Notch, a transmembrane signalling receptor between cells (Cooper &
Hausman, 2008), has been proposed as an antagonist for Wnt signalling (Buckingham M., 2001) and
similarly Twist and the Id proteins have been shown to be negative regulators of the basic helix-loop-
helix (bHLH) transcription factors involved in myogenesis (Yun & Wold, 1996). There are many other
small signalling molecules released within the embryonic tissues which have been investigated for
their role in muscle cell line determination and formation, including Pax3, c-met, Lbx1, Dach2, Eya2
and Six1. Knockouts of these signalling molecules with and without knockouts of MRFs have all
shown abnormal muscle development ranging from no muscle in the embryos to specific and
regional abnormalities (Birchmeier & Brohmann, 2000, Buckingham M., 2001). Some of these
signalling proteins are required extremely early on in skeletal muscle development, where it has
been shown that mice lacking Pax3, a transcription factor responsible for activating expression of c-
met, do not have muscles in their limbs (Tajbakhsh et al, 1997). Without Pax3 there is no
transcription of c-met, which is a kinase enzyme required to regulate the migration of muscle pre-
cursor cells from the somite to the limb buds of the developing embryo, hence animals lacking Pax3,
c-met or HGF, a ligand of c-met, (hepatocyte growth factor, also known as scatter factor) do not

develop muscle in the limbs (Buckingham et al., 2003).
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Figure 1.3-1. Schematic diagram of the early stages of myogenesis and the signalling factors responsible.
Initial signals for the onset of the myogenic development programme are released as Wnts from the neural
tube (NT) and Sonic Hedgehog (Shh) from the notochord (NC). Migration of muscle cell precursors from the
somite to the limb bud is regulated by a number of signalling molecules in addition to the MRFs. In green
font, delamination from the dermomyotome allows muscle cell precursors to migrate to the limb buds; this
process is activated by the Pax3 transcription factor which induces c-met expression. The migration of the
muscle cell pre-cursors to the limb buds, in blue font, requires the presence of both c-met and its ligand HGF
(hepatocyte growth factor, or scatter). Once cells have migrated, they undergo proliferation to increase
their population, in purple font, classically regulated by the MRFs Myf5 and MyoD, however it is known that
other signalling proteins are required, including Mox2, Msx1 and Six as well as Pax3 and c-met. Pre-cursor
cells are then determined into the muscle-cell line by Myf5 and Myod, in red, and begin to express specific
muscle cell genes, before they differentiate into multinucleated myotubes under the influence of Myogenin,
in orange font. Final specifications of specific muscles and fibre type attributes are regulated by further
signalling molecules. From Buckingham et al. (2003).
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1.3.1.2 The Myoregulatory Factors

The MRF family are members of the basic-helix-loop-helix (bHLH) family of transcription factors with
similar structures shown in figure 1.3-2, all of which are responsible for the control of cell-type-
specific gene expression in their varying tissues (Edmondson & Olson, 1993). The MRFS act to alter
gene expression by forming homo- and hetero-dimers which bind to DNA at specific nucleotide
sequences containing the motif CANNTG (where N is any nucleotide), known as E-boxes (Ludolph &
Konieczny, 1995), present in the control region of most muscle-specific genes as well as other cell-
type specific genes in other tissues (Edmondson & Olson, 1993). All of the four MRFs are required
throughout the process of myogenesis and experiments investigating the development of MRF
knockout models in mice have elucidated each MRF’s role in myogenesis. As mentioned above, the
specification of the early cells in the mesoderm into the muscle cell line begins with early signals
from other regions of the embryo before expression of the MRF family begins within the early
muscle cells. The first MRFs to be expressed are Myf5 and myoD which act to promote proliferation
and switch on the muscle-cell specific genes. Myogenin is expressed later in gestation and controls
the process of muscle cell differentiation, whereby single nucleate cells leave the cell cycle and
elongate before fusing and forming multinucleate myotubes. MRF4 is the last MRF to be expressed
in the myogenic process and remains the most predominantly expressed following birth. A

schematic representation of the MRF’s involvement in the myogenic programme is shown in figure
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Table 1.3-1. Muscle phenotypes observed in mice lacking expression of MRFs.

MREF (-/-) Normal Myogenesis? Deformities? other MRF expression Reference
MyoD Yes No Myf5 P X3 Rudnicki et af ., 1992
Myf5 Yes defects in rib region none reported Braunetal., 1992
MyoD + Myf5 No myoblasts present Rudnicki et al., 1993
Myogenin M\l/oblasts. are present but no terminal Hasty etal ., 1993,
differentiation, no functional muscle Nabeshima et al ., 1993
MRF4 Yes mild rib deformities Myogenin T X 3 Zhangetal., 1995

MRF knockout studies have contributed immensely to the understanding of each MRF’s role in
regulating skeletal muscle formation, with all this data combined the roles of the MRF family can be
identified, summarised in table 1.3-1. The first MRF to be investigated in this way was MyoD
(Rudnicki et al., 1992) where it was observed that mice embryos developed normally without
abnormalities, however there was an increased expression of Myf5 by three times that in wildtype
siblings. This was closely followed by a Myf5 knockout model where muscle tissue again appeared to
progress normally although there were some deformities in the ribs of embryos (Braun et al., 1992).
These two studies demonstrated the ability for Myf5 and MyoD to compensate for the other’s
absence, but when both Myf5 and MyoD expression was removed there was no muscle cell
formation at all, demonstrating the requirement for at least one to be present for fetal survival
(Rudnicki et al., 1993). This information leads to the conclusion that MyoD and Myf5 are required for
determination of pluripotent cells to the muscle cell lines and without these MRFs there are no
myoblasts present in the foetus. Following these studies the role of myogenin was investigated by
the knockout model where mice embryos were observed to survive gestation before dying shortly
after birth (Hasty et al., 1993, Nabeshima et al., 1993). These myogenin (-/-) mice did have normal
myoblast populations but showed no terminal differentiation into muscle cells and as a result had no
functional muscle tissue. This model highlighted the vital role of myogenin to induce terminal
differentiation of myoblasts into functioning muscle cells. Finally a knockout mouse model for MRF4
was investigated and found there was no affect on the determination and differentiation of muscle
and all animals appeared healthy with the exception of some mild rib deformities (Zhang et al,,
1995). These MRF4 (-/-) mice did have increased expression of myogenin in comparison to wildtype
siblings which gave way to the notion that lack of MRF4 expression is compensated by myogenin and

that MRF4’s role was of importance of after muscle cell development.

Upon expression, the MRFs up-regulate expression of a number of muscle specific genes, for
example all MRFs are capable of up-regulating the expression of desmin (Li & Capetanaki, 1994) and
each MRF is capable of activating its own array of genes, for example MyoD upregulates creatine-

kinase, tropnin |, a-actin and a-acetylinecholine receptor; whereas MRF4 only activates a-actin and

a-acetylinecholine receptor (Ludoplph & Konieczny, 1995).
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1.3.1.3 Other factors regulating myogenesis

As mentioned previously, the MRFs form both homo- and hetero-dimers prior to binding to the E -
box of target genes; however, this process is further regulated by the presence of many other HLH
proteins which are capable of binding with the MRFs and modifying their actions. Of these the MEFs

and the E proteins are thought to be positive regulators of muscle differentiation whereas the Id

protein is a negative regulator of muscle differentiation.

1.3.1.4 Myocyte enhancer factors (MEFs)

The myoctyte enhancer factor 2 family (MEF2) are a family of transcription factors with similar
function to the MRFs and are expressed in a broad range of cell types including brain, cardiac and
visceral tissue where differential gene splicing produces tissue specific isoforms (Ludolph &
Koneiczny, 1995). The MEF family of transcription factors are members of a larger superfamily of
MADS transcription factors (MCM1 agamous deficiens serum response factors) which all have the
characteristic MADS box, a 56 amino acid motif responsible for binding to DNA and dimerization
with other proteins. In addition, the MEF2 family contain another conserved 19 amino acid
sequence, known as the MEF2 site responsible for binding AT-rich DNA sequences in the regulatory
regions of many muscle specific genes (Ludolph & Koneiczny, 1995). There are four members of the
MEF2 family, MEF2A, MEF2B, MEF2C and MEF2D, all of which function by forming homo- and
hetero-dimers with the MRFS plus other transcription factors, and activate the expression of muscle
specific genes such as desmin (Li & Capetanaki, 1994), creatine kinase, myosin heavy chain, and

other MRFs (Ludolph & Konieczny, 1995).

1.3.1.5 E proteins

The MRF family of transcription factors are members of the class Il of basic helix-loop-helix
transcription factors and are able to form dimers with members of the ubiquitously expressed E
proteins which are members of the class | bHLH factor family (Berkes & Tapscott, 2005). The E
proteins function in a similar way to the MRFs and bind DNA sequences at the E-box due to their
bHLH domain. The E2A gene is able to encode three different E proteins due to differential splicing
of mRNA leading to the production of E12, E47 and E2-5, in addition, other similar related proteins
E2-2 and HEB are encoded by distinct genes (Shirakata 1993). These proteins are able to form
heterodimers with the MRFs and in doing so, change their affinity for DNA binding. For example,
when MyoD forms a hetero-dimer with E12, its affinity for binding to the E-box in the creatine kinase

gene enhancer sequence is much greater than would be for a homo-dimer of MyoD alone (Benezra
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et al., 1990). The exact role of the E-proteins in myogenesis is still under debate, and knockout
studies of specific E-proteins show no effect on the formation of skeletal muscle, demonstrating

some redundancy in the family (Berkes & Tapscott, 2005).

1.3.1.6 Id protein

The Id family of proteins contains three members, Id1, 1d2 and Id3, all of which contain the helix-
loop-helix domain but lack the basic region required for DNA binding as seen in the bHLH
transcription factors MRFs. However, the Id proteins are still able to form dimers and complexes
with bHLH proteins but in doing so restrict their ability to bind DNA at the E-box, thus inhibiting
muscle gene expression. In their study in the C2C12 mouse-derived muscle cell line, Jen et al. (1992)

demonstrated that overexpression of Id mRNA was capable of inhibiting muscle cell differentiation.

1.3.1.7 Myogenesis Summary

The development of muscle cells from the embryo to fully formed specialised muscle cells is a highly
regulated process and requires the presence of a multitude of signalling factors. The MRFs are
muscle specific transcription factors which can induce expression of muscle genes in non muscle
cells and myogenesis does not occur in their absence. Some MRFs are vital such as Myf5 and
Myogenin and can act to oversee myogenesis in the absence of other MRFs in a way that MRF4 and
MyoD cannot. In addition to the MRFs a large array of proteins are also required and play their part
from the very beginning of muscle-cell migration to the limb buds through to the maturation of fully

differentiated, mulitnucleated mature myotubes.

1.3.2 Skeletal Muscle Architecture

Skeletal muscle is responsible for allowing the voluntary movement of animals and is a highly
adapted tissue to perform this function. Skeletal muscle is structured in a hierarchy of components,
beginning with the overall muscle which is made up of bundles of fibres. Each fibre within the
bundles, known as a myofibre, is a single muscle cell containing muitiple nuclei as a result of many
cells forming together to create one extremely large muscle cell, which is around 50um in diameter
and several centimetres long (Cooper & Hausman, 2007). Each individual cell is further made up of
many smaller fibres, known as myofibrils, and these each have a distinct sub-structure of proteins
organised in repeating units along their length. Skeletal muscle is also referred to as striated muscle
owing to its appearance under the microscope; this striped appearance is a result of many repeating

protein units known as the sarcomere, which are made of multiple proteins organised into a distinct
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arrangement, demonstrated in figure 1.3-4. The proteins within the sarcomere are described in

figure 1.3-5 along with the sub-structures of each region of the sarcomere.

1.3.2.1 Structure of the Sarcomere

The thick filaments are comprised of many molecules of myosin gathering together to form a long
chain with the reactive large heads of each protein orientated to face outwards. Each molecule of
myosin is formed from a complex of 6 smaller myosin proteins, consisting of two heavy chains
(myosin heavy chain, MHC) and two pairs of light chains (regulatory light chain, RLC and essential
light chain, ELC). These form the much larger myosin molecule which has a long chain which
associates with other myosin molecules to bind the thick filament and a large globular head where
the protein can bind to actin in contraction. Actin is a cytoskeletal protein, present in many tissues of
the body and exists in three forms, a-, B- and y. B- and y-actin are expressed by most cell types as
part of the cytoskeleton whereas a-actin is muscle specific (Au, 2004). Actin in the thin filament is a
globular protein, noted as G-actin, which polymerises to form a long molecule known as filamentous
actin or F-actin. The F-actin is formed around 2 molecules of the filamentous cytoskeletal protein
nebulin, which acts as a “molecule ruler” to regulate the length of the thin filament, and around
these is another long-chain molecule, tropomyosin, a coiled-coil protein which wraps around the
thin filament and prevents the myosin heads from the thick filament binding (Au, 2004). In addition
to tropomyosin, the troponin complex is also associated along the thin filament and it is this complex
that removes the inhibition of tropomyosin in response to calcium. At rest the tropomyosin is
positioned over the active sites of the actin proteins, but during muscle innervation calcium ions are
released which bind to troponin and alter its tertiary structure and in doing so moves tropomysoin,
revealing the active site for myosin binding and allowing contraction. The interaction between actin
and myosin requires energy from ATP and the head of the myosin protein is an ATPase able to

hydrolyse ATP to ADP + P, providing the energy for the interaction between the two filaments.
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Figure 1.3-4 Structure of muscle from tissue to individual myofribril strand. Each muscle is attached to a
bone of the skeleton at either end and is used to coordinate animal movement. The muscle itself is made of
bundles of fibres which are effectively muscle cells, formed when multiple muscle cell walls break down to
form larger massive cells with multiple nuclei. Each muscle cell, or myofibre, contains further smaller fibres
known as myofibrils and within this structure the characteristic protein ultrastructure of the contractile
apparatus is seen. Taken from Randall et al. (2002).
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1.3.3 Muscle Function and Fibre type

There is great variation in the roles skeletal muscles are required to perform, ranging from
maintaining posture to powering short, powerful sprints (Bottellini & Reggiani, 2000) and in order to
perform these roles skeletal muscle can be highly heterogeneous in terms of mechanical and
metabolic properties (Buckingham, 1992; Schiaffino & Reggiani, 1996). There are two major
components to muscle protein, the myofibrillar protein fraction involved in muscle contraction and
movement, and the sarcoplasmic proteins which include enzymes and myoglobin (Peterson et al.,
1991). After skeletal muscle cells differentiate and fuse into adult myotubes, they can begin to
express different isoforms of muscle specific genes allowing muscle cells to be able to specialise
further into fibres with varying degrees of physical properties, such as differing contraction time,
maximal power, shortening velocity and resistance to fatigue (Bottellini & Reggiani, 2000), and
metabolic properties; with differing levels of glycogen and lipid in the cells, fibre diameter, colour
and their oxidative and glycolytic capacities (Chang, 2007). The speed with which the actin and
myosin crossbridges interact differs as a result of different myosin heavy chain isoforms. The muscle
fibres can react differently to neural stimuli resulting in slow gradual contraction lasting minutes or
with a quick contraction which is over in milliseconds (Randall et al., 2002). The number of calcium-
ATPase enzyme pumps present on the membranes of the SR can affect the speed with which a
muscle recovers from a contraction (Rodman & Baker, 1978) and the mitochondrial population

density affects the energy supply required for aerobic respiration.

Muscle contraction requires energy in the form of ATP and, in order to generate ATP, muscle is able
to metabolize fuels such as glucose, fatty acids and ketone bodies (Voet et al., 2008). Choice of fuel
consumption and energy production varies depending on the duration of work being done. For
extremely short, rapid contraction muscle produces ATP from the reaction between
phosphocreatine and ADP, producing creatine and ATP, a reaction which can generate enough ATP
to fuel around 10 seconds of muscle “work”. Following exhaustion of phosphocreatine supplies,
muscle can utilise glycogen stores in the process of glycolysis, which involves the anaerobic
respiration of glycogen, resulting in the production of lactate. Human muscle can use glycolysis as an
energy store for around 2 minutes of exercise before build up of the by-product lactate begins to
lower pH of muscle and causes muscle fatigue. For longer, sustained muscle use, oxidative
phosphorylation of fatty acids must be used, a process which produces ATP most efficiently although
more slowly. Training of athletes can alter the metabolic profiles of muscles so that sprinters rely on
glycolysis as their major fuel supply whereas long distance runners rely on oxidative metabolism

(Voet et al., 2008). Overali, these differences in muscle metabolism allow muscle fibres to be
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classified depending on two factors, whether they utilize predominantly glycolysis or oxidative
phosphorylation as their energy source, and secondly, the speed of contraction, i.e. slow or fast
twitch (Reggiani & Mascarello, 2004). These two factors are the predominant properties used to

define the three major classes of muscle fibre type.

Peter et al. (1972) suggested fibres be classified under three terms based on their twitch speed and
their metabolism; 1) slow oxidative (SO), 2) fast twitch glycolytic (FG) and 3) fast twitch oxidative
glycolytic (FOG) which are intermediate fibres using a combination of both oxidative and metabolic
metabolism. Generally, slow oxidative (SO) fibres have small fibre diameter, low force per cross-
sectional area, slow rate of contraction and low myosin ATPase activity. SO fibres have high
resistance to fatigue with a large population of mitochondria, along with little capacity for energy
generation anaerobically by glycolysis. In contrast, fast glycolytic (FG) fibres have a large diameter
and force per cross-sectional area and have high myosin ATPase activity. FG fibres fatigue quickly
and have few mitochondria for oxidative respiration due to their high capacity for anaerobic
glycolysis. Fast oxidative glycolytic (FOG) fibres have properties between SO and FG, where FOG are
intermediate in size, myosin ATPase activity, resistance to fatigue and enzymes in glycolytic energy
production. Similar to FG fibres, FOG fibres have a large force per cross-sectional area and a fast rate
of contraction, but are similar to SO fibres in that they have a large capacity for oxidative
metabolism due to their large mitochondrial population, summarised in table 1.3-2 (adapted from

Randall et al., 2002).

Table 1.3-2. Physiological properties in each muscle fibre type, adapted from Randall et al. (2002).

Slow Oxidative (SO) Fast Oxidative Glycolytic (FOG) Fast Glycolytic (FG)

Muscle Characteristic Type | Type lla Type lix
Fibre diammeter Small 4 Large
Force per cross-sectional area Small High Large
Rate of contraction (Vmax) Slow Fast Fast
Myosin ATPase activity Low 4 High
Fatigue resistance High < Low
Mitochondria/ capacity for oxidative metabolism High High Low
Enzymes for anaerobic glycolysis Low > High

Key: € = intermediate

A study in rats (Armstrong & Phelps, 1984) found that within the hind-limb muscle mass of rats the
collection of fibres was predominantly fast glycolytic (76%) with less fast twitch oxidative (19%) and
very few slow oxidative fibres (5%). In comparison, a study in the muscle population of sheep (Suzuki
& Tamate, 1988) found that type |, SO, fibres were much more abundant in sheep muscles, where
SO fibres accounted for between 50 and 75% in some leg muscles, an observation they linked to the

species requirement to stand for long periods of time during grazing.
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1.3.4 MHC Genes

There are several MHC protein isoforms expressed in mammals as a result of multiple MHC genes in
the genome and their expression is tissue related, such as the cardiac isoforms in the heart, encoded
by gene MYH6, and the extraocular in the eye, encoded by gene MYH13. Of these multiple gene
variants, six isoforms are predominant in skeletal muscle, as summarised in table 1.3-3 (Maccatrozzo
et al., 2004). All the MHC genes are highly homologous and there is little variation between their
nucleotide sequences in the highly conserved regions of the protein structure, but in the globular
head region where the ATP binding region is associated there are differences, culminating in varying
speeds with which the proteins catalyze ATP to produce energy for actin binding and contraction
(Schiaffino & Reggiani, 1996, Pette & Staron, 2000). During mammalian embryonic development, the
primary MHC genes to be expressed in skeletal muscle are the embryonic, neonatal and the I/B slow
isoforms until birth, after which the expression of the embryonic and neonatal isoforms decreases
and they are replaced by the adult fast isoforms IIA, 11X and 1IB which are expressed through
adulthood, along with the I/ B slow isoform (Chang, 2007). In small mammals such as dogs and
rodents(Schiaffino & Reggiani, 1996) there are four major adult MHC isoforms present in varying
abundances in skeletal muscle, whereas in larger species such as cattle and horses there are only
three adult isoforms present, I/ B slow isoforms, IIA and 11X (Chikuni et al., 2004; Maccatrozzo et al.,
2004). The organization of the MHC within the chromosome is not related to the spatial expression
pattern and the 6 skeletal muscle MHC genes are split between two chromosomes in several species
including human and mice (Weiss et al., 1999). In humans the distribution of the isoforms is the

same aside from locations in chromosomes 17 and 14, demonstrated in figure 1.3-6.

Table 1.3-3. Myosin protein isoforms, gene name and associated tissue types.

MHC Isoform Gene Name Tissue

MHC la / Cardiac MYH6 Heart

MHC Extraocular MYH13 Eye

MHCI B/Slow MYH7 Heart/ Skeletal Muscle
MHC lla MYH2 Skeletal Muscle

MHC lix MYH1 Skeletal Muscle

MHC b MYH4 Skeletal Muscle

MHC Embryonic MYH3 Developing Skeletal Muscle
MHC Neonatal MYHS8 Developing Skeletal Muscle
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Chromosome 17

protein hame 5 EMB lla l1x IIb NEO EO 3
Gene name MYH3 MYH2 MYH1 MYH4 MYH8 MYH13
Chromosome 14

protein name 5' I/B Slow a/ cardiac 3
Gene name MYH7 MYH6

Figure 1.3-6 Schematic representation of position of MHC encoding genes on human chromosome. Location
of skeletal MHC genes is conserved between some mammalian species with the I/B slow isoform localized
with the a-cardiac isoform, in this example of human organization these two genes are situated on
chromosome 14, The two developmental MHC are located either side of the adult fast isoforms located in
chromosome 17 in human with the extraocular isoform. Common name for each MHC protein encoded is
above, gene name is annotated below. Adapted from Maccatrozzo et al. (2007).

The variation in each isoform’s activity in the ATPase reaction leads to variation in the protein’s
contraction speed and hence types of isoforms expressed in skeletal muscle sarcomeres determines
their contraction speeds and thereby force. This leads to the classification of muscles in terms of
their contractile speed; fast or slow. The slow isoform is MHC |, also known as MHC B or slow, and is
associated with a slower muscle contraction in comparison to its faster relatives; MHC IIA, 11X and
IIB. Chang (2007) further defined muscle fibre types in light of the recent discovery of MHC gene
properties as follows; 1) slow oxidative express slow MHC isoforms, are red in colour due to high
levels of myoglobin and large numbers of mitochondria which support oxidative respiration, have
the highest lipid contents and have the most dense capillary networks; 2) fast glycolytic fibres
predominantly express the fast MHC 11B isoforms, have the largest diameter of the fibre types, have
least myoglobin and mitochondria content, contain a large store of glycogen to fuel their
predominant metabolism and have low levels of lipid, 3) intermediate fast fibres have a fast twitch
but use a combination of oxidative and glycolytic metabolism and express the MHC lIA and 1IX

isoforms.

This variation of fibre type between species and the distribution of these fibre types within an
animal is related to the requirement of muscles to perform a variety of roles. Slow moving animals
require more slow oxidative fibres whereas fast moving such as rodents tend to have more fast
glycolytic. This is reflected in the MHC gene expression profile of animal species whereby large
animals such as cattle and horses MHC 1IB are almost exclusively absent, despite being abundant in
smaller species such as pigs, dogs and rodents (Chang, 2007). Similarly fibre types vary between
muscles as those involved in posture tend to contain predominantly SO fibres where as those
muscles involved in movement can contain a variety of fibre types (Suzuki & Tamate, 1988; Ariano et

al., 1973). Distribution of fibres is also varied within a muscle with studies into a number of species
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finding agreement that SO fibres tend to aggregate in the deepest regions of the muscle and the
faster twitch fibres found towards the outer regions of the muscles (Armstrong et al.,, 1982;
Armstrong et al., 1984; Suzuki & Tamate, 1988, Klont et al., 1998). The arrangement of the slow
fibres within the depths of the muscle surrounded by faster fibres is a result of the development of
the fibres pre-natally. The first fibres to form in the embryo, known as primary fibres, are slow and

the fast fibres form around them, known as secondary fibres, at the same time as the neural tissue is

forming (Buckingham et al., 2003).

1.3.5 Muscle growth and fibre type

The development of the differential fibre types begins with the onset of innveration during foetal
development (Buckingham, 2001) and the control of muscle fibre type beyond birth can be
manipulated by a number of methods and is of interest to the meat industry as it is known to affect
meat quality (Klont et al., 1998). It has been known for some time that muscle contraction
properties can be altered by altered electrical stimulation applied directly to the muscles, causing
fast to slow fibre type transitions supported by related expression changes in MHC genes (Pette,
1998; Jaschinski et al., 1998). In addition studies have investigated the fibre type changes during
animals growth and reported that from birth to mature liveweight, fibre type of muscle progresses
from fast to slow, observed in pigs (Handel & Stickland, 1987), sheep (de Macado et al., 2000) and
cattle (Wegner et al., 2000) and have attributed these changes to the rate of growth of the animals
whereby increased growth rate leads to increase in slow/fatigue resistant fibres probably due to an
increased load effected by increased liveweight (Handel & Stickland, 1987). Importantly, these
studies reported that these changes in properties of muscle fibre types were not due to growth of
new muscle cells but due to changes within existing fibres. The number of muscle cells present in the
adult tissue is defined during the early stages of muscle development (myogenesis) and post-natal
muscle growth involves an increase in the size of those muscle cells (hypertrophy), not an increase in

number (hyperplasia) (Rehfeldt et al., 2004).

An example of agents that have been investigated for their effects in promoting muscle growth in
the meat industry are B-adrenergic agonists (BAA). BAAs are potent promoters of lean muscle
growth and studies have reported their effects in cattle (Beerman D.H., 2002; Yang & Mctlligot,
1989; Vestergard et al., 1994) and sheep (Koohmariae & Geesink, 1991). The results of these studies
indicated that the majority of muscle hypertrophy as a result of BAA treatment was specific to fast
glycolytic fibres, in the case of Verstergard et al’s study the ratio of FG fibres in the LD of BAA
treated animals was 71.1% compared to 51.7% in controls. The BAA studies show that the fibre type

changes seen with BAA treatment are specific to fast glycolytic fibres, and the overall action in
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muscle is to increase glycolytic potential and reduce oxidative capacity, in addition to increased
protein synthesis and reduced protein breakdown. While the phenomenon of muscle hypertrophy
observed with BAA treatment is of great interest to the meat industry in terms of increased
production, it provides a clear link between changes in fibre type of muscle and the resulting meat
quality, as there are reported adverse affects of BAA treatment on the tenderisation process post
mortem (Koohmaraie & Geesink, 1991) and thus the gains of muscle growth are offset with losses in
product quality. Although the mechanism of fibre type specific hypertrophy observed with BAA
treatment is of interest to the studies reported in this thesis, the primary aim of this investigation is
to improve meat quality in terms of tenderness. Thus the following literature review aims to outline

some of the mechanisms responsible for fibre type switching and the relevance of muscle fibre type

to meat quality.

1.3.5.1 Muscle fibre Type Transitions

It has been known for some time that muscle contraction properties can be altered by altered
electrical stimulation, causing fast to slow fibre type transitions supported by related expression
changes in MHC genes (Jaschinski et al, 1998). In their experiments, Jaschinski et al. (1998)
demonstrated that over a long period of chronic electrical stimulation, a fibre transition could be
seen in muscles from rat expressing predominantly MHC HIB to switch to predominantly expressing
MHC 1IX. This was in agreement with another experiment where fibres from rabbit hind limbs
switched MHC gene expression from predominantly MHC IIX, to MHC lIA and eventually to MHC I/B
(Leeuw & Pette, 1993). These experiments demonstrate muscle’s ability to change gene expression

and to alter its phenotype in order to meet the demands more efficiently.

These transitions in MHC genes follow a sequential order, where MHC proteins of the fibre are
converted from one form to another, in the sequence set out below (Jaschinski et al., 1998, Pette &
Staron, 2000), where the change in isoform expression is sequential. For example MHC IIA
expression must lead to MHC 1IX before the final transition to MHC 1B, with hybrid fibres in

between.
MHC I (B) & MHC IIA & MHC 11X & MHC IIB

The transformation from one fibre type to another allows muscle to adapt to altered requirements
and demonstrates plasticity in muscle fibre populations of muscle. The mechanisms for these
transitions are complex and are regulated in a variety of ways including neuromuscular acitivity,
hormones and aging (Pette & Staron, 2000). In particular relevance to this study, it has been shown

that thyroid hormone has been demonstrated to change MHC gene expression, whereby low levels
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of thyroid hormones (hypothyroidism) results in muscle fibre type changes in a fast to slow
transition (Nwoye & Mommaerts, 1981), and in contrast, high levels of thyroid hormones
(hyperthyroidism) the transition is slow to fast (Li et al., 1996). Aging has been related to a loss of
type Il fibres and a subsequent study verified that there is a transition from MHC IIX to MHC | at both
mRNA and protein levels of expression levels in both men and women during aging (Short et al.,
2005). The signalling mechanisms that regulate fibre type transitions are complex and require a
change in gene expression of a large variety of proteins, ranging from enzymes involved in energy
metabolism to the MHC proteins required for contraction. Although still not fully elucidated, a

number of mechanisms for fibre type changes are considered below.

1.3.5.2 Mechanisms controlling Fibre type transitions

1.3.5.3 Calcineurin and NFAT

Calcineurin, a calcium-calmodulin-regulated protein phosphatase was demonstrated to up-regulate
the expression of MHC I slow in C2C12 muscle cells and promote muscle cell differentiation (Delling
et al.,, 2000). Calcineurin is an excellent candidate to be mediator of fibre type switching as it is
responsive to fluctuating levels of calcium and therefore its activity is a reflection of the contractile
activity of the muscle (Alzuherri & Chang, 2003). Calcineurin is known to be up-regulated by
increased intracellular calcium levels, as seen in prolonged nerve contraction, and the enzyme
functions in removing phosphate groups from the nuclear factor of activated T cells (NFAT) family of
transcription factors, thus activating them to translocate to the nucleus, shown in figure 1.3-7. Once
in the nucleus the activated NFAT protein can bind DNA and affect gene transcription. It has been
previously shown that this mechanism is involved in the slow fibre regulation, but that the NFAT
transcription factors require other muscle specific transcription factors such as the MEF2 family, and
together these proteins are able to promote slow fibre formation (Chin et al., 1998). In their study
Delling et al. (2000) could demonstrate a role for one of the NFAT protein family members, NFATc3,
in promoting cell differentiation but not in slow fibre type conversion, however they did not
investigate the role of other members of the NFAT family and postulated NFATc1 and NFATc2 could
be involved. A further study by da Costa et al. (2007) demonstrated that calcineurin signalling via
NFAT was able to upregulate the oxidative fibre phenotype in C2C12 cultures by upregulating the
expression of the fast but oxidative MHC IIA and downregulating MHCs 1IX and 1B.
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The explanation for the modulation of slow fibre phenotype by calcium fluctuations is further
supported by the actions of the other calcium regulated signalling molecules within muscle cells, the
Ca2+/calmodulin-dependant kinases, known as calmodulin kinases, and protein kinase C (PKC) .
Calmodulin-kinases are a family of phosphorylating enzymes which are activated by increased levels
of free calcium in the cell as seen in frequent contraction of muscle. Calmodulin kinases are known
to up-regulate genes involved in oxidative metabolism such as mitochondrial enzymes involved in
fatty acid metabolism and electron transport, as well as the transcription factors NFAT and PGC-1q,
which are important regulators of slow muscle fibre phenotypes (Chin, 2005). Meissner et al., (2007)
investigated the relationship of calcium and the MAPK signalling pathways in C2C12 muscle cells and
found the p38/MAPK was associated with MHC IIX expression via recruitment of the transcription
co-activator CREB-binding protein and MEF2 proteins C and D. Finally, Akt is a member of the
serine/threonine protein kinases and is activated via the phosphatidylinositol-3 kinase (PI3K)
pathway, and in an experiment causing over-expression of Akt, type IIB fibres were formed and

glycolytic metabolism was increased (lzumiya et al., 2008).
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1.3.5.5 Peroxisome Proliferator-Activated Receptors (PPARs)

In addition to the role of calcineurin in upregulating the transcription of the MHC I/ slow gene, a
study by Lin et al. (2002) demonstrated that calcineurin activates the transcription factor
peroxisome proliferator-activated receptor gamma (PPARy) co-activator 1-a (PGC-1a). Upregulated
PGC-1a was shown to act with the other transcription factors of the MEF2 family and caused fibre
type changes from the fast to slow isoforms and increased expression of mitochondrial metabolism.
Schuler et al. (2006) demonstrated that PGC-la expression was under the control of another
member of the PPAR family, PPARB, which is implicated in activating PGC-1a expression via a PPAR
response gene in the promoter region of the PGC-1a gene. Together these two transcription factors
were shown to promote slow fibre formation (Schuler et al., 2006). In addition to PGC-1a, other
members of the peroxisome proliferator-activator receptors (PPARs) family are related to muscle
fibre type with PPARS overexpression leading an increased proportion of type | fibres in mice (Wang
et al., 2004), PPARa overexpression in mice causing changes in muscle oxidative metabolism (Finck
et al., 2005) and mice overexpressing PGC-1a have an increase in the proportion of type | and IIA
fibres (Lin et al., 2002). In contrast to the PGC-1a promotion of slow oxidative phenotype, Arany et
al. (2007) demonstrated that the related protein PGC-1p was involved in transcriptional upregulation
of the MHC IIX gene, via co-activation with PPARa, and so induced intermediate fast twitch fibres

with oxidative metabolism.

1.3.6 Muscle fibre type control: Summary

Muscle is a heterogenous tissue which is capable of performing a large range of functions. The ability
of muscle to perform these functions stems from the presence of different fibre types as a result of
the differential expression of specific isoforms of muscle genes. Mechanisms to improve meat yield
by increasing muscle growth have been investigated and in particular B-adrenergic agonists (BAAs)
are potent in increasing muscle growth, but adversely affect the quality of the meat produced. There
is now increasing understanding of the mechanisms involved in the manipulation of fibre type and
the possibility of a growth promoting agent which could increase muscle mass via hypertrophy of the

oxidative fibre types known to be associated with tender meat could be of significant advantage to

the meat industry.

Sorenson et al. (1979) performed an investigation into vitamin D supplementation and its effects in
fibre type changes. In their study a vitamin D analogue, 1a-hydroxycholecalciferol or alfacalcidiol,
plus calcium was administered to elderly female patients with low bone density and found oxidative

capacity of the muscle as measured by succinate dehydrogenase activity, was low before the
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supplementation regime and was subsequently increased with treatment. In addition they observed
an increase in the number of fast oxidative fibres and a decrease in fast glycolytic fibres, providing
valuable evidence not just for vitamin D and calcium supplementation in improving oxidative
capacity (resistance to fatigue) as well as inducing fibre type transitions. A final study into vitamin D
supplementation in muscle fibre type was performed by Sato et al. (2005) who gave elderly women
ergocalciferol at 1000 1U/day for 2 years and found falling risk decreased by 59%, muscle strength
increased and the number and size of type Il fibres increased. In addition to vitamin D’s effects on
aged muscle, it has been shown that the hormone could play a role in normal muscle growth and
development. In a study using knockout VDR (VDR -/-} mice Endo et . (2003) found mice born with
the VDR -/- genotype exhibited abnormal muscle development, with elevated levels of the myogenic
regulatory factors (MRFs) Myf5 and myogenin, along with the MRF-coactivator E2A. In addition
these mice expressed higher levels of embryonic and neonatal isoforms of the myosin heavy chain
genes. The muscle fibres of the VDR -/- mice were 20% smaller than in VDR +/+ control mice. The
same study followed up these observations using the mouse derived C2C12 skeletal muscle cell-line
and found the expression of Myf5, myogenin and neonatal MHC were down-regulated in response
to activated vitamin D treatment and provides evidence for the importance of vitamin D in

regulating the process of muscle tissue development.

These studies provide evidence for vitamin D to exert direct effects on muscle tissue and fibre type,
but have not investigated the molecular mechanisms through which vitamin D could potentially
signal, and thus the objective of the work performed in this thesis aims to determine the potential
pathways through which vitamin D might regulate MHC gene expression and muscle fibre type,
which is of economic relevance to the meat industry through possible improvements in meat quality.
The final section of this literature review aims to define meat quality, outline what factors affect
meat quality, with particular reference to the calpain system, and the subsequent hypothesis for

vitamin D’s role in modulating meat quality.

1.4 Meat Quality

There are three major contributors to the development of the quality of meat in terms of tenderness
1) the degree of background toughness, 2) the toughening phase prior to rigor and 3) the
tenderization phase. Background toughness is a result of the extent of connective tissue, primarily
collagen, and affects the ease with which unconditioned muscle can be cut (Koohmaraie & Geesink,
2006). Connective tissue increases with the age of animals and thus in the production of premium

steak meat it is standard to slaughter animals after their first growth phase before background
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toughness is significant; culling of elderly animals leads to meat with tougher tendencies. Of the
remaining contributors to meat quality, the toughening phase is constant in all carcasses which are
processed the same, however, it is the tenderization phase that is most variable (Koohmaraie &
Geesink, 2006) and is of interest to meat scientists to manipulate in order to produce meat of
guaranteed high quality. The major factor in the development of tenderization is the activity of
proteolytic enzymes post mortem (Koohmaraie & Geesink, 2006) and the manipulation of these
enzymes has been the focus of many studies in order to understand how production methods can
optimise meat tenderness. In particular these enzymes are activated by intracellular calcium levels,
the levels of which are expected to be regulated by vitamin D. It is likely that increases in calcium

status of meat animals, as regulated by vitamin D, could affect the tenderisation process post-

mortem through activation of the calpains.

1.5 Conversion of Muscle to Meat

In order to produce meat of high quality, it is important to understand the reactions that take place
in muscle post mortem and how they contribute to the development of tender meat that is of
acceptable quality to the consumer. The conversion of muscle to meat can be defined by three

phases; the pre-rigor phase, rigor mortis and post rigor tenderization (Sentrandeu et al., 2002).

1.5.1 The Pre-rigor Phase

At death, blood circulation ceases and oxygen and nutrient supply to tissues is cut off causing the
metabolic conditions in the muscle to change and the tissue begins to undergo a series of events
that ultimately create the end product of meat. The pre-rigor phase in lamb muscle lasts around 12
hours and in this phase the muscle is still excitable and is still metabolizing available energy sources
of ATP (Adenosine triphosphate), PC (phosphocreatine) and glycogen (Sentrendau et al; 2002).
When the muscle is supplied with oxygen and nutrients i.e. during “life”, these energy sources are
primarily used to control the extent of muscle contraction and homeostatic conditions of the cells,
predominatly keeping free calcium inside the sarcoplasma at low concentrations. There are two
mechanisms to maintain the low free calcium ion concentration of the sarcoplasma. The first
mechanism is that which sequesters free calcium ions within the muscle cell into the sacroplasmic
reticulum (SR) via calcium ATPase, and requires energy in the form of ATP to perform calcium ion
movement across the membrane. The second mechanism is to constantly remove calcium from the
internal environment into the extracellular fluid, again a function performed by an ATP-dependant
calcium pump on the cell membrane. As both these calcium pumps require ATP, it is the eventual

decrease in this energy source in the muscle post mortem that allows the rise in calcium levels inside
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the muscle cell and leads to the sustained uncontrolled muscle contraction that defines the second

phase of muscle to meat conversion; the rigor phase (Jaecocke, 1993).

1.5.2 The Rigor phase

During rigor the free calcium levels in the sarcoplasma rise, thereby removing troponin inhibition of
the actin binding sites and initiating muscle contraction, this phase begins in lamb meat around 12
hours post mortem. In normal muscle contraction, the release of calcium from the sarcolemma
results in a change in the calcium concentration from the region on 10”'M to 10°M, and this calcium
is subsequently sequestered back into the sarcoplasmic reticulum to allow relaxation, but post
mortem the energy supplies become exhausted and the contraction is maintained. Jeacocke (1993)
found calcium levels at onset of rigor to be in the region of 10*M, allowing the much stronger and
sustained contraction causing the characteristic increase in toughness of meat at this stage, shown

in the shear force measurements demonstrated in figure 1.5-1.
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A defining characteristic change of muscle tissue during the conversion of muscle to meat is that of
the shear force of the meat. Shear force is the measurement of the degree of resistance with which
meat shows to being cut when the fibres are sheared transversely along their length. Changes in
shear force during the conversion of muscle to meat is shown in figure 1.5-1 (Wheeler &
Koohmaraie, 1994), with the peak of rigor beginning at around 6 hours post mortem and lasting

around 12 hours. Following the rigor phase the meat undergoes a slower, gradual decrease in

toughness.
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1.5.3 The Tenderisation phase

In lamb, the tenderization phase begins at around 24 hours post mortem and is a result of initiation
of proteolysis (Wheeler & Koohmaraie, 1994). The meat slowly becomes more tender, taking around
a week to reach ultimate tenderness, but the rate and extent of tenderness development is highly
variable. It is this phase of meat production, known as conditioning or aging that is of concern in the
present study. Improving the time taken to reach acceptable meat tenderness would help reduce

the length of cold storage and reduce costs of meat, in addition to being able to guarantee a tender

meat product.

The further development of tenderness during the aging period is catalyzed by the activity of
proteolytic enzymes in the muscle which break down the muscle ultra-structure. The importance of
the role of proteases in the tenderization process was demonstrated by Wheeler and Koohmaraie
(1994) showing that between 24 and 72 hours post mortem the shear force of lamb muscle halved,
but the length of the sarcomere (the extent of muscle contraction) was not significantly changed.
This information leads to the conclusion that post-rigor, the development of tenderness is catalyzed
by proteolytic enzymes and not by further changes in muscle contraction state, which just increases
the “density” of the structure of the sarcomere causing the increased resistance to cutting i.e.

toughness.

1.54 Properties of Meat changed during the conversion

There a number of properties of the meat which change during the conversion process and these are

key identifiers of aspects which affect the quality of the meat.

1.5.4.1 Muscle pH

Tissues can continue to respire aerobically until available oxygen is used up following which they
respire anaerobically, regenerating adenosine tri-phosphate (ATP) initially from phospho-creatine
and then for a more prolonged period from glycolysis. When muscle glycogen is metabolised via
glycolysis the products are pyruvate and ATP, although the amount of ATP produced is much less
than is seen with aerobic respiration. In a final effort to produce energy anaerobically, pyruvate is
metabolised into lactate, a by-product which is normally removed by the blood circulation. However,
in post mortem muscle lactic acid accumulates and causes a decrease from neutral pH 7.5 down to
pH 5.4-5.7 (Maltin et al. 2003), known as ultimate pH (pH,). The amount of glycogen available prior
to slaughter is a large factor in the normal development of post mortem pH. In animals with

depleted glycogen stores the pH of the carcass does not decrease causing the meat to become dark
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firm dry (DFD). Thus it is of high importance in the meat industry that animals are not stressed prior
to slaughter and transport of animals to the abattoir, and conditions therein, must cause minimal

upset to meat animals (Peterson et al., 1997).

1.5.4.2 Temperature

As the muscle ceases to metabolize energy sources and the carcass is dressed, the muscle
temperature begins to drop to that of the environment. The rate of temperature loss is affected by
the fat content of the muscle (bwing to fat’s insulating properties), the size of the carcass and the
reduction in metabolic activity of the tissues. The rate of temperature change is another contributing
factor to the final tenderness of meat as rapid cooling prior to rigor can lead to cold- shortening of

the meat and cause toughness, as a result of irreversible muscle contraction.

1.6 Proteolysis and Tenderisation

There are numerous enzymes present in muscle which can potentially contribute to the
development of tenderization, these are the cathepsins (lysosomal peptidases), the proteasome
(ubiquitin-marked proteolysis), caspases (apoptotic proteases), matrix metallopeptidases (MMP),
muscle serine peptidases, and the calpain system (Ca’*-dependant, cysteine proteases) (Sentrandeu
et al, 2002). The major enzyme system reported to have effects on meat tenderness are the calcium-
activated protease enzymes the calpains, and in particular the micro calpain (calpain 1) isoform
(Koohmariae & Geesink, 2006). It was the members of the calpain system which were investigated in
this study. Although other protease enzymes have been attributed to playing some role in post-
mortem proteolysis, the consensus is that the calpains play the major role. There is little activity of
the ubiquitin-proteasome system in contributing to meat quality development, as the system is ATP-
dependant and such energy stores are already depleted in the early stages post mortem. However
there is some contribution towards degrading proteins such as troponin-C in the thin filament and
myosin light chains -2 and -3 of the thick filament (Koohmaraie, 1992). In addition the lysosomal
enzymes also do not appear to be highly active (Maltin et al., 2003), although the cathepsins are
capable of degrading a-actinin, actin and myosin (Okitani et al., 1980) which are not substrates of

the calpain system, but this proteolysis does not occur until late post mortem at 7 to 10 days

(Matsukara et al., 1981).
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1.6.1 The Calpain System

The calpains are endogenous cysteine protease enzymes, with optimum activity in neutral pH (pH
7.2-8.2). There are two calpain isoforms responsible for proteolysis post mortem calpain |, or p-
calpain, and calpain 1l, m-calpain. Both enzymes have multiple calmodulin like EF-hand calcium
motifs within their structure. The levels of calcium required to activate them has given rise to their
suffixes; p-calpain requiring calcium levels (Ca®) in the region of 3-50 uM and m-calpain requiring
higher levels around 400-800 uM for half maximal activation (Goll et al, 2003). The enzymes exist as
heterodimers, composed of two subunits; the larger subunit is around 80 to 75kda in size and the
smaller around 30kDa. The 80kDa subunit structure can be divided into four major structural
domains, domains |, Il, it and 1V, shown in figure 1.6-1. Domain | containing the N-terminal region is
automatically removed in a process of autolysis upon activation of the enzyme. Domain Il of the
80kDa subunit contains the active site, characteristic of other cysteine proteases, including the
cathepsins, and domain Il may be involved in binding phospholipids at the cell membrane and in
contributing to folding of the protein. Domain IV contains four Ca® binding regions and is
responsible for the activation of the enzyme, although there are an additional two other potential
Ca** binding sequences in domain Ill. The 30kDa subunit has five Ca** binding regions in domain Vi,
similar to domain IV of the 80kDa subunit. The calpain enzyme subunits are encoded by distinct
genes, with calpain | or p-calpain and calpain Il or m-calpain large subunit being encoded by the
CAPN1 and CAPN2 genes respectively, however the smaller 30kDa subunit is encoded by a third

gene, CAPN4 and this subunit is common to both calpain | and Il.

The calpains are situated intracellularly, usually associated with organelles such as the myofibrils in
skeletal muscle and the cytoskeleton in non-muscle cells. Upon activation by the binding of Ca” ions
to the calmodulin-like domain IV, the enzyme translocates from the cytosol of the cell to the
membranes. At the membrane the enzyme performs a further self-activation step whereby it
removes the N-terminal region in domain | which results in the production of the active 75kDa form
of the enzyme. This step is significant to the activity of the enzyme as the autolysed form requires a
lower concentration of Ca2* ions for activation, shown in table 1.6-1 (Melloni et al., 1996). Following

this autolysis step, the enzyme is then released back into the cytosol of the cell where it can degrade

its substrates.
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The activity of the calpain enzymes are regulated not only by the free calcium concentration in the
muscle but by the presence of their endogenous inhibitor calpastatin, the structure of which is
shown in figure 1.6-1. Calpastatin is a polymorphic protein and multiple isoforms exist as a result of
different promoters in the gene and splicing events (Goll et al., 2003), which gives rise to proteins
ranging from 50 to 172kDa (Sentrandeu et al., 2002), despite being encoded by a single gene, CAST.
In each protein there are four domains responsible for calpain inhibition (domains | to IV) and the L-
domain which is the N-terminal of the protein and is variable in size. The binding of calpain to
calpastatin is calcium-dependant, although in a unique phenomenon the Ca** requirement for the
binding of the inhibitor is less than that required for the enzyme to be activated (Wendt et al., 2004),

shown in table 1.6-1 and discussed further below.

Table 1.6-1. Physical prop

iroperties ot e pain enz es (adapt

calpains reduces the concentration of ca = a
calcium concentration required for bi of calpasta

Property of Calpain protease u-Calpain Autolysed p-calpain m-Calpain Autolysed m-calpain
Molecular mass 110 99 108 98

Large subunit 81 78 80 78

Small subunit 28 20 28 20

pH optimum 75 76 76 7-4

Ca’* concentration for half-maximal activity (um) 1-50 0-5-2-0 200-1000 30-150

Ca’ concentration for binding calpastatin (um) 42 0-042 400 24
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1.6.2 Regulation of calpain activity by calpastatin

In their review in 2003, Goll et gl reinforced the significance of the regulation of the calpain enzyme
activity with their estimation that there are enough calpain enzymes present within in a muscle cell
to completely degrade all the z-discs within 5 minutes. Calpastatin acts as a reversible inhibitor of
calpain activity and every calpastatin protein has four calpain binding regions, each capable of
binding a calpain molecule. Within the four inhibitory domains of the calpastatin molecule there are
three subdomains A, B and C; of which sub-domain A binds domain IV of the calpain 80kDa subunit

and sub-domain C binds domain VI of the calpain 30kDa subunit (Wendt et al, 2004), however, sub-

domain B is vital to inhibitory activity.

The binding of the calpains to calpastatin is calcium dependent and is reversible so that released
calpain enzymes can continue to be proteolytically active (Imajoh & Suzuki, 1985), however the
mechanisms of calpastatin and calpain binding were not clear until recently. Otsuka & Goll (1987)
reported in their study that the calcium levels required for calpastatin to bind m-calpain was lower
than that required for m-calpain to be catalytically active, when a calcium concentration of 0.53M
was sufficient for half-maximum binding to calpastatin in comparison to a calcium concentration of
0.93M required for half-maximum activity of m-calpain in the absence of an calpastatin. This
phenomenon was further investigated using both m- and H-calpain and again found the same result
(Kapprell & Goll, 1989). From these studies it was concluded that it was impossible for calpain
enzymes to exist without being bound to calpastatin, until a study by Melloni et al. (2006) has shed
more light on this phenomenon. In their study Melloni et al. (2006) report that phosphorylation of
calpastatin by protein kinase C reduces the association between the inhibitor and enzymes. Protein
kinase C is activated in response to calcium influxes within cells (Voet et al., 2008) and therefore it

seems likely that this is an additional step in calcium related control of calpain activity.

1.6.3 Function of the Calpains

The function of the calpains in living cells is not entirely defined and there has been some research
into the calpain enzymes functions via knock-out models. A study performed by Azam et al. (2001)
created mice null for the p-calpain isoform and observed animals which survived but demonstrated
altered blood platelet function. In another study Arthur et al. (2000) demonstrated an essential role
of calpains in foetal survival in their study using knock-out mice lacking the gene for the small 30kDa
subunit, where animals not expressing the small sub-unit did not survive beyond mid-gestation.

These studies show the calpains are important in a large variety of functions and both Azam et al.
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(2001) and Arthur et al. (2000) suggested the essential roles of cell division and migration, cell

proliferation, apoptosis and cytoskeletal organization.

1.6.4 The calpain system and meat quality

The calpain enzymes are the major contributors to the development of tender meat; in particular it
is p-calpain that is largely responsible for the tenderization of muscle (Koohmaraie & Geesink, 2006).
Wheeler & Koohmariae (1994) reported that as a result of the increased calcium levels during the
rigor phase there is already detectable activity of the p-calpain enzyme at 18 hours post mortem in
lamb muscle. Lametch et al. (2004) reported that in in vitro post mortem conditions of pH = 5.5 and
4°C, p-calpain retained 24-28% of its activity when compared to that in normal physiological
conditions of pH=7.5 and 25°C. Further to support their major role in meat tenderisation, the
calpains have been shown to be capable of degrading a large number of proteins in vitro and a study
by Lametch et al. (2004) reported proteolytic digestion of a number of important structural proteins
of the sarcomere including desmin, myosin light chain |, troponin T, tropomyosin al, tropomyosin a4
and CapZ as well as myosin and actin of the sliding filaments, although not all of these are degraded

during postmortem proteolysis (Koohmaraie & Geesink, 2006).

The discovery of the calpains and their activities in myofibrillar turnover was made in the 1970’s
(Dayton et al., 1976) but investigations into their role in postmortem proteolysis began over ten
years later. Bandman & Zdanis (1988) were some of the first to investigate specific proteins altered
during post mortem tenderization and found titin was completely degraded within post mortem
muscle but myosin was unaffected. Hwan & Bandman (1989) then investigated specific protein
degradation in the Z-line in aging muscle and found desmin was degraded but not a-actinin, which is
released from the Z-line intact. Taylor et al. (1995) investigated the major structural changes in the
sarcomere during the early tenderization phase and found that the proteins linking the Z-lines
together, known as N; lines, and proteins of the structures known as the costameres, which anchor
the myofibrils to the membrane, were the major substrates of proteolysis. Members of the
sarcomere which are degraded by the calpain enzymes include the key regulatory proteins troponin-
T and I along the thin filament and titin, the largest protein present, being responsible for
regulating sarcomere length. Huff-Lonergan et al., (1996) demonstrated p-calpain was responsible
for the digestion of five proteins, nebulin and filamin in addition to desmin, titin and troponin-T, and
further, their study showed that the rate of the extent of the degradation of these proteins was

correlated with improved tenderness of bovine muscle.
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1.6.5 Evidence for the p-calpain as major contributing enzyme to post mortem

tenderization

The large majority of tenderisation develops early post mortem with 65-80% of tenderisation taking
place between 3 and 4 days of storage at 4°C (Taylor et al., 1995). During this period there is no
degradation of actin or a-actinin and no large structural changes in the Z-line despite proteins of the
Z-line being susceptible to degradation by the calpains. In fact this study showed that the major
substances degraded during this early stage of tenderization are two cytoskeletal structures. Firstly,
the costamere, which binds the contractile myofibril structures to the muscle cell membrane
(sarcolemma), and secondly the structures which form a link between the Z-line and the thin
filament known as the N, lines, shown in figure 1.6-2. In fact the majority of this early calpain activity
is focussed at the costamere, where the enzymes degrade the proteins desmin and vinculin, in
addition to nebulin and titin of the N, lines. Association of the loss of the costamere and the N; lines
with the large change in tenderness observed early post mortem is evidence to show that calpain
degradation of these structures is largely responsible for the tenderization mechanism and there is
little degradation of the actual contractile apparatus (Taylor et al 1995). Further disassembly of the
sarcomere does take place as calpains are responsible for degrading proteins associated with the
thin filament such as troponin T and tropomyosin although there is no degradation of the contractile

proteins myosin and actin.

In mice over-expressing the calpastatin protein there was a lack of post mortem protein degradation
as measured by degradation of desmin and troponin-T (Kent, 2004). There was little change in
activity of m-calpain between control mice and those which over-express calpastatin, where as p-
calpain activity was significantly affected, table 1.6-2. This suggested that p-calpain is the major
protease responsible for post mortem proteolysis and tenderization of meat. Geesink et al. (2006)
further strengthened the argument with the use of p-calpain knock-out mice. Their study compared
the amount of substrate degradation in p-calpain -/- against that observed in wild type and found
that there was little post mortem degradation of key protein substrates of p-calpain, nebulin,
dystrophin, metavinculin, vinculin, desmin and troponin-T, despite the presence of m-calpain. These
observations suggested that p-calpain is responsible for a vast proportion of the post mortem
degradation contributing to tenderisation of meat. With this knowledge in mind, it has been the aim

of a number of studies to promote overall calpain activity post mortem by increased activation via

increasing free calcium.
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Other evidence that further supports the role of calpain in meat tenderisation are the observations
that treatment of animals with B-adrenergic agonists (BAA) results in an increase in muscle growth
as a result of changes in the activity of the calpain system but with detrimental effects on meat

quality (Koohmaraie et al., 1991; Wheeler & Koohmaraie, 1992). These agents increase protein
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synthesis and decrease protein degradation (Bardsley et al., 1992) their predominant effect on the
calpain system being an increase in mRNA of calpastatin (Parr et al., 2001). The Callipyge breed is an
example of an inherited trait for increased muscle growth (Rehfeldt et al., 2004), the effect of which
is a specific increase in the size of muscles associated with the hindlimbs, the muscles of the
forelimbs showing little increase in muscle mass. Callipyge lambs yield more meat as a result of this
increased hypertrophy, however, their meat is more tough compared to non-callipyge lambs (Ducket
et al., 2000). Although their increase in muscle mass is due to increased protein synthesis combined
with decreased protein degradation, the predominant effect on proteolysis is an increase in
calpastatin levels which adversely affects the tenderisation process through inhibition of calpain
activity causing the characteristic toughness of the callipyge meat. Overall the BAAs and the callipyge
genotype indicate further the calpain system’s the role in increasing muscle growth and yield of
meat, with unwanted subsequent adverse effects on meat tenderisation. If the meat industry wishes
to improve muscle growth using such agents, then it must find ways to improve the post mortem

tenderisation effects that are inhibited by over active calpastatin and reduced activity of calpain I.

1.6.6 Improvement of meat quality by calcium Infusion

There have been multiple studies investigating the effect of increasing calcium levels in carcasses
post mortem by infusion of calcium solutions with the objective of increasing calpain activity and
thereby improving meat quality. An experiment carried out by Koohmaraie et al. (1988) in lamb
carcasses infused a 0.3M calcium chloride (CacCl,) solution at 10% (w/w) of the liveweight into
carcasses circulation system via the carotid artery. This provided a 40-fold increase in calcium levels
in the Longissimus Dorsi (LD) of the infused carcasses and significantly reduced shear force in the
calcium infused carcasses after 24 hours post-mortem (LD muscle chops shear force was 3.56Kg
compared to 6.32kg in controls, P<0.05). This experiment did not evaluate directly the activity of the
calpain system nor the effects of calcium infusion on eating quality at consumer level. In a second
calcium chloride infusion study the activity of both m- and p-calpain activities dropped significantly,
with p-calpain activity dropping to immeasurable levels in the 0.3M calcium chloride infusion
(Koohmaraie et al.,, 1989). The increased p-calpain activity caused increased autolysis resulting in
loss of activity early in the initial 24 hour post mortem period (Koohmaraie et al., 1989). Koohmaraie
& Shackelford (1991) then went on to investigate whether calcium chloride infusion of carcasses
post mortem could overcome the reduced tenderisation that is seen in BAA treated animals. They
found that calcium chloride (CaCl,) was able to significantly reduce the shear force of BAA carcasses
(which had a much higher shear force in comparison to control animals) when compared to BAA

carcasses without CaCl, infusion, causing shear force to be reduced to levels usually observed in 14
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day aged carcasses of animals fed a control diet, data shown in table 1.6-3. Koohmaraie &
Shackelford (1991) attributed this much higher rate of tenderisation over 24 hours to increased

activity of the calpain system, in particular p-calpain, and demonstrated that this method could be

applied to overcome known causes of tough meat.

Table 1.6-3. Efficacy of calcium chloride (CaCl,) infusion in improving shear force in lambs fed B-adrenergic
agonists (BAA). Adapted from Koohmaraie & Shackelford (1991).

Shear force (kg)

Diet Treatment CaCl, Infusion day 1 day 7 day 14
Control - 10.0 7.7 6.9
Control + 3.0 31 2.7
BAA - 114 9.6 9.1
BAA + 6.0 5.2 5.2

pooled sem 0.7 0.7 0.9
Significance
Diet Treatment * * *
CaCl, Infusion * * *
Interaction N.S. N.S. N.S.

* refers to significant effect (P<0.05)

In 1993, Whipple & Koohmaraie published data showing that meat tenderness could be improved by
40% when beef steaks were marinated in a calcium containing solution. The steaks were marinated
in a 150mM calcium solution for 24 and 48 hours, both of which gave significant decreases in
toughness, although 48 hours gave optimal results. The activities of the calpain system were
measured and it was found that the activity of both calpastatin and m-calpain were decreased. In
their study Polidori et al. (2000) slaughtered meat-age wether lambs and infused the carcasses with
0.3M CaCl, at 10% ratio of the liveweight via the carotid artery immediately post mortem, and found
the calcium level in the muscle tissue was increased 60-fold by CaCl, infusion, from 4.45ug/g tissue
to 265.33pg/g. The shear force of treated chops was reduced although not as dramatically as was
previously reported by previous studies, with control chops displaying shear force values of 5.99kg at
6 days post mortem in comparison to treated chops of 5.22kg. At 24 hours post mortem the
treatment significantly reduced m-calpain activity (P<0.01) whilst the activity of p-calpain had
dropped to an undetectable level, suggesting its activity was exhausted through autolysis.
Calpastatin activity was also significantly reduced in treated chops (P<0.05). This drop in activity was
in agreement with Koohmaraie et al. (1989), where accelerated post mortem proteolysis had led to

accelerated autolysis of the calpain enzymes and subsequent loss of activity.

The evidence presented suggests that meat can be treated with CaCl, solutions in order to produce a
guaranteed tender steak, however, it was noted by Hoover et al. (1995) that there was resistance

from the meat industry as consumers would not accept meat that had been injected with a
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substance. In their study in 1995, the taste panel was subjected to restaurant conditions to assess
the impact of calcium chloride on eating quality. Their study used the lower dose of 0.2M Cacl,
solution at a 5% by weight injection rate, and found improvement in perceived tenderness and

flavour of the treated steaks, although the evaluation was not performed by a trained taste panel.

1.6.7 Summary of the calpains and meat quality

The calpains and their endogenous inhibitor, calpastatin, have been shown to play a major role in
the proteolytic events in the aging process of meat and are important factors in the development of
tender meat that is acceptable to consumers. The use of growth promoters such as B-adrenergic
agonists can increase growth of muscle partly by increasing calpastatin activity which reduces
calpain-mediated protein degradation, which improves growth of muscle but inhibits tenderisation.
As the calpain enzymes are calcium-activated, their activity post mortem can be increased by
infusing, injecting or marinating carcasses with calcium chloride solutions. However, there is
concern from the industry that this physical manipulation of the carcass or butchered meat has a
low acceptability to consumers; therefore, if the manipulation of carcass calcium to improve meat
quality could be achieved through dietary means, this may be more acceptable. As vitamin D is a
dietary component and is activated into a hormone responsible for calcium homeostasis, this may
present an opportunity to manipulate this feed component which would subsequently alter calcium

levels and increase calpain activity post mortem.

1.7 Vitamin D3 Supplementation and Meat Quality

There has been a practice in dairy farms to administer vitamin D prior to onset of lactation as a
method of increasing calcium levels in the serum in order to reduce the incidence or severity of
hypocalcaemia associated with milk fever (Littledike & Goff, 1987). In light of the apparent meat
quality benefits of increasing calcium concentration in meat post mortem, Swanek et al. (1999),
investigated the possibility of increasing calcium status of meat animals pre-slaughter via
supplementing feed with vitamin Ds. In the first experiment of this kind, Swanek et al. fed vitamin D;
beef cattle in three experiments. The first experiment investigated the effects of the level of vitamin
D; supplementation on calcium status of the animals, feeding vitamin Ds at either 0.0 (control), 2.5,
5.0 and 7.5 x10° IU/day (n=5 per dose) for 10 days and monitoring calcium levels throughout and for
5 further days. These levels of vitamin D supplementation are noted as supra-nutritional levels as
they are up to 1000 times higher than the standard recommended vitamin D intake of meat animals
(210 1U/day for lambs and 2400 IU/day for cattle (McDonald et al., 2002), where one U is around
0.025ug vitamin D (Holick, 1999)). The results of Swanek et al.’s study found that serum calcium
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levels increased linearly (P<0.04) between days 6 and 13 in Vitamin D; groups and found maximum

serum calcium levels appeared at day 9 onwards, with increases from 20 - 40% compared to

controls, figure 1.7-1.
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In their two successive experiments beef cattle were supplemented with the two highest doses of
vitamin D3, 5.0 and 7.5 x10° 1U/day, for 7 and 10 days respectively. The lower dose of 5.0 x10° IU/day
was sufficient to significantly increase both serum and in muscle calcium (20% increase, P<0.03 and
30% increase, P<0.05, respectively, table 1.7-2) and found that shear force was significantly reduced
after 7 days of aging, compared to control animals, but no differences were seen with longer storage
(table 1.7-2). With the higher dose of 7.5 x10° IU/day supplemented for 10 days, there was a larger
increase in muscle calcium levels (50% increase, P<0.02, table 1.7-1) and this translated into
improved shear force at both 7 and 14 days of conditioning (P<0.02 and P<0.07 respectively, table
1.7-2) along with significant decreases of both p-calpain and calpastatin activity after 24 hours post-
mortem (P<0.05 and P<0.04 respectively, table 1.7-2). This study showed that feeding vitamin D; to
beef animals immediately prior to slaughter was sufficient to alter calcium status of animals and
improve meat quality of the steaks, thus producing an alternative to manipulating carcasses with

CaCl, solutions post mortem in the abattoir.
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Table 1.7-1. Changes in calcium status in beef cattle fed vitamin D, prior to slaughter. Adapted from Swanek
etal., 1999.

Swanek et a/, Dose Vit D, n Time Plasma Ca Musde Ca
1999 x10° IU per group (days) (mg/dL) (ug/g)
Expt 2 0.0 59 7 9.23 13.9
5.0 12.39* 19.9*
0.0
Expt 3 22 10 N.M. 14'2+
7.5 21.3
*p<0.03 * p<0.05
'p<0.02

Table 1.7-2. Changes in shear force of longissimus dorsi steaks from beef cattle fed vitamin D; prior to
slaughter, Swanek et al., 1999.

Swanek etal, Dose Vit D, Shear Force (kg) Calpain System Activity/g 24hr PM
1999 x10°1U Day 7 Day 14 Day 21 p-calpain m-calpain  calpastatin
Expt 2 0.0 4.70 4.03 3.58
5.0 412* 3.87 3.60
0.0 5.13 4.40 4.04 0.56 0.99 4.83
Expt 3 + + + +
7.5 4.21 3.81 3.44 0.19 0.62 4.11
*p<0.01 P=0.25 P=0.90
p<0.02 *p<0.07 P=0.13 'p<0.05 P=0.0729 *p<0.04

Several further studies have been performed in cattle in light of this original experiment,
investigating the possibility of improving meat tenderness using shorter vitamin D3 supplemental
regimes (5 and 7.5 x10° IU/day for 9 days, Montgomery et al., 2000; 6 x10° |U/day for 4 and 6 days,
Karges et al., 2001), using additional calcium supplements (Scanga et al., 2001), investigating the
supplementation of vitamin D; at a variety of doses (0.5, 1.0, 2.5, 5.0 & 7.5 x10° 1U/day for 9 days,
Montgomery et al., 2002), the efficacy of vitamin D3 supplementation in reducing toughness from
growth promoters (Reiling & Johnson, 2003), the use of 25-hydroxy vitamin D; in comparison to
1,25-dihydroxyvitamin D; (Foote et al., 2004), efficacy of vitamin Ds in reducing toughness in meat

from cull cows (Rider-Sell et al., 2004) and the differential effects of vitamin D; in differing cattle

breeds (Montgomery et al ., 2004).

Not all of these studies produced shear force data or measured calpain activities, and results
reported in many of the studies are inconclusive in terms of the effects on these experimental
outcomes. The proposed mechanism for the benefits of vitamin D; supplementation prior to
slaughter is that the calcium status of animals is increased leading to increased activity of the calpain
system immediately post mortem, thus tenderizing steaks more quickly and reducing the time
required for conditioning and the cost associated with cold storage. To provide conclusive evidence
for benefits of vitamin D; in this role there must be an evaluation of each step associated with the

mechanism; these are calcium status, calpain activity and the shear force of the chops.
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At the time this study commenced, the majority of work performed into this mechanism was in
cattle and only two studies had been carried out in sheep and another two in pigs. In 2002 Wiegand
et al. investigated levels of 0.25 and 0.5 x10° IU/day doses of vitamin D; for their effects on serum
calcium in pigs and found significant increases with the higher dose which gave a higher calcium rise
more quickly. This higher dose of 0.5 x10° IU/day gave a 60% increase by day 4 compared with 0.25
x10° tU/day arising in a 40% increase by day 6. Following this initial experiment the group
investigated effects on calcium status and LD tenderness of a short dose of 0.5 x10° 1U/day for 3
days immediately prior to slaughter. They found serum calcium was increased by 20% in treated
animals compared to controls (P<0.01) but there were no differences in shear force values. A second
study performed in pigs (Wilborn et al., 2004) used lower doses of vitamin D; of 0.04 and 0.08 x10°
IU/day but fed for much longer than has previously been investigated, supplementing for 44-51 days
prior to slaughter. This study did record changes in calcium levels in the blood after 7 weeks of
supplementation (29% increase compared to controls, P<0.05) but there were no changes in calcium

concentration of the LD muscle, nor effects on tenderness of the chops.

In 2001, Wiegand et al. performed a study investigating the possibility of vitamin Dj
supplementation in reducing the toughness of steaks from callipyge lambs, as noted earlier the
callipyge breed exhibits hind limb hypertrophy and produces tough meat (Duckett et al., 2000). The
study performed a preliminary experiment using two doses of vitamin Ds, administering 1.0 and 2.0
x10° 1U/day for 4 days to determine the optimum dose for calcium status changes. Their second
experiment administered the higher dose of 2.0 x10° IU/day for 7 days prior to slaughter and
recorded the changes in calcium status and shear force of LD chops. In the normal breed genotype of
sheep, serum calcium increased 8.8% in the vitamin D group compared to controls (P<0.05, table
1.7-3), and in the callipyge genotype, a 6.1% increase was seen in vitamin D fed animals (P<0.05).

Table 1.7-3. Changes in calcium status in lambs of either callipyge or normal genotype fed vitamin D; for 7
days prior to slaughter; Wiegand et al., 2001.

Wiegand et af Dose VitD;  Time n Breed PlasmaCa Muscle Ca
2001 x10° U (days) per group (mg/dL) (Smg/dL)
Normal 9.44 5.38
0 Callipyge 9.29 4.24
Expt 2 ¢ 8 Normal 10.27* 7.15
2 Caliipyge 9.89* 4.14
* P<0.05

However, these changes in the calcium levels were not transferred to significant changes in the
muscle calcium levels, nor was there any effect on shear force of LD chops. Callipyge lambs fed the

control diet did present chops with higher shear force values than the normal genotype lambs
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(P<0.05) and vitamin D; supplementation was not able to overcome this. Boleman et al. 2004
performed another study in sheep, investigating a number of doses of vitamin D; from 0.25 to 0.75
x10° IU/day for 4 days to assess the changes in serum calcium before administering the highest dose
of 0.75 x10° IU/day for 14 days prior to slaughter. There was no effect of this vitamin D
supplementation regime on plasma calcium levels. Boleman et al. measured the shear force changes
in four muscles; longissimus dorsi (LD), biceps femoris (BF), semitendinosus and semimembranosus,
across an aging period from 5 to 15 days; however there was no effect of vitamin D; on the shear
force of chops prepared from these muscles, with the exception of the LD at 15 days conditioning
which was significantly higher (P<0.05) and the BF which was significantly lower at day 5. Neither of
these studies performed in sheep were able to give conclusive evidence to support the hypothesis

that pre-slaughter vitamin D; feeding regimes improve meat tenderness.

1.7.1 Summary of vitamin D3 Sheep trials

Neither of the investigations by Wiegand et al. (2001) and Boleman et al. (2004) measured the
effects of dietary vitamin D regimes on the activities of the calpain system in lamb and thus these
studies do not provide clear answers to the vitamin D; and meat quality question. The changes in
calcium status in cattle studies are considerable with serum calcium increases around 20 — 50% and
did report positive changes in shear force of chops which were associated with effects on the calpain
system (Swanek et al.,, 1999). The work in sheep has failed to report such clear evidence, while
Wiegand et al. reported a 14.9% increase in serum calcium when sheep were fed a high dose for 5
days, there was no clear effect on the shear force of the LD and no direct investigation into
subsequent calpain system activity. Boleman et al. (2004) did not find any significant changes in
circulating calcium levels and there was no effect on shear force and no investigation into the
calpain system activity. It would be expected that the same responses observed in cattle could be
replicated in sheep. In addition to ascertaining the influence of incorporating this agent in feed on
meat quality, there is a need to investigate all the components of the hypothesised system,
measuring calcium levels of the serum and muscle, shear force of the LD as a standard muscle to
compare between investigations and investigate effects on the calpain enzymes which can be

related to the shear force of the muscle.
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1.8 Summary of Literature

The literature described in this chapter provides an insight into the available evidence indicating the
potential of vitamin D to enhance meat quality by a variety of mechanisms. The recent work
supplementing vitamin D to meat age animals in a short but high dose immediately prior to
slaughter appears to provide a simple mechanism to promote tenderisation of meat post mortem.
The model proposed in these studies is based on vitamin D’s classical role in calcium homeostasis
and the evidence of work performed in CaCl, marination studies. It is likely that such treatments will
greatly influence the development of tenderness post mortem and will reduce the length of cold
storage required to reach acceptable levels of tenderness through feed manipulation alone. The
studies investigating these effects in cattle appear to provide evidence to support the functionality
of the proposed model, however, the work in sheep is not as conclusive and there is a requirement
for research to investigate optimum duration and level of vitamin D supplementation, and to

confirm the mechanism affects both shear force and calpain system activity.

A second potential role for vitamin D in muscle tissue was implicated by the results of Endo et al.’s
study, providing evidence for vitamin D to control the growth and development of muscle fibres
from the earliest phase of myoblast development. The results of their study show that the absence
of VDR results in smaller muscle fibres and abnormal MRF expression, which would be of relevance
to animal production where muscle growth is a primary aim. In addition their study reported that
treatment of muscle cells with active vitamin D, 1,25(0OH),Ds;, could downregulate expression of
some genes associated with muscle cell development and therefore further research into this
mechanism could provide a novel role for vitamin D as an agent to promote muscle growth in animal

production systems.

The potential for vitamin D to affect muscle growth has two-fold relevance, the initial gain to the
industry being increased muscle growth and yield, but secondly the effects of the hormone of fibre
type could also improve the quality of the meat. It is well known that the use of BAAs in meat
animals significantly increases lean growth and therefore yield of muscle tissue, but with detrimental
affects on the tenderness of the meat, as demonstrated in Koohmaraie & Shackelford’s experiment
(1991). This increase of growth observed in BAA treatments is associated with increases in the size
and number of fast glycolytic fibres (Vestergard et al., 1994) and it is likely that these fibres are
responsible for the increased toughness of the meat. However, investigations of vitamin D
supplementation in human patients reports that vitamin D can increase the size and number of fast

oxidative fibres and reduce the number of fast glycolytic fibres simultaneously (Sorenson et al.,
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1979; Sato et al.,, 2005). Taken together these studies provide evidence to propose the use of

vitamin D as an agent to promote muscle growth without the detriment to meat quality which is

associated with BAA treatment.

Therefore it is the aim of the experiments in this thesis to investigate the use of vitamin D and active
metabolites in their capacity to promote muscle growth and to promote the tenderisation of meat in
the aging period. The results of these experiments will be relevant to the meat industry in terms of
optimising production methods to produce a greater yield of meat which is likely to be tender, and
could additionally provide benefit to elderly human patients at risk of falling through loss of fast

fibres associated with vitamin D deficiency.

1.9 Hypothesis

The hypotheses of the work performed in this study are as follows:

e Supplementation of vitamin D to meat age lambs in the final week immediately prior to
slaughter will promote tenderisation of meat via activation of the calpain system

e Administration of active vitamin D metabolites to growing muscle cells will promote muscle
growth through effects in gene expression and subsequent translated protein, in particular
those of the MRFs which control early muscle cell growth and development.

e Administration of active vitamin D metabolites to growing muscle cells will promote fibre

type changes via mechanisms controlling MHC gene expression.
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1.10 Aims

The aims of this thesis are as follows:

* To clarify and optimise the mechanism through which vitamin D supplementation in the final
week immediately prior to slaughter will promote tenderisation of lamb meat by assessing
the three major components of this system:

o Increases in calcium status of the serum and LD
o Increases in expression/activity of the calpain system in the LD
o Areduction in shear force of the LD chops

e To assess targets of vitamin D in muscle which are of relevance to muscle growth and fibre

type changes in rodent muscle cells, incorporating two experiments:
o The first experiment will screen for novel gene targets of 1,25(0OH),D; in rat muscle
cells via microarray analysis.
o The second experiment, in a mouse derived muscle cell line, will assess the efficacy
of an active vitamin D analogue, 1a(OH)D;, to promote gene expression changes of:
= Novel targets identified by the microarray screen
» Expression of MRFs and effects on muscle cell growth and development

» Expression of MHC genes and effects on muscle fibre type.
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Materials and Metho_ds

1

=
L.l

2:1:1

Materials used in this study

Equipment used at the University of Nottinghan

Bench top centrifuge; (volumes below 2ml) Microfuge 22R Centrifuge, Beckman Coulter
Bench top centrifuge; (volumes over 2 ml and cell culture), Centaur 2, MSE

Bench Top Shaker; Stuart See-Saw Rocker SSL4, Barloworld Scientific Ltd (Staffs UK)

Polytron PT300 homogeniser, Kinematica (Litteu, Switzerland)

Basic PCR machine; DNA Engine- Mastercycler, M.J. Research (MA, USA)

Quantitative real time PCR machine; LightCycler® 480, Roche Diagnostics (Switzerland)
Q-PCR Software, LightCycler® 480 SW V 1.5, Roche Diagnostics GmbH (Germany)

SubGell GT tanks for agarose gel electrophoresis, BioRad (Hemel Hempstead, UK)

Dri-Block Heat Block, Techne (Cambridge UK)

Microplate Reader model 680XR, BioRad, Japan

UV/Visible Spectrophotometer, Amersham Biosciences Ultrospec 2100pro, Biochrom Ltd
(Cambridge, UK)

SDS-PAGE 200mm x 100mm vertical dual plate unit, Fischer Scientific (Loughborough, UK)
Trans-Blot with plate electrodes, BioRad, (Hemel Hempstead, UK)

Texture Analyser Software, Texture Expert Exceed

Spectrometer ND-1000 Nanodrop Products, Thermo Fischer Scientific (Wilmington, USA)
DNA gel imager: Gel Doc 2000, BioRad Laboratories (CA, USA)

Protein gel imager: Flour-S MAX2, BioRad Laboratories (CA, USA)

Software to Analyse DNA and protein gels: Quantity One V4.1.1., BioRad Laboratories (CA,

USA)

Laboratory reagents for work performed in North Laboratory, Sutton Bonington Campus were

purchased from Fischer Scientific (Loughborough, UK), Sigma Aldrich (Poole, UK) and Promega

(Southampton, UK). Water used in buffers and solutions was either glass distilled or column purified

using MilliQ Elix®Purification system (Millipore, Watford, UK). Water for use in nucleic acid work was

certified RNAse/DNAse free, purchased from Sigma Aldrich.
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2.1.2

Equipment used in Pfizer Ltd. (Sandwich, Kent, UK)

Bench top centrifuge; volumes below 2 ml; Centrifuge 5415R, Eppendorf

Bench top centrifuge; cell culture, Centaur 2, MSE.

Agarose Gel Tanks; Horizon 11.14 (Large) and Horizon 58 (Small) Horizontal Gel
Electrophoresis Apparatus, Life technologies, GIBCO BRL

Agarose Gel Imager; Universal Hood II, BioRad Laboratories, (Milan, italy).

Agarose Gel Imagine Software; Quantity One V4.6, BioRad Laboratories (CA, USA)

Basic PCR machine; T3 Thermocycler, Biometra

Quantitative real time PCR machine; 7900HT Fast Real-Time PCR System, Applied Biosystems
(CA, USA)

Quantitative real time PCR software; Sequence Detection Systems V 2.2.2.; 2004 Applied
Biosystems (Foster City, CA, USA)

Spectrometer ND-1000 Nanodrop Products, Thermo Fischer Scientific (Wilmington USA)

Agilent 2100 Bioanalyzer, Agilent Technologies

Laboratory reagents for work performed in Pfizer, Sandwich, were purchased from Fischer Scientific

(Loughborough, UK) and Sigma Aldrich (Poole, UK) unless otherwise stated. Water used in buffers

and solutions was either glass distilled or column purified. Water for use in nucleic acid work was

certified RNAse/DNAse free, purchased from Sigma Aldrich.
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2.2 Experimental Design of Animal Trial
2.2.1 Animal housing layout

All animals were male Mule X Charolais lambs approximately 7 months old and were individually
housed for the duration of the trials. Animals were weighed weekly to assess weight gain during the
housing period and were arranged into 3 slaughter groups according to weight approximately 3
weeks prior to the supplementation week, shown in figure 2.2.1. Within each slaughter group,
animals were paired with the animal housed in the pen behind, creating treatment-control pairs
matched for age and weight, and during the supplementation period treatment diets were allocated
to animals distributed equally within each slaughter group, demonstrated in figure 2.2.2. On the day
of slaughter, animals were taken to the lairage in groups of four consisting of two treatment pairs,
and were slaughtered in pair order beginning with vitamin D treated animals. The order of removal
was sequential, for example in trial 1 slaughter began with the pair 373 and 208, where 373 was
treated with vitamin D and therefore slaughtered first, followed by its control pair 208, shown in

figure 2.2.2-A.

Pen layout in the Metabolism 3 building

Block 2 Block 3
Block 1
1 Slaughter Feeding
1 unit = access -
access door

Figure 2.2-1. Pen Layout in the sheep housing. Each block possessed equz

control (n=6) animals and animals were paired with the anima

heaviest animals (n=12) randomly assigned to treatment group Block 2 contained
(n=12) and Block 3 contained lightest animals (n=12)
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A Allocation of treatment group

Group 3
263 | 169 | 152 |462 |276 | 182 |258 |171 | 380
D o D C D D C D C
310 | 332 | 377 |464 |475 (421 | 474 | 168 | 386
C D C D C C D C D
Group 2
361 254 | 148 |466 |297 |178 |209 |467 |208
C D C c D D Cc D Cc
364 | 251 181 330 | 293 | 123 [333 |219 |373
D Cc D D C C D C D
Group 1
DOOR
@ Allocation of treatment group
Group 3
232 |370 (215 |490 (339 |212 | 488 | 213 | 409
D C D Cc D D C D C
137 [ 144 | 274 | 108 |338 | 220 |522 |515 |309
C D C D Cc C D c D
Group 2

101 228 |180 |378 |455 | 281 234 | 308 |246
C D C C D D Cc D c
141 450 | 296 | 145 |478 |S535 |158 |[518 |51
D c D D c c D c D

Figure 2.2-2. A; Housing layout and diet treatment allocation tc
treatment allocation to Trial 2 animals.



2.2.2 Diet Composition

Basal diet composition as fed to animals during housing prior to trial diets and fed as control diet to
control group during trial periods is shown in table 2.2-1. The diet has no added vitamins or
minerals. Vitamin D diet was based on this mix with vitamin D3-500 (Rovimix, DSM, Derbyshire UK)

added prior to pelleting the diet.

Table 2.2-1. Basal diet composition as-fed basis.

Veg Oil 5 kg
Barley 240 kg
Oats 80 kg
Soya 25 kg
Grass Nuts 100 kg
Nutramol 30 (RUMENCO) 50 kg
Total 500kg

2.2.2.1 Vitamin D; diet formulation

The supplement D3-500 contains 500,000 IU per g, therefore to supply 2x10° |U/day vitamin D,
animals required 4g D3-500/day, given to them in 1.4Kg feed, hence feed supplemented with D3 500
required 2.86g D3-500 per Kg. For the second trial, basal calcium was calculated as 0.7% calcium by
Frank Wright Ltd and calcium propionate was added to double the calcium in the vitamin D; +
calcium diet. Basal diet supplied 0.7/100x 1Kg = 7g calcium/Kg. To provide an additional 7g calcium
per Kg diet, calcium propionate (21% calcium) was added at (21/100*X = 7; X = (7x100)/21) = 33.3g
calcium propionate per Kg diet. Final calcium concentrations were confirmed by AA spectrometry by
Dave Bozon (Nutritional Sciences). Nutritional composition for each diet fed in trial 1 is summarized

in table 2.2.2 and for trial 2 in table 2.2.3.

Table 2.2-2. Nutritional composition of diets fed during trial period in Trial 1.

Trial 1 Diets Basal Diet/Control Vitamin D
Energy (MJ/Kg) 16.41 16.46
Nitrogen (%N) 2.21 2.15
Calcium (mg/g) 15.88 15.82

Table 2.2-3. Nutritional composition of diets fed during trial period in Trial 2.

Trial 2 Diets Basal Diet/Control VitaminDonly VitaminD +Ca
Energy (MJ/Kg) 16.46 16.79 16.69
Nitrogen (%N) 1.87 1.78 1.58
Calcium (m_g__/g) 15.09 11.71 34.56
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2.2.3 Standard slaughter procedure

All animals were slaughtered by electrical stunning to the head, followed by exsanguination,
performed by a licensed slaughterman in the abattoir at Sutton Bonington Campus, University of
Nottingham, under conditions designed to replicate those in a commercial unit. Procedures were
performed as schedule 1 according to DEFRA guidelines and all animal experiments at University of
Nottingham were first drafted then sent to Home Office inspector for approval to ensure they fell
outside the Animals (Scientific Procedures) Act 1986 and therefore were not under UK Home Office

Animal Licence.

2.2.4 Carcass handling

Immediately after death, carcasses were dressed and defleeced but not split, and their weight
recorded, the time to prepare each carcass from stunning to final dressing and weighing was
consistently 15 minutes. The pH was taken using a puncture electrode (Ingold, Mettler-Toldeo Ltd.
Leicester, UK) from the left side of the carcass at 45 minutes post mortem and 24 hours after.
Carcasses were placed in a chiller at 4°C four hours after slaughter and dressing to reduce the
potential for cold shortening, and then hung overnight by Achilles tendon until sampling at 24 hours.
At 24 hours post mortem the temperature and pH of the carcasses were measured at the same
sample site again before the whole LD was removed for aging subsequent to Warner-Bratzler shear

force (WBSF) analysis, see appendix A for diagram of snap LD, pH and temperature sample sites.

2.2.5 Sample Procedure
2.2.5.1 Blood Samples

Blood samples were collected at exsanguination, whole blood and plasma samples were collected in
15ml tubes containing ethylenediamine tetraacetic acid (EDTA) to prevent clotting; whole blood was
stored at -20°C at the end of each slaughter day. Plasma was prepared at the end of the slaughter
day by spinning tubes at 3000 rpm for 15 minutes at 4°C in a Beckman centrifuge. The straw
coloured supernatant was removed into eppendorf tubes before storage at -20°C. Serum samples
were prepared in 50ml tubes which were left to clot overnight in a chiller at 4°C. The following
morning samples were spun at 3000 rpm for 15 minutes and the supernatant stored in eppendorf

tubes as before.
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2.2.5.2 Snap Tissue Samples

Snap frozen samples of live tissue were prepared by submersion in liquid nitrogen as quickly as
possible after slaughter. The time of sampling was consistent for each animal and was within 2
minutes of stunning and exsanguination. Snap samples were taken in the following order;
Longissimus Dorsi (LD) taken from both the left and right sides through the fleece immediately
following stunning and exsanguination, between the 10™ and 11™ rib and Semitendinosus (ST) was
sampled from the left leg (sample sites shown in Appendix A). Approximately 20g of the kidney
tissues was then sampled, taken consistently from same side and included both cortices, as the
carcass was dressed according to standard slaughter procedure. Finally the Psoas (PS) was sampled
from the left side of the carcass and, once frozen, all samples were stored at -80°C. The carcasses
were hung overnight in the chiller before snap samples were taken of the LD muscles, both left and
right, caudal to the initial sample point, 24 hours after slaughter and again stored at -80°C. Snap

samples were stored at -80°C until protein and total RNA extraction, approximately 6 months later.

2.2.5.3 LD Chop Samples for Shear Force Analysis

The remaining part of both sides of the Longissimus Dorsi was dissected 24 hours post mortem and
prepared into chops 2.54cm thick before vacuum packing in pairs, 2 chops per sample point, left and
right side chops packed separately. The chops were taken towards the caudal region of the muscle,
beyond the sample site of the initial snap sample taken at around the 10"-11" rib. The chops were
labelled according to their distance from the original snap site and numbered from 1 to 4 (1 being
taken from the 11™ rib region down to 4 denoting from the dorsal region), see appendix A for
diagram of LD chop preparation, numbering of chops and latin square arrangement for ageing
period. These chops were then aged in a chiller at 4°C for up to 21 days before blast freezing at -

80°C.

2.3 Analysis of Plasma Vitamin D Concentration

2.3.1 Trial 1 Plasma Samples

Plasma samples stored in eppendorfs were sent to Professor Bill Fraser of the Department of Clinical
Biochemistry, University of Liverpool, for vitamin D analysis by Tandem Mass Spectrometry.

2.3.2 Trial 2 Plasma Samples

Plasma samples stored in eppendorfs were sent to Stuart Jones of the Nottingham University

Hospitals NHS trust, city campus, Nottingham for vitamin D analysis by HPLC.
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2.4 Fat Analysis of Animal Muscle

Fat content of LD was performed using the Soxtherm fat extraction method. Analysis of fat content
on samples by the Soxtherm method is an industry standard procedure and is routinely used to

measure fat content of meat and other food stuffs (Pérez-Palacios et al., 2008).

2.4.1 Preparation of LD samples for fat analysis

Crushed LD samples to be used for analysis of fat content were first freeze dried to remove all
moisture. Samples were weighed and placed in 50ml falcon tubes sealed with perforated parafilm
and placed in freeze drying equipment (Freeze drying System, Edwards, UK). Samples were weighed
every 24 hours until their weights became constant and were then deemed to have had all water

removed.

2.4.2 Extraction of fat using Soxtherm method

Around 1.5g crushed and freeze dried LD muscle was weighed into a crucible, allowing two replicate
crucibles per sample. The weight of the crucible plus freeze dried muscle tissue was accurately
recorded before fat was extracted in petroleum ether using Soxtherm Fat Extraction Equipment
(Gerhardt). The sample was heated with petroleum ether at 150°C for 35 minutes to encourage
release of the fat component from the sample. The solvent and fat were then removed together into
another thimble, where the fat extract was recovered from the solvent by drying in an oven at 103°C
for one hour. The final weight of the extracted fat was then recorded and the fat content of the

sample was calculated using the following equation:
Soxhlet Fat % = [Weight of Extract (g) / Sample Weight (g)] x100%

The average of the two replicates for each sample was calculated and the fat content expressed as a

percentage value.
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2.5 Calcium Ion Concentration Analysis: Atomic Absorption Spectroscopy

2.5.1 Principle of Atomic Absorption

Atoms consist of a nucleus comprised of protons and neutrons, orbited by electrons in a number of
“shells” or “energy levels”. The number of electrons orbiting the nucleus depends on the element
and its chemical state. Atoms usually exist in a balanced energy state where the number of negative
electrons orbiting the nucleus is equal to the number of positive protons on the nucleus, and the
configuration of the electrons allows for stable orbits. The atom’s stable energy state can be
disturbed by the addition of energy from outside the atom, which can alter the configuration of the
electrons. Atomic absorption occurs when light energy applied to the atom is absorbed and causes
electrons to gain enough energy to “jump” from a lower energy level to another. This means the
atom is in a higher energy state, known as the “excited state”. The amount of light energy required
for this to occur is unique to each element, and thus each element is known to absorb light of a
specific wavelength (proportional to the energy of the light wave). Calcium absorbs light at
wavelength 422.7 nm; hence by using a spectrometer to measure the amount of light absorbed at

this wavelength the calcium ion concentration can be calculated.

This is the basis for AA spectroscopy; by measuring the amount of light absorbed at a specific
wavelength, the quantity of an individual element in a sample can be calculated. The more of an

element present in the sample, the more light energy is absorbed.

2.5.2 Preparing Calcium Standards

To calibrate the system, a set of known quantity calcium solutions were made. Calcium chloride was
dissolved in deionised water at concentrations of 2mg/l, 4mg/l, émg/l, 8mg/l and 10mg/I.
Measurements were made, example absorbance recordings for the standards are shown in table
2.5.1,, and a calibration curve was obtained. The curve is linear across this range and samples were
diluted to appear in the middle of the curve, shown in figure 2.5-1.

Table 2.5-1. Absorbance readings obtained for calcium standard solutions. Standard deviation (S.D.) and
standard error of mean (S.E.M.) are shown.

Standard Concentration (mg/l) Atomic Absorbance Mean S.D. S.E.M.
2 2.210 2.196 2.197 2.201 0.0078 0.0045
4 4.023 4.042 4.005 4.023 0.0185  0.0107
6 6.101 6.158 6.093 6.117 0.0354  0.0205
8 8.347 8.234 8.324 8.302 0.0597  0.0345
10 10.455 10.457 10.393 10.435 0.0364  0.0210
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Atomic Absorbance Spectroscopy Calibration
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Figure 2.5-1. Calibration curve obtained with calcium stand
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unknown serum samples on the curve.

2.5.3 Preparing Samples
2.5.3.1 Serum samples

Frozen serum samples were defrosted at room temperature for 45mins and mixed with a vortex
mixer for approximately 15 seconds to ensure a completely homogenized sample before dilution and

analysis.

Muscle samples were crushed in liquid nitrogen using a pestle and mortar before approximately 2g
of tissue was weighed into an acid (HCl) washed crucible and the weight recorded. Samples were
then ashed overnight in a muffle furnace at 550°C (Muffle Furnace size 2, Gallenkamp). The
following morning samples were allowed to cool to room temperature before preparation for
analysis by Atomic Absorption Spectrometry. When cool, 1ml of 6M HCl was added to the crucible
and used to rinse the sample into a clean 50ml conical flask. Another 1ml HCl was used to digest any
remaining sample before the crucible was rinsed with lanthanum chloride solution (0.2% w/v) into
the flask, then made to a final volume of 50ml (a 1:25 dilution). Once made up to 50ml, the solution
was left for an hour to allow for precipitation of the lanthanum phosphate complex before analysed

in the AA Spectrometer (AAnalyst 100, Atomic Absorption Spectrometer, Perkin EImer Instruments,

Norwalk, CT, USA).
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2.5.3.3 Diluting Samples

0.2ml of sample was diluted with 9.8ml 0.1% w/v lanthanum chloride (1:50 dilution) to produce
samples which could be measured in the linear range of the curve. The lanthanum chioride was used

to react with any phosphate in the sample to reduce interference from phosphates.
2.54 Determining Calcium Concentration

The equipment measures absorption of light in triplicate and gives the average of the three
measurements, with the standard deviation of each set. Any sample with a SD higher than 0.1 was

repeated.

An example result
AA Concentration:
2.934; 2.932; 2.889
Mean: 2.919 mg/l SD =0.0252

Original Sample Concentration: 2.919 x 50 = 145.95 mg/I

Standards were used randomly throughout sample determination to check variation of the method.
The samples were analyzed in reverse slaughter order in Run 1, and then in actual slaughter order in
Run 2. The results from both runs were then compared for repeatability of the method, and the

average of the 6 measurements was taken as the final result.

2.6 Warner-Bratzler Shear Force Assay for Meat Tenderness

Once the LD had been aged at 4°C for the appropriate time (according to Latin square sample
arrangement in Appendix A), the vacuum packed LD chops were stored at -70°C until required for
tenderness analysis, when they were stacked, single layered on ventilated racks in a cold room at
4°C for 72 hours to allow thorough defrosting. The thickest chop was used for temperature
monitoring, with an electrical temperature probe placed in the geometric centre. It was assumed
that the temperature of all other chops would be reflected by temperature changes in this chop.
Steaks were placed in an 80°C water bath and cooked until the largest chop reached a temperature
of 78°C then an additional ten more minutes were given for cooking. All chops were removed and

placed back on the racks at 4°C to cool overnight.
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2.6.1 Preparation of samples-Core preparation

Samples were removed from the cold room in polystyrene boxes to prevent large temperature
changes. Chops were then individually removed from the boxes at random and prepared for
tenderness analysis. Warner-Braztler shear force analysis requires chops to be prepared into cores of
certain diameter (1.27 cm) and length (2.5cm) achieved by use of a hand held corer. Each chop was
removed from its vacuum pack and as many cores were prepared from the steak as possible,
average core yield per chop was 4. Cores were cut in parallel to the alignment of the muscle fibres
within the LD, using the back fat as a guide for the orientation of the chop within the muscle. The
whole of the chop was sampled to reduce any variation in toughness between the outer and inner
areas of the muscle. All chops were sampled in this way to cover all variation within chops. All cores
were then analysed for shear force and the average of all cores was taken and assumed to be

representative of the chop as a whole.

2.6.2 Warner-Bratzler Shear Force Assay

Each core was then placed at the centre of a guillotine fitted with a blade of thickness 1.016mm with
a central v-shaped cutting blade of angle 60° as defined by Wheeler et al. (1997). The blade is part of
the TA-XT2i Texture analyser (Stable Micro Systems, Surrey, UK) and was calibrated with a 25kg
weight, set at a constant speed of 1.7 mm/s. This machine then measures the force required for the
blade to shear the core whilst maintaining a constant speed using supplied software (Texture Expert

Exceed). The result is expressed in kg.

2.7 Extraction and Measurement of total RNA

All water used in the extraction of RNA, reverse transcription into single standed DNA and further
PCR reactions was RNAse/DNAse free water {Sigma) and all sample and reaction tubes, pipette tips

and PCR plates were certified RNAse/DNAse free by manufacturers.

2.7.1 Extraction of total RNA from LD and Kidney

Total RNA for real time PCR analysis was extracted from sheep tissues using TRIzol® Reagent
(Invitrogen, UK), whereby RNA is extracted by phase separation. Animal tissue samples were crushed
in liquid nitrogen using a pestle and mortar prior to extraction and were stored at -80°C before
TRIzol® extraction. 1mi TRIzol® reagent was added to 100mg frozen crushed animal tissue before
homogenisation for two bursts of 30 seconds, and all samples were kept on ice until ready for phase
separation. The prepared homogenates were left on the bench for 5 minutes to allow dissociation of
nucleoprotein complexes. 200ul chloroform was then added and each sample shaken vigorously for

15 seconds. This mixture was then incubated for another 3 minutes at room temperature before
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centrifugation at 12,000 rpm (Microfuge 22R Centrifuge, Beckman Coulter) for 15 minutes at 4°C.
This separates the mixture into three phases, the top phase being a colourless aqueous solution
containing the total RNA; it is this top phase that is carefully removed and transferred to a fresh
tube. The total RNA was then precipitated from solution by addition of 0.5m| isopropanol, the tube
contents were mixed using a vortex mixer and the solution incubated at room temperature for 10
minutes. This solution was then centrifuged at 12, 000 rpm for 10 minutes, allowing the total RNA to
collect as a pellet at the base of the tube. The water/isopropanol supernatant was removed carefully
and the pellet re-suspended in 1ml 75% v/v ethanol. Finally the total RNA pellet was cleaned of
remaining traces of TRIzol® reagent constituents using 75% v/v ethanol; the pellet was vortexed
briefly in 75% v/v ethanol before the pellet was collected again by centrifugation at 12,000 rom for
15 minutes. The ethanol supernatant was removed and the pellet air-dried before dissolving in 40ul

RNAse/DNAse free water and storing at -80°C.

2.7.2 DNAse treatment of total RNA

To remove possible contamination of genomic DNA in the extracted total RNA, the RNA was treated
with a DNAse enzyme to digest any DNA present. 5ul DNAse enzyme (Promega, UK; Catalogue
#M610A) was added with 5ul 10 x DNAse buffer to RNA dissolved in 40ul water. The contents of the
tube were mixed by vortex mixer and then collected by brief centrifugation (up to 12,000 rpm for 30
seconds) using a bench top centrifuge (Microfuge 22R Centrifuge, Beckman Coulter). The reagents
were then incubated at 37°C for one hour. The reaction was then stopped by addition of 150ul water
with 200ul phenol/chloroform/isoamylalcohol (Ratio 25:24:1; Sigma Aldrich, UK) and the contents
vortex mixed and spun for 5 minutes at 13,000 rpm at 4°C. This separated the enzyme and reagents
from the RNA, leaving the total RNA dissolved in the aqueous upper phase. The top layer was
removed to a clean tube and the RNA precipitated by addition of 375ul ethanol with 15ul 3M
sodium acetate (pHed to 5.2 with HCl). The contents were vortex mixed and left to precipitate at -
80°C overnight. Following precipitation, the samples were vortex mixed for approximately 15
seconds before the RNA pellet was collected by centrifugation at 13,000 rpm at 4°C for 15 minutes.
The supernatant was removed and the total RNA washed in 1ml 75% v/v ethanol. The pellet was
then re-collected by spinning at 13,000 rpm at 4°C for 5 minutes. Finally the ethanol supernatant
was removed and the total RNA pellet air-dried before dissolving in 40ul water, ready for RNA

quantification.
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2.7.3 Total RNA Quantification

Quantity of extracted total RNA was determined using a Nanodrop spectrophotometer (ND-1000
Nanodrop Products, Thermo Fischer Scientific, USA). In addition, RNA purity was assessed by ratio of
absorption at 260nm to 280 nm, thereby giving an indication of the level of protein contamination,
where a 260/280nm ratio between 1.8 and 2.0 is optimal, where protein contamination reduces the
ratio from the optimal 2.0; therefore a ratio below 1.8 indicates a sample containing unacceptable
levels of protein. The average 260/280 ratio and the range of values for each RNA sample set used in
this thesis is shown in table 2.7-1. Following RNA quantification the samples were all diluted to a
concentration of 0.1pg/ul in water and stored until the reverse transcriptase step could be
performed, approximately 3 months later. Total RNA samples were separated by agarose
electrophoresis following the storage period to visually check that integrity was maintained.

Table 2.7-1 RNA 260/280 ratios from samples used in this thesis. Data for sheep tissues is from trial 1 of this
thesis (trial 2 values were unavailable) n=36, C2C12 cell RNA n=48 and Rat Primary cells n=12.

Tissue Mean 260/280 Ratio SEM Range

Minimum Maximum n
Sheep LD 2.10 0.005135 2.02 2.16 36
Sheep Kidney 2.03 0.011951 1.81 2.12 36
Rat Primary Muscle Cells 2.10 0.008657 2.06 2.13 12
C2C12 Cells 2.08 0.004803 1.96 2.11 48

2.7.4 Horizontal Agarose gel Electrophoresis of total RNA

RNA integrity and quality was visualised using non-denaturing agarose gel electrophoresis. 5Sul RNA
at a concentration of 0.1pug/pl was loaded with 1 pl 6 x loading dye (Promega, Cat #G190A) in a 1.5%
w/v agarose gel made with 1x TAE (40mM Tris, ImM ethylenediaminetetraacetic acid (EDTA), 0.12%
(v/v) acetic acid), the gel was then electrophoresed for approximately 1 hour in 1 x TAE buffer. The
gel was stained in 0.5ug/ml ethidium bromide in 1 x TAE buffer, and visualised using GelDoc system
and Multi-analyst program (BioRad, Hemel Hempstead, UK). intact total RNA from animal tissues
should exhibit three clear bands, the larger 285 and 18S ribosomal RNA molecules, followed by a

smaller transfer RNA band, and a slight smear of mRNA fragments, as observed in figure 2.7-1.
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Mouse Skeletal Muscle RNA

Figure 2.7-1 Horizontal agarose gel electrophoresis of tota
three distinct bands are visible showin
markers (Promega).

2.7.5 Reverse-Transcription (RT) of mRNA

To investigate changes in the expression of genes at the mRNA level, the extracted total RNA was
reverse transcribed into copy DNA (cDNA), which was a template for use in Polymerase Chain
Reactions (PCR). Extracted total RNA was reverse transcribed using reverse transcriptase (RT)
enzymes to generate cDNA. All extracted RNA was diluted to 0.1pg/ul prior to RT step and the
reverse transcriptase enzyme (Moloney Murine Leukemia Virus-Reverse Transcriptase (MMLV-RT),
Promega UK) was used to generate cDNA in the sheep studies. The RT reaction used the basic
principles of heating the RNA to a high temperature to denature the tertiary structures, then cooling
rapidly to allow annealing of short DNA hexamer primers (single stranded DNA molecules 6 bases in
length) to the RNA. The hexamers were designed to anneal randomly to RNA and provide a start site

for the reverse transcriptase enzyme, demonstrated in figure 2.7-2.
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Figure 2.7-2 Schematic representation of Reverse Transcription of mRNA

2.7.5.1 RT using MMLV-RT

1pl random primers (Promega, UK) at a concentration of 0.5ug/ul was added to 0.5ug total RNA in a
thin-walled microfuge tube and the final volume made up to 15 pl with water, the reagents were
then vortex mixed and collected by brief centrifugation (up to 12,000 rpm for 30 seconds). The tube
was then heated to 70°C for 5 minutes on a PCR heat block, before transferring quickly to ice. This
ensured the primers annealed while the RNA was denatured and prevents secondary structures
forming. The sample was left on ice for at least one minute before addition of 5ul 5x MMLV-RT
Buffer (250mM Tris-HCI, pH 8.3; 375mM KCl; 15mM MgCl,; 50mM DTT; Promega UK), 1.25 ul
nucleotides mix (dATP,dCTP, dGTP, dTTP, final concentrations 0.5mM), 0.5 pl Ribonuclease Inhibitor
enzyme (25 units; Promega UK), 1 pl RT enzyme (200 units) and 2.25 pl water. The contents were
mixed and collected briefly as before and incubated for 5 minutes at room temperature to allow the
enzyme to extend the primers before transfer to the heat block of the PCR machine (DNA Engine-
Mastercycler, M.J. Research; USA) for one hour at 42°C. The final 25ul of first strand cDNA mixture

was diluted 1:4 to 100u! with water to be stored as stock cDNA at -20°C.
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2.8 Development of sequences for primer and probe design in sheep

At the time of this study there were no available known mRNA sequences for the sheep calpain
enzymes nor for the calbindin D-28K protein. To overcome this, calpain sequences needed to be
created using available sheep partial length cDNA sequences in the EST (expressed sequence tag)
database (National Center for Biotechnology Information (NCBI)). There had been previous work in
this laboratory to develop and sequence a PCR product of calbindin D-28K in sheep (Miss C. Anike-
Nkweze, University of Nottingham) and the present study used this sequence to develop a set of
sheep specific primers. Primers and dual labelled fluorescent oligonucleotide probes for sheep
mRNA measurement were purchased from Sigma Genosys {UK) and primers and probes for use in

mouse and rat —derived cells and tissues were purchased from MWG (UK).

2.8.1 Development of calpain Sequences

There were no existing mRNA sequences for the ovine calpain enzymes | and li, so sequences
needed to be generated using the EST database of sheep cDNA fragments. To do this the mRNA
nucleotide sequence of the closest reiated species was used to search for related ovine sequences,

which was in this case the bovine sequence.

Firstly the bovine peptide sequence was found wusing the “Swissprot” website
[http://www.expasy.org/sprot/], where a search was performed using the common protein name
(calpain | or calpain I1). This then produced a link to EMBL (European Bioinformatics institute-EMBL)
for the bovine mRNA nucleotide sequence [http://www.ebi.ac.uk/embl/]. This nucleotide sequence
for the bovine mRNA of the translated protein was then used to search using the BLAST (basic local
alignment tool) tool within the NCBI (National Center for Biotechnology Information) website for
related ovine sequences using the EST-[non-human, non-mouse- others] database. This recovered a
number of unidentified ovine partial length cDNA sequences with similarity to the initial bovine

MRNA sequence.

Each of the collected ovine cDNA sequence fragments were then aligned with the relevant bovine
calpain | or Il sequences using the ClustalW alignment tool within the NCBI website, to ascertain the
region of the mRNA sequence it was related to. The ovine sequence fragments were organised into
their order relative to the bovine sequence, aligned and a contiguous cDNA sequence generated.
The bovine mRNA sequence used to search the sheep EST database and the sequences obtained for
each gene are shown in table 2.8-1. This final created sequence was then ClustalW aligned back to

the original bovine and human sequences to assess variation, the results are shown in table 2.8-2.
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Table 2.8-1 Bovine Sequence used to interrogate NCBI EST non-human, non mouse database and retrieved
partial length cDNA sheep sequences.

vin Ipain prim Ovine EST Sequence

Gene Bovine sequence Accession No.  Length (bp)

Calpain| NM_174259 EE820633 710
DY507375 741
EE814187 557
DY491370 781
created sequence 1404

Calpain i NM_001103086 DY506459 722
DY509248 658
DY521444 568
created sequence 990

Table 2.8-2 ClustalW alignment of created contiguous Ovine calpain cDNA sequences Vs human and bovine
sequences indicating the similarity to ovine sequences. Length of created ovine calpain | sequence was
1404bp, created ovine calpain Il was 990bp.

Ovine Calpain | alignment to Accession # Sequence Length (bp) Similarity
Bovine Calpain | u07849 286 97%
Human Calpain | X04366 3007 82%
Ovine Calpain Il alignment to Accession # Sequence Length (bp) Similarity
Bovine Calpain Il U07850 623 96%
Human Calpain I M23254 3213 89%

2.8.2 Design of Quantitative (Real -Time) PCR primers and probe

Intron and exon boundaries were identified using the exon boundaries for equivalent genes in
bovine genomic DNA sequence as a guide, before primers and probes for real-time PCR were
designed using Primer Express Software (V1.5, Applied Biosystems); the resulting sequences and the

position of the primers and probes are shown in appendix B.

2.9 General and Quantitative Polymerase Chain Reaction

cDNA created from mRNA extracts was analysed for gene expression by either semi-quantitative or
quantitative PCR. General PCR amplifies small quantities of cDNA into larger amounts that can be
visualized under eithidium bromide staining. This method was used to validate primers and to verify
expression of genes in different tissues. Quantitative (or real-time) PCR (Q-PCR) allows absolute or
relative quantification of mRNA transcripts by determining the quantity of PCR amplicon produced

after each cycle of the PCR reaction. Q-PCR was performed in all studies to quantify changes in gene

expression at the mRNA level.
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2.9.1 General (Semi-Quantitative) PCR

AmpliTaq Gold enzyme (Applied Biosystems) was used in general PCR reactions, in a thin-walled
200l volume microcentrifuge tube; containing 0.25 Hl AmpliTaq Gold Enzyme (1.5 units), 5 pl 10x
PCR Gold Buffer, 3 ul 25mM MgClI2, 1 pl 10mM dNTP mix, 1.25 ul forward primer, 1.25 pl reverse
primer (both primers at concentration of 10pmol/ul) and 5 pl template cDNA (equivalent to 0.25ug
RNA), with the final volume adjusted to 50 pl with water. This reaction mixture was then vortex
mixed and centrifuged briefly to collect at the base of the tube before incubation using a PCR
thermocycler (DNA Engine- Mastercycler, M.J. Research; USA). The reaction was incubated at 95°C
for 10 minutes to activate the enzyme before the amplification cycles began. Cycles contained three
steps; 94°C denaturation step for 30 seconds, 55 to 65°C annealing temperature (primer set
dependant) for 30 seconds and 72°C elongation for 30 seconds to 1 minute (dependant on length of
amplicon), summarized in figure 2.9-1. These three steps were repeated 35 times before the final

elongation step of 72°C for 5 minutes followed by cooling to 4°C.
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Figure 2.9-1 The three repeated cycles of the Poly
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2.9.2 Electrophoresis of PCR products

To validate the primers and check the size of the nucleotide sequence amplified, the semi-
quantitative PCR products were separated by horizontal electrophoresis in agarose gels and
visualised using eithidium bromide staining. 10ul PCR product was diluted with 2ul loading dye and
electrophoresed in 1.5% w/v agarose gel made in 1 X TAE buffer at 100V for 1 hour. The separated
products in the gel were then stained for 20 minutes in 0.5 ug/ml ethidium bromide (in 1 X TAE
buffer) and imaged under UV light using the Gel Doc (Gel Doc 2000) and Multi-Analyst software
(BioRad Laboratories; CA, USA).

2.9.3 Quantitative PCR

Quantitative PCR uses similar thermal cycling conditions as used in the general PCR method, except
after every cycle of cDNA synthesis; the quantity of cDNA is measured. To measure the quantity of
cDNA an additional oligonucleotide is included in the reaction mixture, referred to as a dual-labelled
fluorescent probe due to it being modified with two additional fluorescent dyes conjugated at either
end of the specific sequence, at the 5’ end is the reporter dye and the quencher is situated at the 3’
end. These two dyes have differential energy properties, the reporter having high energy and the
quencher having low energy, and so, when the two dyes are in close proximity (i.e. both bound at
either end of the probe) the quencher absorbs the energy from the reporter and thus there is no
release of fluorescent energy from the probe. This phenomenon is referred to as Flourescence
Energy Resonance Transfer (FRET) and is the basis for cDNA quantification during quantitative real-

time PCR using dual-labelled fluorescent probe technology.

The probe has a higher annealing temperature than the primers and thus binds before the primers
to a specific sequence in the middle region of the amplicon. The DNA polymerase enzyme used in
the PCR reaction has 5'nuclease activity which allows it to digest any obstructions in its path, and
thus will degrade the probe as it copies the template cDNA between the two primers. During the
quantitative PCR reaction the DNA polymerase copies the template cDNA strand and degrades the
probe as it comes to find it in its path and due to the orientation of the two dyes, the quencher is
released first. The removal of the quencher from the 3’ end of the probe releases the inhibition on
the reporter dye’s fluorescence and the fluorescence can be detected. This reaction is summarised
in a schematic diagram in figure 2.9-2. The level of fluorescence after each cycle is proportional to
the amount of cDNA template being copied and thus the quantity of amplicon copied after every

amplification cycle can be related to the level of fluorescence released.
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The theory behind quantifying cDNA using the Polymerase Chain Reaction is that the amount of
cDNA in the sample should double with each cycle of the reaction, giving an optimum efficiency of 2.
The reaction causes an exponential rise in the quantity of the amplified product (amplicon) and the
quantitative PCR method measures the rise in cDNA after every cycle. After every cycle the
polymerase enzyme releases a fluorescent signal from the labelled probe, which is directly
proportional to the quantity of template present, and it is this signal which was measured by the
light-cycler equipment. The machine records the number of cycles taken for each sample to reach
threshold fluorescence (Ct) and this is proportional to the amount of cDNA template at the start of
the reaction. To quantify the relative concentration of unknown samples a pool of cDNA was diluted
into a standard curve to be used as a reference for relative quantification, the dilution method is

outlined in table 2.9-1.
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Table 2.9-1: Diluting cDNA to create a standard curve for relative quantification of unknown samples

Standard Curve Relative Quantity
1 0.75 05 0.25
Volume Stock cDNA (ul) 100 75 50 25
Volume Water (pl) 0 25 50 75
Dilute these 1:10 (10ul Standard Curve + 90l water)

1:10 0.1 0.075 0.05 0.025
1:100 0.01 0.0075 0.005 0.0025
1:1000 0.001 0.00075 0.0005 0.00025

The q-PCR machine’s software (Sequence Detection Systems V 2.2.2.; 2004 Applied Biosystems,
Foster City, CA, USA) then calculates the efficiency of the reaction by plotting the number of cycles
to reach threshold against the relative quantity of cDNA template in the standard curve. Figure 2.9-3
demonstrates the typical relationship between the fluorescence value generated at each cycle
number, generated by the amplification of a cDNA standard curve, the threshold value of
fluorescence is shown as a red line (measured using 7900HT Fast Real-Time PCR System, Applied
Biosystems) and the corresponding cycle number is the Ct value. The software then calculates the
equation of the standard curve by plotting the number of cycles required to reach threshold (Ct)
plotted against the Log 1 of the relative quantity of cDNA in the standard curve, shown in figure 2.9-
4. Assuming that the quantity of DNA doubles after each cycle, the theoretical number of cycles
required for the amount of cDNA to increase by a factor of 10 is Log, 10, and therefore when the
standard curve is plotted displaying the relationship between Ct value and log;, value of the
template quantity (total RNA equivalents), theoretically the gradient is approximately 3.322 (3 dp)
when the reaction is near 100% efficiency (DNA quantity doubling per cycle). Most reactions do not
reach maximum efficiency as a result of a variety of factors, for example different binding capacities
of the oligos to the cDNA strand. As a result of these factors each primer and probe set was
evaluated for its efficiency across the standard curve and the unknown sample templates were
diluted to lie where the reaction had a linear response, an example of unknown samples amplifying

in the linear phase of the reaction is shown in figure 2.9-4.
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Figure 2.9-3 Amplification plot of standards used to measure Ovine Calpain | expression in LD. As
concentration of cDNA in the starting template decreases, the time taken to reach threshold detection is
longer; shown as a red line.
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2.9.3.1 q-PCR in Sheep Trials

Expression of calpain system and calbindin —D28K mRNA in sheep trials was quantified using real-
time quantitative PCR using the Fast-Taq system and analysed using Sequence Detection System
software (SDS) (Applied Biosystems, Foster City, CA, USA). Primers for the ovine calpains, calpastatin
and calbindin were designed as described in section 2.8 and are summarised in appendix B. The
myosin heavy chain (MHC) genes were analysed using the LC480 system (Roche) using primers and
probes designed by Miss Krystal Hemmings (University of Nottingham; Appendix B). A standard
curve of either LD or kidney was generated from pooled cDNA taken from each trial sample and
serially diluted to generate a range of dilutions against which the trial samples could be quantified.
All trial samples of cDNA were diluted 1:10 before measurement to ensure samples were quantified
against the linear phase of the standard curve. To correct for variation in sample preparation an
internal control gene expected to be unchanged by vitamin D treatment was also quantified under
the assumption that expression of this gene was not altered by treatment and that total RNA
content of samples was constant. For this purpose B-Actin was measured and utilised as an internal
standard for all genes. All sample values were calculated relative to the standard curve in arbitrary
units and then divided through by the corresponding value for 3-Actin; giving results expressed as a

ratio to B-Actin.

For each reaction, cDNA diluted 1:10 was added into a well of the PCR thermal cycling plate and
added to it were PCR Mastermix, dual labelled probe and forward and reverse primers before the
final volume was adjusted with RNAse/DNAse free water, table 2.9-2 summarises the volumes and
final concentrations of the components of each reaction system and the thermal cycling conditions
used. For the calpain system analysis, the Applied Biosystems 7900 HT Fast Real-Time PCR system
was used and the master mix was Tagman Fast Universal PCR 2X mastermix (Applied Biosystems,
Warrington, UK) and each sample was measured in duplicate reactions in a 96-well reaction plate;
raw data was analysed using Sequence Detection System (SDS, V2.2.2 ) software. For the analysis of
the MHC genes the Roche Light Cycler 480 system was used, the master mix was LightCycler ®480
probes Master 2 X Mastermix (Roche Diagnostics GmbH, Germany) and each sample was measured
in triplicate reactions in a 384-well plate; raw data produced was analysed using LC480 Software

(LightCycler® 480 SW V 1.5, Roche Diagnostics, Germany).

Immediate analysis of the raw data was performed by each system’s specific software, whereby the
relative concentration (an average of replicates) was calculated against the standard curve, followed
by the export of data to Microsoft Excel (version 2007) for further analysis investigating effects

between treatment groups prior to statistical analysis performed in Genstat software (V11).
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Table 2.9-2. Reaction volumes and thermal cycling conditions of two Q-PCR systems used in mRNA
expression analysis in sheep trials.

Q-PCR 7900HT Fast Real-Time PCR System Q-PCR LightCycler ® 480 System

Reagents Volume (ul)  Final Concentration (uM) Volume (pl) Final Concentration (uM)
¢DNA Template 8.3 2.5
Equivalent RNA (pg) 0.0415 0.025
Mastermix 125 7.5
Dual-labelled probe 0.5 0.2 0.3 0.2
Forward primer 0.75 0.3 0.45 0.3
Reverse Primer 0.75 0.3 0.45 0.3
Water 2.2 3.8
Total Volume 25 15
Cycling Conditions Temperature °C Duration (seconds) Temperature °C Duration (seconds)
Denaturation 95 20 95 600

95 1 95 10
Amplification 60 20 - Acquisition 60 50

72 - Acquisition 1
- repeated for 40 cycles -> repeated for 45 cycles

Cooling None 40 10

2.9.4 Normalisation of data to B-Actin

Total RNA samples were normalised for RNA concentration prior to the RT step to ensure each cDNA
sample was created from similar amounts of total RNA prior to PCR, however, to further correct for
variation in the sample preparation a house keeping gene was used, which was B-Actin in case of the
ovine experiments. Expression of B-Actin at mRNA level was measured using primers and probes
designed for sheep by Dr. Zoé Daniel (University of Nottingham), for normalisation of the calpain
genes the data from Fast Taq ABI system was used and for the Myosin Heavy Chain genes the data
from the Roche LC480 was used. The level of expression of this gene was compared between
treatment groups using a paired T-test in Genstat software and the data is shown in table 2.9-3. The
results in table 2.9-3 show that the two real time PCR machines produced similar resuits for the
expression of B-Actin in LD and kidney in both trials and that there were no effects of dietary

treatment on B-Actin expression in LD and kidney of both trials (P>0.05 in all cases).
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Table 2.9-3 Effect of Vitamin D; supplementation on mRNA expression of B-Actin, as measured by the Fast
Taq ABI system, and again in the LD as measured by the Roche LC480 system. cDNA created from samples
with constant RNA concentration from either LD or Kidney tissues from animals fed either a control or
vitamin D supplemented diet.

Trial 1: 4 Days Vitamin D

Housekeeping Gene Beta Actin Control Vit D d.f. S.E.D. P

Fast Taq (ABI) (ug RNA equivalent) LD 1.631 1.608 16 0.0855 0.766
Kidney 1.544 1.530 17 0.0389 0.68

LC 480 (Roche) (relative expression) LD 0.1197 0.1066 17 0.0177 0.460

Trial 2: 7 Days Vitamin D + Ca

Housekeeping Gene Beta Actin Control VitD d.f. S.E.D. P

FastTaq (ABI) (ug RNA equivalent) LD 1.358 1427 17 0.0676 0.234
Kidney 1676 1.728 17 0.0716 0.389

LC 480 (Roche) (relative expression) LD 0.0774 0.0785 17 0.0133 0.897

2.10 Measurement of Proteins by Western Blotting technique

Analysis of specific protein levels in samples was performed by denaturing electrophoresis of
extracted proteins followed by transfer to a nitrocellulose membrane followed by immunoprobing
with antibodies specific to the protein targets. This method allows relative comparison of protein

levels between control and treatment groups.

2.10.1 Extraction of proteins from animal tissues

Snap tissue samples taken during carcass sampling and stored at -70°C until extraction when
samples were crushed in liquid nitrogen in a crucible before weighing out 1g (+0.05g) into a 20ml
sterilin tube. 5ml of extraction buffer with protease inhibitors (containing 100mM Tris-HCl pH 5.5,
10mM enthylenediamine tetra-acetic acid (EDTA), 0.5mM 2-(4-aminoethyl)- benzenesulphonyl
fluoride (AEBSF), 0.01mM leupeptin and 0.01mM pepstatin) was then added to the crushed sample.
The extraction buffer contains three protease inhibitors to prevent proteolysis. The mixture was
then homogenised (Polytron, The Nertherland) using 2 x 30 second bursts, allowing 30 seconds
between to allow time for the blade to cool. Sterilin tubes were kept in an ice bath to prevent

heating of the samples during homogenisation.

Following homogenisation 100ul of the mixture was removed into a 1.5ul tube containing 900ul
0.1M NaOH for protein concentration analysis (Lowry assay, see section 2.10.2). Another 250ul was
removed and added to an equal volume of SDS-mix DTT (20% v/v glycerol, 12.5% v/v 1M Tris/HCI
pHed to 6.8, 4% w/v SDS (Sodium Doecyl Sulphate), 15.4% w/v Dithiothreitol (DTT), and a few grains
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bromophenol blue) for use in SDS-PAGE analysis. This solution contains strong reducing agents
which denature the tertiary structure of proteins which allows optimum separation of proteins via
electrophoresis through acrylamide gels. A further two 1.5ml tubes were filled with the homogenate
and centrifuged at 15,000 rpm (Microfuge 22R Centrifuge, Beckman Coulter) for 15 min in a pre-
cooled centrifuge (4°C). Following centrifugation, 100ul of the supernatant was added to 900ul
0.1M NaOH, and another 250ul supernatant added to 250ul SDS-mix DTT. These two aliquots of the
supernatant protein fraction were stored at -20°C for protein quantification and electrophoresis. A
further aliquot of supernatant was boiled on a 1.5ul tube heater at 100°C for 5 minutes before a final
centrifugation (15,000 rpm for 15 min at 4°C). The resulting boiled supernatant, containing the
endogenous calpain inhibitor calpastatin, was aliquoted into 0.1M NaOH and SDS-mix DTT as
described for the supernatant above. All prepared extracts were then stored at -20°C until required,

approximately 6 months later.

2.10.2 Determination of Protein concentration by Lowry Assay

The Lowry protein assay (Lowry et al., 1951) was performed on extracts from sheep samples which
had been stored in 0.1M NaOH at 1:10 dilution. The assay uses two solutions made up fresh for each
assay; solution 1 (5ml 2% w/v Na,CO; in 0.1M NaOH, 0.5ml 1% w/v CuSO,, 0.5m! 2% w/v KNa
Tartrate) followed by equal volume of solution 2 (5ml 0.1M NaOH and 0.5ml Folin’s Ciocalteau’s

Reagent (FSA Lab Supplies, England).

In alkaline solution the copper Ill ions will complex with the proteins, this then reacts with the Folin-
phenol reagent, reducing the acids to tungsten and molybdenum which produce blue solutions. The
more protein present, the more acids are reduced thus producing a darker blue solution. The
intensity of colour is detected colorimetrically by absorption at 620 nm. Protein standards were
made up using Bovine Serum Albumin (BSA); six known concentration solutions were made up,
containing 0.2, 0.4, 0.6, 0.8, 1.0 and 1.2 mg/ml, stored at -20°C between assays. In a 96 well micro
titre plate 50l of each standard solution was added in duplicate. 0.1M NaOH solution was used as
the 0 ul solution for background comparison. Again, in duplicate, 50ul of each sample was pipetted
onto the plate, before all wells were made up to 200ul with 0.1M NaOH. 50ul of solution 1
(described above) was added to all wells and left for 5 minutes at room temperature. 50ul of
solution 2 was then added and the plate incubated at room temperature for 20 minutes before the
absorption at 620nm was read using the micro titre plate reader Dynatech MR5000 (Dynatech
Laboratories Ltd, Guernsey, Channel Islands, UK). The absorption output was used to equate protein
concentration by Biolinx 1.1a software, (Dynatech UK) comparing the unknown samples to the

known concentrations of the BSA standards. Following determination of protein content within each
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sample, those samples stored in SDS-mix DTT were diluted to constant protein concentrations. A
standard mix was prepared by taking 20pl of each diluted sample and mixing in a 1.5ml tube. This
standard was then loaded three to five times across gels to measure variation between and within

gels.

2.10.3 Protein separation by SDS-PAGE (Sodium Dodecyl Sulphate- Polyacrylamide Gel

Electrophoresis)

Prepared denatured protein samples in SDS-mix, as described in section 2.10.1, were separated by
vertical electrophoresis in Sodium Dodecyl Sulphate Polyacrylamide gels (SDS-PAGE). Polyacrylamide
gels were prepared using variable acrylamide content keeping the ratio of acrylamide to bis-
acrylamide constant (37.5:1 acrylamide:bis-acrylamide), quantities described in Appendix C.
Appropriate concentrations of acrylamide in the gel were used according to molecular weight (MW)
of protein to be investigated, varying from 8% w/v for proteins of size 250kDa to 75 kDa, to 12% w/v
for smaller, 100kDa to 20kDa. Prior to loading, all samples were boiled on a heat block for approx 1
minute at 100°C to ensure denaturation of proteins and spun in a centrifuge (3 minutes at 15000
rpm at room temperature) to ensure a homogenous mix. 10ul pre-stained molecular weight marker
(Biorad, USA) was loaded to demonstrate the distance moved by known molecular weight protein
standards, ranging in size from 10 to 250kDa. Gels were run at 200V constant until the blue dye of
the SDS-mix DTT began to run off the bottom of the main gel, usually around 45 minutes for a 10cm

long gel.

2.10.4 Western Blot Protein Transfer

After running, the gels were laid in western blot buffer (5% (w/v) isopropanol, 0.4M Glycine and
2.5mM Tris Buffer, all Fischer Scientific Ltd, UK) for 5 minutes. A piece of 0.45 um nitrocellulose
membrane (GE Healthcare, UK) was cut to size just larger than the gels, then soaked in distilled
water for 10 minutes to hydrate before immersion in western blot buffer ready preparation of the
western blot stack. The stack was prepared on a sponge soaked in western blot buffer, followed with
a layer of two sheets of Whatman 3MM paper (Fisher scientific, UK) also soaked in western blot
buffer. The gel was laid on the 3MM paper and western buffer poured over to keep the gel moist
before the nitrocellulose membrane was laid covering the gel. The layers were rolled with a glass rod
to ensure no air bubbles were trapped between the gel and membrane. Two more layers of 3MM
paper were added and a final sponge on top with additional buffer poured over the stack after every
layer to ensure all components remained wet and rolled with the rod to remove any air bubbles. This
ensures all proteins migrate evenly across the whole membrane, any air bubble between the gel and

the membrane prevents protein migration to the membrane. The stack was compressed in a plastic
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cassette then immersed in an electro-blotting Trans-blot tank (BioRad, Hemel Hempstead, UK) filled
with western blot buffer. The gel was placed toward the negative electrode as proteins are
negatively charged and move toward the membrane in the direction of the positive electrode. A
constant current of 350mA was applied across the stack for 2 hours for the large gels used to run all
experimental trial samples, and 200mA for 90 minutes for small gels, where fewer samples were

used for antibody optimisation.

2.10.5 Ponceau Stain of Membrane

Following the blotting process the membrane was stained using Ponceau stain (0.5% w/v Ponceau S
stain, 5% (w/v) trichloroacetic acid) to ensure protein transfer. The membranes were submerged in
Ponceau stain for approximately 1 minute and washed in distilled water to reveal protein bands. The
stain was removed using TBS-T (20mM Tris HCl pH 7.5, 150mM NaCl & 0.1% (w/v) Tween 20) once
transfer of protein was confirmed. At this stage position of the molecular weight markers was

denoted with a permanent marker.

2.10.6 Immunodetection of proteins

Once transferred to the nitrocellulose membrane, specific proteins were visualised using
immunoprobing technique. The first step of this method removes all possible non-specifc binding
sites still available on the nitrocellulose membrane. This was done by blocking the membrane in a
solution of 5% (w/v) non-fat dried milk (Marvel®) in TBS-T for at least 30 minutes on a platform
shaker at room temperature. Following the initial blocking, the membrane was probed by the
protein-specific primary antibody overnight at 4°C. After the first antibody incubation, the
membrane was washed for 30 minutes with 1% (w/v) non-fat dried milk in TBS-T with 6 x 5 minute
washes using fresh wash solution each time. The membrane was then probed for 1 hour with a
secondary antibody, usually anti-rabbit or anti-mouse IgG conjugated with horseradish peroxidase
(HRP) or alkaline phosphatase enzyme, depending on the source of the primary antibody in use. Full
details of antibodies and conditions used for detection are summarised in Appendix D. Following
incubation with secondary antibody the membrane was washed again with 1% (w/v) non-fat dried
milk in TBS-T for a further 30 minutes, again with 6 x 5 minute washes. A final 5 minute wash in TBS-

T was the last step before the chemiluminescence reaction.

The calpain enzymes were visualized at the protein level using antibodies developed to porcine
calpains (produced by Tim Parr, University of Nottingham) which were verified to cross react with
sheep (Sazili, 2003; pp32). All samples were diluted to constant protein concentration of Sug/ul

before loading 20ul volume sample to give 100ug protein/lane. For the calpain enzymes the
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proteins in the supernatant fraction were loaded and Calpain Il was detected first before the
membrane was stripped (as described in section 2.10.8) and re-probed with Calpain | antibody. For
calpastatin detection the whole homogenate fraction was used and again samples were loaded to
the same constant protein concentration of 5ug/ul so that a constant volume of 20l could be
loaded, giving a 100pg protein per lane. The calpastatin protein was detected using a monoclonal
antibody from Sigma (details in Appendix D) following which the membrane was stripped using
stripping buffer (Pierce, described in section 2.10.8) and was re-probed with an anti-Desmin

antibody.

2.10.7 Chemiluminescence detection of proteins

If a secondary antibody conjugated with horse radish peroxidase was used, the luminescence
solution required was EZ-ECL (Biological Industries, Israel), whereas for secondary antibodies
conjugated with alkaline phosphatase enzyme the developing solution required was CDP star (GE
Healthcare, UK). For EZ-ECL detection equal volumes of solutions A and B were added together
depending on the surface area of the membrane (a total volume of 8mls was used for each large
membrane containing around 25 samples), poured over the protein bound surface of the membrane
and incubated at room temperature for 1 minute. For CDP-Star 6mls reagent was added per large
10cm gel, left to incubate for 5 minutes. The detection solutions were removed briefly using 3MM
Whatman blot paper before the membrane was wrapped in cling film before securing into an
autoradiograph cassette. Application of the detection reagents initiates a light reaction between the
conjugated enzyme of the secondary antibody and the development solutions, the light emitted
from this reaction was detected using autoradiography film (hyperfilm, GE Healthcare, UK). Exposure
of the film to the membrane was dependant on strength of luminescence and usually varied
between 15 seconds to 5 minutes. The film was then developed in a dark room by immersion in
Kodak X-ray Developer solution for 2 minutes, a brief rinse in water then fixed by immersion in liford
Hypam rapid fixing solution (both solutions were diluted 1 in 5 from stock solution with water,
supplied by Calumet Photographic Co. (Nottingham, UK) for 2 minutes followed by final wash in

water.

2.10.8 Stripping and re-probing with a second protein antibody

Following immunoprobing with the initial protein specific antibody, membranes were stripped of the
bound primary and secondary antibodies to allow immunoprobing for a different protein. This
allowed the same blot to be probed for a number of test proteins without repeating the initial

electrophoresis and transfer. For all protein work performed using sheep tissue, the membrane was

82



washed in a pre-prepared stripping buffer (Pierce, UK) for 10 minutes followed by a brief wash in

TBS-T. The blot was then blocked with 5% (w/v) marvel TBS-T and probed with another antibody.

For membranes used for protein detection in cell culture work where antibodies to both total
protein and phosphorylated proteins were used to detect bands of the same size, the first antibody
was removed from the membrane using 100mls of a stronger stripping buffer (0.09M SDS, 0.6M Tris
and B-Mercaptoethanol added immediately prior to use to give 0.01M) added for each large
membrane and heated in a 50°C water bath for 30 minutes. The membrane was then washed once
in distilled water at room temperature on a bench top shaker for 5 minutes and twice in TBS-T
solution for 5 minutes before the membrane was treated with detection reagents and developed to
ensure there were no traces of the first antibody remaining. Following the second incubation with
detection reagents, the membrane was washed again in TBS-T at room temperature to remove any
remaining developing solutions, before the membrane was ready to be blocked with 5% marvel-TBS-

T solution and re-probed with another primary antibody.

2.10.9 Quantification of protein blots

The protein bands on the developed blot were quantified using Bio Rad software (Gel Doc 2000,
USA) and optical density of bands was measured using Multi Analyst image analysis software
(BioRad, USA). Variation in signal detection (which included gel and blotting variation) across gels
was corrected for using the protein standard replicate loaded on gels. Data was expressed as optical

density of the band per weight of protein loaded per sample.

2.11 Cell culture methods

The final experiments of this study were performed in rodent skeletal muscle cell models in culture
which were treated directly with active forms of vitamin D at differing time points. From these cell
models total RNA and protein samples were prepared for analysis of vitamin D’s direct signalling
mechanisms within muscle cells. The scheme of this work followed three phases, a microarray
analysis to identify novel targets of 1a,25 dihydroxyvitamin D; using primary skeletal muscle cells,
selection of available muscle cell types on the basis of their myosin heavy chain gene expression and
a final vitamin D; experiment on the chosen cell line to verify targets of the microarray and to
evaluate the active form of vitamin D’s possible role in fibre type maintenance. Primary skeletal
muscle cell cultures were prepared from neonatal male rat pups as described below. These cells
were removed directly from newborn rat muscle tissue and were allowed to proliferate in culture
plates before addition of differentiation media which initiates formation of myotubes. These primary

cell lines are most closely related to cells in vivo and provide a large number of identical samples

83



which can be treated directly with active vitamin Ds. High quality mRNA was extracted from these

cells following treatment with vitamin D; and was analysed by microarray for novel targets in

skeletal muscle tissue.

Although the microarray experiment was performed in the primary skeletal muscle cells, it was
necessary to identify the myosin heavy chain genes which were expressed by this model as the
purpose of the final experiment was to investigate vitamin D’s effects in both developing and mature
adult muscle. For the final experiment the muscle cells needed to express both the fast and slow
myosin heavy chain genes so that any fibre type switching could be observed. Two other skeletal
muscle cell models were assessed for their range of MHC expression, these were immortalised cell
lines derived from rat, the L6 Aston, and from mouse, the C2C12 cell line. After identifying the cells
which expressed the most appropriate range of MHC genes (see section 3.5 of this thesis), the final
experiment of treating muscle cells directly with a vitamin D; analogue was performed at a range of

doses and time points.

2.11.1 Preparation of primary skeletal muscle myoblasts from rat pups

This method of cell preparation generates proliferative myoblasts cultured from muscle tissue taken
from neonatal male rat pups which can be differentiated into myotubes and treated with agents.
This element of work was performed within Pfizer Ltd (Sandwich, UK) with the help of Mr Adrian
Thompson and Dr. Christine Berger. Three day old male Wistar rat pups were killed by cervical
dislocation and were placed in industrial methylated spirit (IMS) for approximately 1 minute to
sterilise animal surfaces. Hind legs were then removed from the pups and the muscle tissue
dissected and placed in falcon tube containing Dulbecco’s modified eagle’s medium (DMEM) until all
tissue was harvested. All of the following preparation steps were performed in a sterile laminar flow
hood using autoclaved equipment and sterile consumables. DMEM was poured off the tissue, and
then the remaining liquid removed with Pasteur pipette. The tissue was then washed with 40mls
tissue wash solution (4mls of Antibiotic-Antimycotic solution (invitrogen Ltd.) added to 36mis of
sterile phosphate buffered saline (PBS) with 40l 1% w/v DNAse solution (deoxyribonuclease | type
IV (Sigma, Ayrshire, UK) diluted with sterile deionised water to give a 1% w/v solution; stored in
100ul aliquots at -80°C to be thawed just before each preparation) by inversion three times. The
tissue wash solution was decanted as before and the tissue washed again in 40mls sterile PBS. Finally
the PBS was removed and the muscle tissue was poured onto the inverted petri dish lid. Muscle
tissue was chopped using sterile scalpel blades on the petri dish lid for at least five minutes to break
up the myofibrils and release single cells. The chopped tissue was then poured into the base of the

petri dish and 10mls of tissue digestion solution was added (1.5mls Trypsin enzyme (concentration
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of 25g/L in Hank’s balanced salt solution (HBSS) Sigma, UK) was added to 13.5m! sterile PBS with
15ul 1% w/v DNAse solution). The lid was replaced and the dish placed into 37°C incubator for 30
minutes to allow the enzyme to digest proteins between the cells and release myoblasts further.
Following the 30 minute incubation period with the tissue digestion solution, the cells were further
disrupted by passing the solution through a 16G needle into a sterile syringe and dispelling again.
This action was repeated 7 times each time returning the solution to the petri dish before drawing

back into the syringe.

The dish was then returned to the incubator for another 10 minutes before the cells were passed
through the syringe needle a further 7 times. The cells were then once more incubated for 10
minutes at 37°C and the syringe step repeated a final time. After the final disruption step the cells
were retained in the barrel of the syringe, while 10mls of cell growth medium (125mis foetal calf
serum (FCS) added to 500mIs DMEM (20% FCS DMEM) with 7mis Antibiotic-antimycotic solution and
warmed in a 37°C water bath prior to use) was used to wash the base of the petri dish and also
drawn into the syringe barrel. This suspended cell solution was then filtered through a Swinnex-47
filter unit with a fitted wire mesh. The cell mixture was pushed through the filter and collected in a
50ml falcon tube. Following the cell solution a further 10mils cell growth media was passed through
the filter unit and again collected in the 50mi falcon tube. This filter step was then repeated using
another filter fitted with lens tissue, first passing the cell suspension through followed by another
wash with 10mls cell growth solution, again collected into the final mixture. This solution was
centrifuged at 1500rpm (Centaur 2, MSE) at 4°C for 5 minutes, before the majority of the
supernatant was discarded leaving the cells in approximately 5mls media collected in base of the
tube. A further Smls of cell growth media was added to the cells and the pellet re-suspended by

drawing into a pipette and releasing again.

2.11.1.1 Counting, Diluting and Plating Cells

1ml of the prepared cell solution was counted using a cell counter (Vi-Cell XR 2.03, Beckman
Coulter). According to the number of viable cells, the solution was diluted with cell growth media to
give a concentration of 5 x 10 cells per ml. Cells were then seeded at this density. In a 6-well plate
format, 2.5mls of the solution was added to each well, giving a total of 12.5 x 10* cells per well, and a
total of 7.5 x 10° cells per plate. Prepared primary myoblasts were plated into gelatine-coated 6-well
plates (Biocoat, Becton Dickinson Labware, USA) at the above density and the solution swirled

around in a figure of 8 to ensure even distribution of myoblasts, before incubation at 37°C with 5%

CO; until confluent.
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2.11.1.2 Fusing Cells

Once cells had proliferated to almost 90% confluence the cell growth media was substituted for cell
fusion media (13mls donor horse serum (DHS) was added to 500mls DMEM (2.5% v/v DHS DMEM)
with 6mis Antibiotic-Antimycotic solution (Sigma, UK) and warmed in a 37°C water bath prior to
use). Cell growth media was removed with a disposable pipette and the cells washed gently with
warmed sterile PBS, using 2mls PBS per well. PBS was then removed and the fusion media added,

allowing 2.5mls per well. Cells were then returned to the incubator until required.

2.11.2 Culture of skeletal muscle cell lines

Two cell lines were used during this study, the rat-derived L6 Aston (provided by John Brameld,
University of Nottingham) and the mouse derived C2C12 cell line (provided kindly by Philip Rhodes,
University of Nottingham). All media, PBS and trypsin enzyme were warmed in a 37°C waterbath
before use, unless stated otherwise. All work for cell line culture was performed in a sterile laminar

flow hood and reagents were sterile and equipment autoclaved.

2.11.2.1 Thawing cells

Cells were frozen in 1ml freezing media (1ml dimethyl sulfoxide (DMSO) in 9mls FCS (10% DMSO
FCS) and were defrosted quickly in a 37°C water bath. Upon thawing the cell solution was added to
10mls cell-line growth media (50ml fetal calf serum (FCS) into 500ml DMEM (10% FCS DMEM),
supplemented with 10mls 200mM L-Glutamine and 10ml 10mg/ml Antibiotic/Antimycotic solution,
Sigma, UK), pipetted up and down to ensure cells were dispersed before leaving to adhere in a 75ml
flask. Media was changed for fresh cell-line growth media every 48 hours until cells were almost 90%

confluent at which point cells were ready to be harvested.

2.11.2.2 Splitting and re-seeding cells

Cells were allowed to grow to 90% confluence in a 75ml flask before harvesting and re-seeding into
6-well plates for experiments. To harvest the adhered cells media was removed and cells washed by
running PBS over the base of the flask. This PBS was removed and 2mls trypsin added to the flask
before returning to the incubator for approximately 5 minutes. This allowed trypsin to digest the
proteins which adheres the cells to the surface of the flask so that cells were free to be manipulated
in suspension. After 5 minutes the flask was removed from the incubator and knocked slightly to aid

release of cells, examination of the cells under a microscope confirmed cells were dislodged before

continuation to next step.

86



When almost all cells had been released, 8mls cell-line growth media was added to the flask to
neutralise the trypsin enzyme and prevent further damage to cells. This cell suspension as then
moved to a sterile 50ml flacon tube and centrifuged at 700rpm {Centaur 2, MSE) at 4°C for 4
minutes. The supernatant from this step was decanted and cells re-suspended in 2mls fresh cell-line
growth media. 20ul of this cell suspension was counted in a haemocytometer and the number of
cells harvested was calculated. Cells were diluted in cell-line culture media and re-seeded at a
density of 3 x 10* cells per well, requiring 1.8 x 10° cells per 6-well plate. Following passaging, cells
were left to proliferate, renewing growth media every 48 hours until 90% confluent, at which point
media was substituted for cell-line fusion media (10ml donor horse serum (DHS) into 500ml DMEM
(2% v/v DHS DMEM), supplemented with 10mis 200mM L-Glutamine and 10ml 10mg/ml
Antibiotic/Antimycotic solution) to promote myoblast differentiation. Cells were incubated in 37°C

incubator with 5% CO, until required.

2.12 Cell Culture Experimental Procedures

To investigate the effect of 1a,25-dihydroxyvitamin D3 (1,25(0H),Ds) and 1a(OH)-D; on cultured
muscle cells, myoblasts of either cell lines or primary cells were required to have been grown in
growth media until almost 90% confluent. The day of addition of cell fusion media was denoted as

day 0 of differentiation and all time points post differentiation were counted from this day.

2.12.1 Diluting Vitamin D3

Two vitamin D analogues were used in this study; for the microarray primary rat muscle cells were
treated with the active 1a,25-dihydroxyvitamin D3 and in the mouse C2C12 skeletal muscle cell line
experiment, the analogue la hydroxyvitamin D; was used. Both forms of vitamin D; are biologically
active and were purchased from Sigma (Germany), their structures are shown in figures 2.12-1 and

2.12-2.

HO"

Figure 2.12-1 Structure of vitamin D; analogue used in rat primary microarray experiment; 1a,25-{OH),
vitamin D; also known as calcitriol.
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Vitamin Ds used in the rat primary muscle cells to produce mRNA for the microarray experiments
was the activated form, 1a,25-dihydroxycholecalciferol , structure shown in figure 2.12-1, purchased
from Sigma (Germany) and was first suspended in DMSO (1mg supplied, 1a,25-OH,D; suspended in
249.5ul DMSO giving a 0.01M (10*M) vitamin D; solution),this solution did not require storage as all

cells were treated on the same day for a 24 hour period.

HOY

Figure 2.12-2 Structure of vitamin D; analogue used in muscle cell line experiment; 1,a-hydroxyvitamin D;
also known as alfacalcidiol.

Vitamin D3 used in the skeletal muscle cell lines to investigate vitamin D; direct signalling effects and
to verify targets from the microarray was la-hydroxyvitamin D3, structure shown in figure 2.12-2; a
synthetic active analogue of vitamin D;. This solution was stored at -20°C in the dark between
treatment days, and this same stock was stored for up to 7 days over the course of the myoblast

development experiment.

To treat cells using decreasing concentrations of 1,25(0OH),D; or 1a(OH)-D;, a series of dilutions was
made, the first at 10*M was made taking 20ul of the 10”M vitamin D; analogue/DMSO solution and
diluting 10 fold into 2mls cell fusion media (DMEM with 2% v/v DHS DMEM for cell lines, 2.5% v/v
DHS DMEM for primary cells) or in cell growth media (DMEM with 10% v/v FCS) for treating
myoblasts. Further dilution steps were made taking 20ul of the vitamin D3/DMEM solutions and
diluting 10 fold into another 2mls DMEM. These steps resulted in four dilutions of vitamin Ds in
DMEM; 10*M, 10°M, 10°M and 10™°M. In addition; a 6-well plate of cells was treated with 0.1% v/v
DMSO/DMEM solution (20ul DMSO added to 20mls DMEM, then 2.5mls added to cells per well) to

be used as control samples.

2.12.2 Treatment of primary muscle cells with Vitamin D for microarray analysis

Three treatments were included in the microarray; DMSO/vehicle control, 1a,25 dihydroxyvitamin
D; at 10° M, and 1a,25 dihydroxyvitamin Ds 10° M. Primary myoblasts were prepared as described
in section 2.11.1 and were plated into gelatin coated 6-well plates at density of 2.5 X 10* cells/well
and cultured for 4 days until 90% confluent. Cell fusion media (2.5% v/v DHS DMEM) was prepared
with either 10°M, 10° M of 1a,25 dihydroxyvitamin D; (Sigma, Germany) or DMSO (0.1%
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w/v){preparation of vitamin D dilutions is described in section 2.12.1) and the original growth media
on three 6-well plates was substituted for each treatment. Cells were then incubated in the
treatment media for 24 hours. The following day cells were harvested in either protein extraction
buffer (section 2.13.5; three replicates per treatment group) and frozen at -20°C or RLT extraction
buffer {cell lysis buffer containing guanidinium thiocyanate, supplied with RNeasy midi kit described
in section 2.16.1; three replicates for each treatment) and frozen at -80°C. Total RNA was prepared
for the microarray using an RNEasy mRNA midi kit (Qiagen) and quantified on a nanodrop (ND-1000
Nanodrop Products; Thermo Fischer Scientific, Wilmington, USA) before checking the integrity using
a Bioanalyser (Agilent). The microarray was performed by Mr. Thomas Wilson of Pfizer (Kalamazoo,
MI, USA), using an Affymettix Genechip Microarray for Rat V.2.0. For analysis, relative expressions
of genes in each 1,25(0OH),D; treatment group were subtracted from the relative expression of genes
in the DMSO control group. The genes that were then changed with each vitamin D; treatment could

be expressed as a fold change relative to DMSO controls.

2.12.3 Characterisation of Myosin Heavy Chain Gene expression in skeletal muscle cells.

To evaluate the cell lines for their use as a model to investigate vitamin D’s possible effects in fibre
type switching/maintenance, the expression profile of the MHC genes in each cell line as they
differentiated was assessed. All cells were grown to 90% confluence in their respective cell growth
media before differentiation was induced by substituting cell growth media for cell fusion media
(2.5% v/v DHS DMEM for rat primary cells, 2% v/v DHS DMEM for cell lines). Cells were grown in 6-
well plates and at each time point three wells were used to produce replicates of total RNA and
three wells were used for protein samples. All RNA samples from all cell types were prepared for
analysis using TRIzol reagent (section 2.13.4) and protein samples were prepared as described in

section 2.13.5.

The day of addition of cell fusion media was denoted as day O and at this point the majority of cells
were still myoblasts undergoing proliferation. Total RNA and protein was extracted from cells at this
point before differentiation media was added and were denoted as Day O samples. Following
addition of differentiation media, cells were allowed to differentiate into myotubes for up to 7 days
and samples were extracted at days 2, 4 and 7 producing four time points at which the MHC

expression could be validated.

Extracted total mRNA, prepared as described in 2.13.4 and reverse transcribed using MMLV RT
enzyme (section 2.7.5) and using previously published MHC primers (see Appendices E and F for rat
and mouse primers respectively), the expression of each MHC gene was validated. All cDNA was

amplified for each MHC gene using the semi-quantitative PCR method (section 2.8.1) and

89



electrophoresed in agarose gel before imaging, described in section 2.8.2. As a positive control, total
RNA prepared from adult mouse or rat LD was used to demonstrate positive bands in corresponding
cell lines. To verify the expression of the MHC genes at mRNA level, the expression at protein level
was detected using the protein samples and the western blotting technique (section 2.10)
identifying MHC fast and slow proteins using monoclonal antibodies developed to each isoform

(Nova Castra) summarised in Appendix D.

2.12.4 Treatment of Skeletal muscle cells with 1aOHD; for gene and protein expression

analysis

Once the skeletal muscle cell line was chosen on the basis of MHC gene expression, a final
experiment using 1aOHD; was performed. The cells were treated directly with 1aOHD; at a range of
concentrations made up as described before in section 2.12.1. Skeletal muscle cells were treated at
four developmental stages, the first stage was during myoblast proliferation where cells were
treated with 1aOHD; solutions made in cell growth media. Three stages during differentiation were
then used as time points for the differentiating cells, day 0 when myoblasts were the majority of
cells present, at day 3 when myotubes were beginning to form and finally at day 7 when
differentiated myotubes were present (see figure 3.6-1). At all time points, 1aOHD; treatment was
added within the corresponding media and incubated for 48 hours before protein and total RNA
extraction. Prior to harvest, cells were imaged using Leica Application Suite Software (version 2.5.0,
Leica Microsystems, Switzerland) through a Leica DMIL microscrope (Leica Microsystems,

Switzerland).

2.12.4.1 Treatment of cells at proliferating myoblast stage

Undifferentiated mouse C2C12 myoblasts grown to 75% confluence were treated with either 0.1%
v/v DMSO or 1aOHD; at decreasing concentrations in cell growth media (10% v/v FCS DMEM) for
48hours. Cells were not induced to differentiate by addition of cell fusion media. 1a0HD; solutions
were made up as described in section 2.12.1 and cells were cultured in treated growth media for 48
hours before total RNA and protein extraction. Each 1aOHD; dose required a full 6-well plate of cells,
giving three wells to be extracted for proteins (three biological replicates) and three for total RNA
extraction. To treat cells with 1aOHDs, any media the cells had previously been incubated in was
removed and 2.25mls fresh cell growth media was added. 225ul of the diluted 1aOHD; was then
added to the fresh media in each well giving a final 10 fold dilution and the subsequent

concentration of 1aOHD; on the cells were 10°M, 10'M, 10°M and 10™'M. Myoblasts were
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incubated for 48hours in the treatment media before extraction of protein and total RNA as

described in section 2.13.

2.12.4.2 Treatment of cells at different stages of differentiation

Skeletal muscle cells were grown in cell growth media until 90% confluent at which point cell fusion
media was added, denoted as Day 0. For each time point 5 x 6-well plates were required for each
1aOHD; dose and a DMSO control. For treatment of cells with 1aOHD; at day O, growth media was
removed from the cells and 2.25mls cell fusion media (2% v/v DHS DMEM) added, before 250yl
treatment solutions (DMSO or 1aOHD; in cell fusion media) were added as described in section
2.12.1. Cells were incubated in treatment media for 48hours before media was removed and total
RNA and protein samples extracted as described in section 2.13. For cells to be treated at later
stages of differentiation, cell fusion media was added as normal without 1aOHD; treatment, when
cells reached required age at either day 3 or day 7 post differentiation, media was removed and cell
fusion media containing 1aOHDsor DMSO was added and the cells incubated for 48 hours prior to

protein and total RNA harvest.

2.13 Extraction of RNA and protein from cultured cells

To determine the expression of genes and proteins in cultured cells the total RNA and protein was
extracted. For both extractions media was removed and extraction solutions were added quickly to

minimise cell damage.

2.13.1 Harvest of mRNA from Primary cells for Microarray analysis

Total RNA was extracted from primary cell cultures using RNeasy mini kit (Qiagen) and supplied
buffers and consumables were used as guided by the manufacturer’'s instructions. Media was
removed immediately prior to extraction and 350ul of cell lysis solution, Buffer RLT, was added to
aid cell dislodging and lysis. Removal of cells from the growth surface was further encouraged by
repeat pipetting of Buffer RLT across the surface in addition to scratching the surface with the
pipette tip. Samples were then frozen in Buffer RLT at -80°C until further extraction could be carried
out, where the protocol according to manufacturer’s instructions was followed. Extracted total RNA
was dissolved in 40ul RNAse/DNAse free water, subjected to DNAse digest (DNAse | enzyme supplied
with RNeasy kit, Qiagen) and quantity and quality of extracted RNA was determined using an Agilent

2100 Bioanalyzer (Agilent Technologies).
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2.13.2 RT step with SuperScript IIl RT enzyme- expression of MHC using PCR

The Superscript 11l First-strand Synthesis System (SS-ill) for RT-PCR (Invitrogen, UK) was used to
generate cDNA for analysis of gene expression in rat primary muscle cells. All reagents required for
cDNA synthesis were supplied in the SS-1Il kit and were used at the manufacturer's recommended

proportions. All RNA was diluted to 0.1pg/ul according to total RNA concentration.

2.13.2.1 Denaturation of RNA and annealing of Primers

1pl random hexamers (at concentration of 0.5ug/ul) with 1ul 10mM dNTP mix was added to Sul
total RNA in a thin-walled microcentrifuge tube and the mixture made up to 10ul with water, before
incubating at 65°C for 5 minutes. This mixture was then immediately moved to ice for quick cooling,
this promoted annealing of primers to denatured RNA, and the samples were left on ice for 1 minute

and briefly centrifuged to collect at the base of the tube before addition of the RT enzyme.

2.13.2.2 cDNA synthesis

The following reagents were added to each sample tube; 2ul 10 x RT buffer, 4ul 25mM MgCl,, 2ul
0.1M DTT, 1 pl RNAse Inhibitor RNAse OUT (40 units, supplied with SS-11I kit) and 1 pl SS-lil reverse
transcriptase enzyme (100 units), and the final volume of the reaction mix made up to 20 pl with
water. The contents of the tube were then vortex mixed for approximately 15 seconds and briefly
centrifuged to collect at the base of the tube, before incubation at room temperature for 10 minutes
to allow the reverse transcriptase to begin extension from the random primers. The samples were
then incubated at 50°C for one hour to complete cDNA synthesis. The reaction was inactivated by
heating to 85°C for 5mins before collection by centrifugation and removal to ice. The reaction
mixtures were diluted 1:5 with water to create a 100 pl stock solution of cDNA for each sample

which was stored at -20°C.

2.13.3 Microarray

Total RNA prepared for the microarray was shipped to Pifzer Ltd in Kalamazoo in USA to be analysed

by microarray, performed by Mr. Thomas Wilson using the Affymetrix Rat 230_2.0 array.
Briefly there are five steps to the reaction,

1. Target preparation: double stranded cDNA is created from the mRNA. An in vitro
transcription (IVT) reaction is then performed to create biotin-labelled cRNA from the cDNA,

this cRNA is fragmented before the hybridization step.
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2. Target Hybridization: A cocktail of reagents for hybridization including the fragmented

target and the probe array controls was prepared before incubation for 16 hours to

hybridize the reagents to the probe array.

3. Fluidics station set up.

4. Probe array washing and staining: the probe array was washed and stained immediately

after hybridization.
5. Probe array scan: the probe array must be scanned
6. Data Analysis

2.13.4 Microarray Analysis

The microarray used an affymetrix Rat 2.0 chip and measured the relative expression of mRNA of
31,099 genes. The data was analysed by Dr Neil Graham of the Arabidopsis Stock Centre, University
of Nottingham, using Genespring software (Strand Life Sciences R&D Division, Bangalore, India). The
relative expression of genes in each vitamin D; treatment group were subtracted from the relative
expression of genes in the DMSO control group, in a T-test performed in Genespring. This analysis
gave a list of genes which had changed more than 1.5 fold, either up or down, with a significant P
value of P<0.05). The list of changed genes was then uploaded into Ingenuity Pathway Analysis (IPA
Version 7.1; Ingenuity Systems Inc, 2000-2008) software to determine the functions and related
pathways of these genes to further understand the mechanism of vitamin Dj; signalling in muscle

cells.

2.13.5 Harvest of total RNA and protein from skeletal muscle cell lines
2.13.5.1 Harvest of total RNA

TRIzol® Reagent (Invitrogen, UK) was used to harvest the mRNA from cultured cell lines. Media was
removed and 1ml TRIzol® reagent added to each well; usually three wells per plate were used as
biological replicates. The reagent was left for approximately 30 seconds and the plate rocked slightly
to ensure coverage of all cells. To encourage removal of all cells, the surfaces of the wells were
scraped with the pipette tip and the reagent repeat pipetted over the surface of the well. Once all
the contents of the well were dispersed in the TRIzol® the solution was moved to a sterile 1.5ml tube
and stored on ice until all wells were harvested, at which point samples were frozen at -80°C until

further steps of the extraction could be carried out from the phase separation stage, as described in

section 2.7.
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2.13.5.2 Harvest of proteins

1xSDS-DTT mix (20% v/v glycerol, 12.5% v/v 1M Tris/HCl pHed to 6.8, 4% w/v SDS (Sodium Doecyl
Sulphate), 15.4% w/v Dithiothreitol (DTT), without addition of bromophenol blue) was used to
extract the proteins and store them until further analysis. 1ml 1xSDS mix without bromophenol blue
was added to each well and left for approximately a minute on the cells, rocking the plate slightly to
ensure even coverage. The plate was then scraped using a pipette tip and the mixture repeat
pipetted, passing over whole surface area of the well to aid cell dislodging and lysis. Once all
contents of the well were suspended the solution was transferred into a sterile 1.5ml tube and kept
on ice until all samples were harvested. Protein samples were then stored at -20°C until further
analysis. Proteins were quantified using the Plus-One 2-D quant kit (Amersham, Buckinghamshire,

UK) and diluted to constant protein concentration.

2.13.6 Determination of protein concentration by 2-D Quant Kit

Samples taken from cell cultures were extracted directly into denaturing SDS protein running buffer
and needed to be quantified using a technique that would tolerate a high concentration of SDS and
DTT in the sample. The 2-D quant kit (Amersham Biosciences, UK Ltd., Buckinghamshire, UK)
overcomes the interference from interfering substances as it precipitates the protein out of the
solution containing possible interfering compounds and re-dissolves it into an alkaline solution
containing copper ions for analysis. The copper ions bind to the protein in the solution and the
strength of blue colour of the solution is relative to the quantity of unbound copper, measured using
a spectrophotometer. The kit supplies all solutions required for the assay, these are BSA stock
protein solution, precipitant, co-precipitant, copper solution and colour reagent. Colour reagent
solution must be prepared before the assay is carried out by addition colour reagent B to colour
reagent B at a ratio of 100:1, allowing 1ml per sample. A set of Bovine Serum Albumin (BSA) protein
standards were created by taking a set volume of a stock BSA at 2mg/ml (provided with kit)into an

eppendorf, to give a known quantity of protein over a range from 10ug to 50ug (table 2.13-1).

Table 2.13-1 Creation of protein standards for 2-D Quant Assay

Standard Curve
Volume of 2mg/ml Stock BSA Solution () 0 5 10 15 20 25
Equivalent protein quantity, pug 0 10 20 30 40 50
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2.13.6.1 Precipitation of the protein

500u! Precipitant solution (provided in kit) was added to 10yl of the samples in SDS-Mix DTT in an
eppendorf (each sample in duplicate). The tubes were then vortex mixed and the left to incubate at
room temperature for 3 minutes. 500l of the co-precipitant solution was then added and the
contents mixed by inversion before the protein was pelleted by centrifugation at 13, 000 rpm at 4°C
for 5 minutes. The supernatant was removed without disturbing the protein pellet before addition of
100ul copper solution with 400pl distilled water. The contents of the tube were vortex mixed to
encourage the precipitated protein to dissolve. Once the protein was dissolved in the copper
solution, 1ml of colour reagent was added to each sample and the samples mixed by vortex
immediately to allow the solutions to mix rapidly. The solutions were then incubated at room
temperature for 20 minutes before the absorbance was read at 480nm. A standard curve was
plotted in Microsoft Excel (V. 2007) and the equation of the line was used to calculate the relative

protein concentration of the unknown samples.

2.13.7 Western Blotting of C2C12 cell samples

Two proteins were measured in the C2C12 cells using SDS-PAGE and western blotting analysis,
described in sections 2.10.3 to 2.10.9; these were 4EBP1 and MAPK ERK1/2. Product information,
SDS-PAGE conditions and development solutions for these antibodies are shown in Appendix D. Cell
protein samples were diluted to a constant concentration of 0.25 pg/pl so that a volume of 20pl
loaded resulted in a load of 5ug protein for SDS-PAGE. Both protein targets were detected using the
total antibody before stripping and re-probing with the antibody to phosphorylated protein using
the ECL advance detection kit. To ensure complete removal of the initial total antibody the stripped
membranes were treated with detection reagent and hyperfilm detected as for usual luminescence
detection, this ensured any remaining luminescence would be detected and expended. In both
proteins the removal of the total antibody by the stripping technique described in section 2.10.8 was
successful and so membranes could be re-probed with the phosphorylated antibody with assurance
there would be no interference from the previous antibody. The western blots produced were
analysed as described before (section 1.10.9) and a ratio for the level of phosphorylation was
calculated, dividing the absorbance for phosphorylated protein by the absorbance for the total

protein.

2.13.8 Real Time PCR using LC480 system

Primers and probes for MHC analysis were published by da Costa et al. (2007; oligonucleotides

purchased from Sigma), mRNA sequences and oligonucleotide information are summarized in
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appendix F. Oligonucleotides purchased from Sigma were first checked using semi-quantitative PCR
and validated by electrophoresis using agarose gel electrophoresis described in section 2.8.1 and
2.8.2. Further targets were investigated using assay on demand kits purchased from Applied

Biosystems (in Appendix G). A primer and probe set for Desmin was created using Primer Express

Version 1.5, shown in Appendix F.

In total three housekeeping genes, 7 targets of vitamin Dj; signalling and 6 isoforms of MHC were
measured by real time PCR, summarized in Table 2.13-2 (expression of neonatal mRNA was too low
to quantify satisfactorily and was removed from analysis).

Table 2.13-2 Summary of gene targets and their sources measured in C2C12 experiment and the standard
curve and cDNA dilution used for analysis.

Gene Primer/Probe Source Standard Curve Dilution
Beta Actin da Costa etal., 2007 LD Muscle & Day 10 Cell 1:50
Cyclophilin A ABI Assay on Demand LD Muscle & Day 10 Cell 1:50
GAPDH ABI Assay on Demand LD Muscle & Day 10 Cell 1:50
Myf5 da Costa etal., 2007 Day 10 Cell 1:50
Myogenin ABI Assay on Demand LD Muscle 1:50
Desmin Primer Express V5.0 LD Muscle 14
Metallothionein 2A ABI Assay on Demand Day 10 Cell 1:50
Parvalbumin ABI Assay on Demand LD Muscle 1:50
C/EBPB ABI Assay on Demand Day 10 Cell 1:50
¢c-Myc ABI Assay on Demand Day 10 Cell 1:50
Embryonic MHC da Costa etal., 2007 Day 10 Cell 1:50
MHC I/B da Costa eta/., 2007 LD Muscle 14
MHC lIA da Costa etal., 2007 LD Muscle 1:4
MHC II1X da Costa etal., 2007 LD Muscle 1:50
MHC I1B da Costa etal., 2007 LD Muscle 1:50

2.13.8.1 Standard curves used in analysis of C2C12 mRNA transcripts

For each gene that was analyzed, two separate standard curves were run on the plate with the
unknown samples allowing the possibility to quantify the results relative to either set of standards. A
standard curve was made from pooled cDNA created from mRNA extracted from adult mouse LD
tissue. A second standard curve was created from cDNA from C2C12 myotubes grown for 10 days
after onset of differentiation, denoted the Day 10 standard curve. The use of two standard curves
was necessary owing to the nature of the expression pattern of certain genes during the
differentiation process, in particular the MHC genes. It was found that the developmental MHCs
were not expressed highly in the LD and therefore needed a standard curve created from C2C12
cDNA, whereas in contrast the adult MHC genes appeared over the course of differentiation and the

result was that unknown samples did not lie in the linear range of the C2C12 cDNA curve. The
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differences between the positions of the unknown samples relative to either the LD or day 10
standard curve in the example of the MHC IIA gene is demonstrated in figure 2.13-1, showing that

sample data would need to be extrapolated should the Day 10 standard curve be used.

Therefore, the C2C12 Day 10 standard curve allowed the measurement of genes which were highly
expressed in differentiating muscle cells such as the myogenic regulatory factor Myf5, and the
embryonic and neonatal isoforms of MHC; whereas the LD standard curve was required for the
measurement of genes whose expression appeared over the course of differentiation where all
samples would not lie in the linear range of the Day 10 standard curve, such as the adult MHC
isoforms. The comparison of the mRNA expression changes induced by vitamin D treatment were
made only within each individual gene and there were no comparisons made between different
genes. All three housekeeping genes which were investigated lay on the linear range of both
standard curves and hence all results produced could be normalized to a housekeeper, however
there were significant effects of vitamin D; treatment on these internal standards and the results
were not normalized to any housekeeping gene, taking the normalisation of total RNA prior to RT
step into consideration instead. The preparation of the RNA was of a high quality shown in Appendix

H and total RNA concentration had been adjusted to a constant concentration prior to the RT step.

MHC 2A measured using two Standard Curves
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2.14 Statistical analysis

All data produced in the two sheep trials were analysed by paired T-tests, except for the shear force
data across the aging period, which was analysed by two-way ANOVA using Genstat V.11. In the
event of missing samples both the lost animal and its opposite treatment pair were removed from
the analysis. For the microarray data a T-test was performed using Genespring software. For the cell
culture work, data was analysed by either ANOVA or two-way ANOVA using Genstat V.11. In the case
of a significant P value result from ANOVA analysis (P<0.05 or below), a Dunnett’s test (Dunnet C.W.,
1964) was performed post hoc using least significant difference values (LSD) from the Genstat
ANOVA output and the relevant T value to calculate the treatment values which were significantly

changed in comparison to the DMSO control.
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Results:Vitamin D & Meat Quality Trials

3.1 Trial 1: 4 Days Vitamin D

Previous published work in sheep has investigated the supplementation of vitamin D immediately
prior to slaughter as a mechanism to increase calcium levels in the muscle to activate the calpain
proteolytic system post mortem. Neither of the two published studies fully investigated the calpain
system to verify the mechanism of the potential effects and were inconclusive in terms of evaluating
vitamin D’s capability in activating the calpain system via increased calcium status. The first trial
performed by Wiegand et al. (2001) did provide data to suggest that a high dose of vitamin D at 2 x
10° IU Vitamin D/day was sufficient to increase calcium levels, but this study focused on reducing
the effects for the callipyge genotype on shear force, a breed with characteristically high protein
growth through decreased protein degradation resulting in tough meat (Koohmaraie et al., 1995),
and this study found there was no significant effect of dietary vitamin D on shear force in this
genotype. This study did observe a reduced shear force when comparing between the vitamin D Vs
control diet regimes in normal genotype animals, but these results were not significant. There was
no additional work to investigate effects on the calpain system despite finding calcium levels were
significantly higher in the serum and numerically higher in the muscle. Work in this laboratory has
previously investigated the effect of a short supplementation period of 4 days of vitamin D; at 2 x
10° IU Vitamin D;/day with the additional effect of a calcium bolus on the final day. This trial did not
observe any improvement of LD chops, nor effect on the calpastatin levels at 0 and 24 hours post
mortem. This previous study found a significant increase in serum calcium levels by nearly 7%

(P<0.001) but did not investigate further effects on muscle calcium levels or the calpain enzyme.

The aim of this trial was to investigate the effects of supranutritional level of dietary vitamin D for a
short duration immediately prior to slaughter. The hypothesis was that a short, high level of dietary
vitamin D would cause an increase in biologically active form of vitamin D which would lead to a
response in calcium homeostasis of the animals before, presumably, the active hormone was
catabolised by the kidney. In addition the large dose of vitamin D would increase calcium uptake
from the gut and this would increase calcium levels in the muscle and subsequently activate the
calpain system post mortem. Therefore the objective of this study was to investigate any signalling
effects that vitamin D; and/or the change in calcium status, could have on the calpain system at the

mRNA and protein level, as well any effect on meat quality.
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3.1.1 Trial Qutline

Thirty six Mule X Charolais wether lambs at approximately 7 months of age were individually penned
and allocated to two treatment groups consisting of control (n=18) and high vitamin D; (n=18). All
animals were housed and fed the basal diet as described in section 2.2. The basal diet period lasted 3
weeks and allowed for acclimatisation to the housing and diet before subsequent treatment. The
animals were weighed once a week to ensure a weekly weight gain, and feed intake was recorded
daily. A week before the supplementation period the paired sheep were reallocated to pens
according their size and age so that they could be slaughtered in weight order, beginning with the
heaviest and finishing with the lightest, as described by the housing layout shown in diagram 2.2.2-
A. A period of 4 days before slaughter date the VIT D; group (n=18) were fed the basal diet
supplemented with vitamin D; (Rovimix D; 500, DSM Ltd, Derbyshire UK), supplying 2 x 10° IU
Vitamin Ds/day split between two feeds, whilst the control group (n=18) still received the same basal
diet. The composition of the diets is shown in table 2.2.2.; there were no differences in the energy,
nitrogen or calcium levels of the diets. Animals were allocated into three slaughter groups (n=12)
according to age and size with vitamin D (n=6) and control (n=6) paired animals slaughtered
alternately across each slaughter day (total of 12 animals/day). The start of vitamin Dj
supplementation for each group was staggered across three days, shown in the timeline of the trial
in figure 3.1-1. Animals were slaughtered, carcass measurements taken and samples collected
according to procedure previously described in chapter 2 of this thesis, section 2.2. LD chops were
vacuum packed and left to age for 3, 7, 14 days at 4°C according to latin square arrangement
presented in Appendix A, this allowed the length of the LD to be represented in each day of aging,
this was important as tenderness across the LD can vary greatly (Kerth et al., 2002). Due to varying
sizes of the animals, some LD muscles did not yield 4 chops and so the first three chops of all animals
were sampled in a latin square arrangement to assess tenderisation across the 14 day aging period.
The LD of larger animals did yield four chops and so the extra chops, denoted chop #4, were sampled

after 21 days of aging to assess ultimate shear force, denoted in the diagram in Appendix A.
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3.1.2 Meat quality results: Trial 1; 4 days vitamin D

Animals were weighed weekly for the duration of the trial and the morning before slaughter. Feed
intake was monitored by recording any refusals from the daily ration of 1.4Kg feed, and on the
slaughter days three animals fed the vitamin D diet in each slaughter group refused less than 350g
(25%) of their daily ration. Across the four day supplementation period, thirteen animals in total
refused some feed, nine of these were vitamin D-supplemented animals and this amounted to
between 2 and 17% of the total trial feed fed across the four days. Of the nine sheep which refused
feed on the slaughter days, eight were vitamin D diet group and one was from the control group,
although all animals ate at least 75% of their diet on this day. These refusals were not considered to
be significant as they were not associated with effects on the liveweights, carcass weights or pH of
the carcasses and the level of feed refusal did not associate with plasma vitamin D or serum calcium
levels (data not shown) and all vitamin D fed animals had significantly higher plasma vitamin D than
control animals. There were no significant differences between treatment groups in liveweight
before and after, growth and feed conversion ratio (FCR), results shown in table 3.1-1. Carcasses
were weighed immediately after slaughter and dressing percent calculated from final liveweight and
hot carcass weight (taken immediately after dressing); there were no significant effects of diet on
carcass weight or dressing percent. Any differences in dressing percent would be attributed to

changes in gut fill and so any significant effects of the feed refusals during the trial week would
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affect the dressing percent of the carcasses, however there were no differences between the
animals and the refusals can be considered insignificant. pH of the carcass was measured in the LD at
the region of the initial snap sample (demonstrated in Appendix A) 45 minutes after slaughter and
24 hours later, the change in pH (ApH) was calculated from the two values. As described in chapter
1, muscle pH decreases post mortem as a result of anaerobic glycolysis and the extent of this pH
change is affected by glycogen levels pre-slaughter (P56 & Puolanne; 2005). If the animals had been
stressed prior to slaughter or had been fasted then it would be expected that the development of
muscle pH would have been affected (Peterson et al., 1997). However, there was no effect of
vitamin D3 supplementation for 4 days immediately prior to slaughter on carcass pH or subsequent

pH changes (table 3.1-1); suggesting no effect of diet on pre-slaughter glycogen depletion which

could have had detrimental effects on carcass and meat quality.

Table 3.1-1 Effect of 4 days vitamin D; supplementation on animal growth, feed intake and carcass
characteristics, n=18.

Control VitaminD S.E.D. P

Initial Lamb Weight (Kg) 35.49 35.87 0.801 0.428
Final Lamb Weight (Liveweight) (Kg) 41.08 41.03 0.855 0914
Total Weight Gain (4 weeks) (Kg) 5.594 5.161 0.636 0.516
Average Daily Gain (ADG) (Kg/Day) 0.1868 0.1725 0.0212 0.512
Feed Conversion Ration (FCR) 13.59 126 1.54 0.529
Carcass Weight (Kg) 19.14 19.13 0.514 0.966
Dressing Percent (%) 46.59 46.61 0.774 0.978
LD pH O Hr 6.289 6.198 0.0604 0.194
24 Hr 5.839 5.828 0.048 0.452

LD ApH 0.450 0.371 0.0667 0.249

Plasma samples were analysed for 25 hydroxy-vitamin-D; (25(0OH)-Ds) and -D, levels using tandem
mass spectrometry by Professor Bill Fraser (University of Liverpool). 25(0H)-vitamin D is routinely
used to assess overall vitamin D status of animals as circulating 1,25(0H),D, levels are tightly
regulated (Li et a/., 2009). 25(OH)-Vitamin D; levels were significantly raised (P<0.001) by the 4 days
vitamin D; supplementation, and as expected 25(0OH)-Vitamin D, levels were unaffected (table 3.1-
2). The form of vitamin D supplemented in the diet was vitamin D3, and these results demonstrate
the changes in vitamin D status were implicated by the diet. This is evidence to show that four days
of vitamin D; supplementation at 2 x 10° 1U Vitamin Ds/day was effective in altering 25(0OH)-vitamin

D, status of the animals; increasing the treated animals circulating Ds levels by a factor greater than
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10. Serum and muscle calcium were analysed using Atomic Absorption Spectroscopy by Dave Bozon
(University of Nottingham) as described in section 2.5. There was no effect of 4 days vitamin D
supplementation on calcium levels in the serum despite the significant increase in plasma vitamin D;
levels (table 3.1-2) and subsequently there was no effect on muscle caicium levels, results expressed

as mg/g wet tissue.

Table 3.1-2 Effect of 4 Days Vitamin D; Supplementation on plasma Vitamin D, serum and LD calcium levels.

Control VitaminD S.E.D. P
Ds ng/ml 27.8 319.6 18.85 <0.001
D2 ng/ml 10.1 8.2 1.62 0.309
Serum Calcium (mg/L) 1194 121.7 4.479 0.633
LD Calcium (mg/g wet tissue) 58.34 52.91 5.472 0.342

Vitamin D; and D,, n=17; serum and muscle calcium, n=18.

LD chops were aged for 3, 7, 14 and 21 days at 4°C before shear force was determined by Warner-
Bratzler method (Wheeler et al., 1997). Chops aged between 3 and 14 days were sampled by latin
square arrangement as described previously (section 3.1, trial outline) and were analysed by two-
way ANOVA; chops aged for ultimate shear force after 21 days were sampled separately due to
smaller n of samples and were analysed by t-test. Shear force of LD chops was significantly changed
by time during the aging process as was expected (P<0.05, table 3.1-3), however, there was no
difference between the treatment groups on shear force of LD chops. Shear force following 21 days

of aging was not affected by diet (P=0.603).

Table 3.1-3 Effect of 4 days vitamin D; on shear force (Kg) of LD, n=18 for aging period analysed by two-way
ANOVA, n=12 for 21 day LD chops analysed by t-test.

Time (days)
Diet / Age 3 7 14 S.E.D. P
Control 4.87 4.50 4.30 Diet 0.201 0.351
Vitamin D 5.17 4.77 4.30 Age 0.247 0.017
Diet*Age 0.349 0.808
Control Vitamin D
21 day shear force LD 4.32 4.50 0.381 0.603

Fat content of the LD was determined for a subset of 6 samples, taking two pairs from each
slaughter group. Muscle fat was extracted by the Soxtherm Method and calculated as a percentage
from the initial weight of muscle from which the fat was extracted as described in section 2.4. There

was no significant effect of 4 days vitamin D3 supplementation on fat content of the LD (table 3.1-4).
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Table 3.1-4 Effect of 4 Days Vitamin D; Supplementation on LD Fat Content, n=6.

Control VitaminD S.E.D. P
LD Fat Content (%) 9.02 8.39 1.614 0.568

3.1.3 Vitamin D effects on gene expression: Trial 1; 4 days vitamin Ds.

Despite no effect of the vitamin D; supplementation on the immediate vitamin D responses
observed at the calcium homeostasis level, there were significant changes in the circulating 25(0OH)-
vitamin D; levels which demonstrates an increase in vitamin D status and so there could be potential
direct signalling effects of vitamin D on gene expression in target tissues. To determine whether the
circulating vitamin D; had been able to mediate effects via gene expression, specific targets were
measured at both the mRNA and protein level using reverse-transcriptase real-time PCR and western
blotting respectively. Expression of mRNA of calbindin D-28K was measured in the kidney, a gene
known to be up-regulated by vitamin D in its role in mineral homeostasis (Minghetti & Norman,
1988), and the levels of mRNA of the calpain system were measured in LD to investigate whether the
dietary vitamin D3 could modulate shear force via this mechanism. Expression of B-actin at mRNA
level was measured and was found to be unchanged by diet treatment in both LD and kidney tissue
(data shown in table 2.9-3 in chapter 2), therefore all data was normalised to B-actin mRNA and is
expressed as a ratio of transcript mRNA: B-actin mRNA. Expression of calpastatin at the mRNA level
was not affected by 4 days vitamin D; supplementation, however, expression of the calpain enzymes
was significantly altered. There was a trend for expression of calpain | (p-calpain) to be increased by
3.7% (P<0.1) whereas calpain Il (m-calpain) expression was significantly increased by 10% (P<0.05)
following 4 days vitamin D3 supplementation (table 3.1-5). The increase in both these enzymes at the
mRNA level presents the possibility of an effect at the protein level, however, data shown in table
3.1-5 indicated this was not translated to the protein level. It is possible that the short term vitamin
D; supplementation was not sufficient to cause overall changes in meat quality but was beginning to
exert effects on the enzymes responsible for the tenderisation process by increasing their expression
at the gene level. However, protein products from changes in gene expression take time to be
translated and it is likely that the short period of four days prior to slaughter is not long enough to
translate to changes at the protein level;, an experiment by Antrobus et al. (1995) reported
responses in protein levels of kidney cells to 1,25 (OH),D; treatment took between 1 to 3 days to be

slightly increased but after 7 days their expression was much stronger.

In order to further investigate the possible effects the short term supplementation of dietary vitamin

D; may have on gene expression, it was decided to investigate responses in the known target tissue
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of vitamin D, the kidney. In the kidney responses to calcium homeostasis are mediated by the
vitamin D receptor (VDR) and the calcium binding protein, calbindin D-28k and it is known that
vitamin D; upregulates calbindin D-28K and its receptor, the VDR (Minghetti & Norman, 1988).
Calbindin D-28k expression at the mRNA level was measured using real-time RT-PCR and expression
was normalised to B-actin mRNA, results expressed as a ratio of calbindin: B-actin in table 3.1-6. In
addition the levels of calbindin D-28k and VDR were measured at the protein level using western
blotting, data shown in table 3.1-6 and representative blots are shown in figure 3.1-2. There was no
effect of vitamin D supplementation on the levels of calbindin D-28k at both mRNA and protein level,
although the protein levels of VDR were approaching a trend (P=0.103) which could indicate a
potential down-regulation of the VDR. This data suggests that a short supplementation period of
vitamin D of four days is not sufficient to affect significant changes at either the gene or protein level
of known vitamin D response genes.

Table 3.1-5 Effect of 4 Days Vitamin D, supplementation on mRNA and protein expression of calpain system
in LD.

LD mRNA Calpain Genes: Beta Actin Ratio

Control Vitamin D S.E.D. P
Calpain | 1.020 1.058 0.0260 0.099
Calpain Il 0.967 1.064 0.0376 0.014
Calpastatin 0.956 0.987 0.0357 0.382

Absorbance/ 100 pg protein

LD protein Control Vitamin D S.E.D. P
Calpain | 8.668 7.687 1.083 0.279
Calpain Il 7.784 8.121 0.550 0.785
Calpastatin 15.79 17.99 2.553 0.339
Desmin 5.744 6.027 0.630 0.468

Calpain system mRNA n=17, calpain | protein n=15, calpain Il, calpastatin and desmin protein n=18.

Table 3.1-6 Effect of 4 Days Vitamin D, supplementation on mRNA and protein expression of vitamin D
targets in kidney.

Kidney mRNA Control Vitamin D S.E.D. P

Calbindin : Beta Actin ratio 0.995 1.060 0.0689 0.260
Absorbance/ 100 ug protein

Kidney protein Control Vitamin D S.E.D. P

Calbindin 9.468 8.889 0.822 0.504

VDR 10.221 6.846 1.934 0.103

Calbindin mRNA n=18, calbindin protein n=17, VDR protein n=9.
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Figure 3.1-2 Representative blots of the calpain system in LD and vitamin D responsive targets in kidney
protein extracts from sheep in trial 1: 4 Days vitamin D;. All protein samples were loaded with constant
weight of 100ug protein/lane, treated (D) and control (C) samples were loaded alternately between a
repeated standard sample (STD). Calpain | and II: 100pg LD supernatant fraction separated by SDS-PAGE
using 10% acrylamide gel, Calpastatin and desmin: 100ug LD whole homogenate fraction separated by SDS-
PAGE using 8% acrylamide gel. Calbindin and VDR: 100ug whole homogenate kidney protein extract
separated by SDS-PAGE using 12% acrylamide gel. Further antibody information presented in Appendix D,
calpain | n=15, calp