ABSTRACT
NIEROBISZ, LIDIA SYLWIA. Molecular Mechanisms Characterizing Skeletal Muscle
Phenotype and Function. (Under the direction of Dr. Paul Mozdziak).

Skeletal muscle is composed of metabolically heterogeneous myofibers that exhibit
high plasticity in response to the external environment. Because of its high plasticity and
rapid growth rate, turkey skeletal muscle is an exciting model for studying the mechanisms
that govern vertebrate skeletal muscle development and function. Cellular energy sources
and muscle fiber types are associated with incidence of muscular disorders and with
histological alterations in muscle fibers that have detrimental effects on muscle growth. The
focus of this dissertation is to determine the effect of nutrition, age, and physical location of a
muscle on muscle metabolism and transcription of genes governing muscle phenotype.

The objective of the first set of experiments was to histochemically determine the
association of apoptosis and/or macrophage infiltration with changes in muscle satellite cell
mitotic activity in glycolytic Pectoralis thoracicus muscle of young turkeys. Feed-deprived
birds and birds provided with three different levels of crude protein and amino acids (0.88
NRC, 1.00 NRC, and 1.12 NRC) were used in this model. The number of apoptotic nuclei
was significantly elevated (P<0.05) and presence of macrophage infiltration was readily
detectable in feed-deprived and 0.88 NRC treatment groups 72 h and 96 h post-hatch
suggesting potential muscle injury and/or muscle remodeling.

The goal of the second study was to establish the relationship among whole tissue
CoQo content, mitochondrial CoQ 1o content, amount of mitochondrial protein, and muscle

phenotype. Four functionally different muscles (Anterior latissimus dorsi-ALD, Posterior



latissimus dorsi-PLD, Pectoralis major-PM, and Biceps femoris-BF) were evaluated in 9- and
20-week old turkey males. The study revealed age-related reduction in mitochondrial CoQ 1o
content in muscles with fast/glycolytic profile (PLD and PM), and demonstrated that muscles
with a slow/oxidative (ALD) phenotypic profile contain a higher proportion of CoQ 1o than
muscles with a fast/glycolytic phenotypic profile.

The third set of experiments focused on the effect of Coenzyme Q analog (MitoQ 1)
on oxidative phenotype and adipogenesis in myotubes derived from ALD and PM muscles.
The results of the study indicate differential PM and ALD myotube response to MitoQ o
treatment. MitoQ1o up-regulated genes controlling oxidative mitochondrial biogenesis and
adipogenesis in fast-glycolytic PM myotube cultures. MitoQo likely controls a range of
metabolic pathways through its differential regulation of gene expression levels in myotubes
derived from fast-glycolytic and slow-oxidative muscles.

The final study employed microarray analysis to reveal differentially expressed genes
among ALD, PLD, and BF muscles in 1-week and 19-week old male turkeys.

The highest number of differentially expressed genes was observed between ALD and PLD
muscles. The most prevalent genes over-expressed in ALD muscles, as compared to other
muscles, code for extracellular matrix proteins such as dystroglycan and collagen. Moreover,
several genes coding for proteins involved in glycolytic metabolism were under-expressed in
ALD muscles as compared to BF and PLD muscles. Muscle-specific differences were
observed in expression levels of genes coding for proteins involved in mRNA processing and

translation regulation, proteosomal degradation, apoptosis, and insulin resistance.
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CHAPTER 1
Literature Review:

Factors Governing Skeletal M uscle Growth, Phenotype, and Health



Skeletal M uscle Growth - Overview

The biochemical and biophysical characteristics of muscle fibers are typically delineated
by fiber number, fiber size, and fiber phenotype (Chang, 2007). Diverse distribution of
skeletal muscle fibers within each muscle type is responsible for skeletal muscle’s
remarkable ability to adjust to external stimuli. At birth, vertebrate skeletal muscles contain
approximately the same muscle fiber number as in adulthood (Wigmore and Stickland,
1983). An increase in muscle fiber number (hyperplasia) is determined by mitotically active
satellite cells that donate nuclei to pre-existing muscle fibers (Schultz and McCormick,
1994). During adult life, hyperplasic activity may only occur due to periodic repair of
damaged muscle fibers. Some of the major factors that contribute to hyperplasic muscle
fiber growth include myostatin, insulin-like growth factors I and I, and nutrition (Kocamis
and Killefer, 2002; Lynch et al., 2001; Wood et al., 1999). While most of the hyperplasic
growth of the muscle is completed at birth, muscle growth during adulthood occurs
predominately due to muscle fiber hypertrophy, which is defined as enlargement and
elongation of preexisting muscle fibers. Hypertrophy is a result of stimulation of
biochemical pathways leading to protein synthesis. External factors, such as nutrition,
exercise, and integrin signaling lead to activation of PI3K, Akt, and/or mTOR pathways that
are responsible for transcription of genes required for protein accretion (Frost and Lang,

2007).



Fig. 1. Skeletal muscle structure (http://www.shoppingtrolley.net/skel etal %20muscle.shtml)



M etabolic Deter mination of Skeletal M uscle Phenotype

Alongside their biophysical characteristics, individual muscle fibers are categorized
based on their biochemical phenotypic profile. Originally, skeletal muscles were classified
based on the muscle’s myoglobin content and speed of contraction (Hunt and Hedrick, 1977).
Myoglobin is an oxygen carrying molecule present in muscle tissue. Myoglobin forms
pigments that make the muscle appear red. Slow-contracting muscles involved in long term
activities require much more oxygen for energy generation than fast-contracting muscles.
Consequently, the muscles with high myoglobin content were classified as slow-red
oxidative, and muscles with low myoglobin content were classified as fast-white anaerobic
(or glycolytic) (Hunt and Hedrick, 1977).

Experiments performed by Wiskus et al. (1976) demonstrated that fast-white and slow-
red classification of muscle fibers is not accurate and that certain muscle types (such as
biceps femoris) appear red due to high myoglobin content but have enzymatic characteristics
of white fibers. The histochemical fast and slow classification was based on staining for
adenosine triphosphatase (ATPase), but glycolytic and oxidative fiber determination was
based on succinic dehydrogenase (SDH) staining for mitochondria (Wiskus et al, 1976;
Aberle et al., 1979; Smith and Fletcher, 1988). Because SDH is an important component of a
TCA cycle, strong staining for this enzyme identifies muscle fibers with high oxidative
potential. Wiskus et al. (1976) demonstrated that there are three main types of muscle fibers
in turkey muscles. These fiber types were defined as aR (fast-oxidative), aW (fast-
glycolytic), and BR (slow-oxidative) based on their differential response to ATPase and SDH

staining. Wiskus et al. (1976) demonstrated that while pectoralis muscle was extremely



scarce in BR fibers, previously considered as oxidative, biceps femoris muscle was composed
of both oxidative and glycolytic fast-twitch fibers (Table 1).

The fast-twitch (a also called type II) muscle fibers predominantly use glycolysis as a
source of energy and contain very few mitochondria. The fast-twitch fibers can be divided
into two major groups: ITA (also called aR) - fibers that use both oxidative phosphorylation
and glycolysis for ATP production, and IIB (also called aW)- fibers that rely primarily on
glycolysis for ATP production. The Il A fibers are commonly referred to as “intermediate”
fibers because they exhibit intermediate intensities of SDH staining and their contraction
speed is comparable to glycolytic fibers. Type Il fibers have high levels of myosin ATPase
and high levels of calcium release from sarcoplasmic reticulum during contraction.
Conversely, the oxidative slow-twitch fibers (BR also called type I) use oxidative
phosphorylation for ATP production and contain more mitochondria. The slow-twitch fibers
also have lower levels of myosin ATPase and less calcium release from sarcoplasmic
reticulum during contraction than fast-twitch fibers (Pette and Staron, 2000) (Table 1).

Various fiber types can also be characterized by expression of specific myosin isoforms.
Myosin is a major protein of the muscle fiber’s contractile unit, sarcomere. The myosin
ATPase enzymatic activity takes place in the myosin heavy chain region (MyHC). Myosin
heavy chain isoforms are encoded by a large gene family of proteins (Schiaffino and
Reggiani, 1994). Myosin heavy chain gene expression can be identified based on
immunohistochemical staining and in situ hybridization. Muscles expressing differential
myosin isoforms vary in their fiber size, color, lipid and glycogen content, and by overall

energy metabolism. Fibers with fast MyHC isoforms have larger fiber diameters, low



amount of mitochondria, high glycogen stores, and low lipid profile. These types of muscle
are more prone to rapid pH drop post mortem, which has a large effect on meat quality
(Chang et al., 2003). On the contrary, muscles abundant in slow MyHC isoforms have
smaller fiber diameter, high amount of mitochondria, low glycogen stores, and high lipid
profile. Because of its lipid content, meat plentiful in oxidative fibers is more tender than

meat composed of mostly glycolytic fibers (Klont et al., 1998).

Table 1. Summary of fiber types.

Fiber Type I A 1B

M etabolic BR: slow- aR: fast-oxidative aW: fast-glycolytic

Classification oxidative

Myoglobin Content High High Low

Contraction Time Slow Moderately Fast Fast

Force of Contraction Low Medium High

Oxidative Capacity High High Low

Mitochondrial High High Low

Density

Glycolytic Capacity  Low High High

Major Storage Fuel Triglycerides Glycogen, Creatine Glycogen, Creatine
Phosphate Phosphate

Skeletal M uscle Phenotype and External Environment

In general, fiber type composition of individual muscle types varies based on the
functionality of the muscle. Due to great plasticity of the muscle fiber biochemical and
biophysical phenotype, muscle is able to adjust to the external environment. Previous
experiments demonstrated that change in functional load, nutrition, and in vitro

manipulations result in transformation in muscle fiber phenotype. Physical exercise-based



trials revealed that type of physical activity has a direct effect on expression of MyHC
isoforms (Baldwin and Haddad, 2001). Endurance exercise results in increase in oxidative
fiber types and decrease in glycolytic fiber types in mammalian species. In contrast, long
periods of inactivity causes decrease in oxidative fiber types and increase in glycolytic fiber
types (Spangenburg and Booth, 2003). Experiments utilizing skeletal muscle unloading
demonstrated that inactivity results in decrease of type I (slow) myosin isoforms and increase
in type Il (fast) myosin isoforms in soleus muscle (Fitts et al., 2001). Additionally, muscle
unloading results in increased expression of calcium channel in sarcolemma, proving that

inactivity results in higher muscle twitch potential (Schulte et al., 1993).

Skeletal M uscle Phenotype and Nutrition

Nutritional studies utilizing acetyl-L-carnitine supplementation revealed that Acetyl-L-
Carnitine prevents muscle fiber conversion into fast-twith, increases expression of slow
oxidative genes, and counteracts the loss of mitochondrial mass caused by muscle inactivity.
Furthermore, Acetyl-L-Carnitine supplementation results in larger cross sectional area in
both slow and fast-twitch muscle fibers (Cassano et al., 2006). Carnitine is responsible for
transport of fatty acids from cytosol to mitochondria for breakdown via TCA cycle.

Dietary calcium plays a principal signaling and regulatory function in skeletal muscle
(Berchtold et al., 2000). Trials utilizing C2C12 myotube cells demonstrated that addition of
calcium sensitive phosphatase, calcineurin to muscle cell lines increased expression of slow
troponin isoform (Chin et al., 1998). Because calcium sensitive phosphatases are needed for

dephosphorylation of TCA cycle dehydrogenases, increased activity of mitochondrial TCA



cycle is responsible for an increase of more oxidative muscle fiber phenotype.
Aforementioned experiments demonstrated that the muscle phenotype switching is not only
possible, but it is also reversible and that biochemical reactions taking place in mitochondria

have a direct effect on muscle fiber phenotype (Chin et al., 1998; Cassano et al., 2006).

Skeletal M uscle Phenotype and Mitochondrial Dysfunction

Skeletal muscle oxidative capacity and resistance to fatigue is determined by catalytic
activity of mitochondrial enzymes involved in TCA cycle and/or electron transport chain
enzymes (Wu et al., 2002). Fast-glycolytic fiber types are characterized by low volume
density of mitochondria, high myosin ATPase activity, high glycolytic enzyme activity, and
low fatigue resistance. In contrast, slow oxidative muscle fiber types, contain high volume of
mitochondria, high level of oxidative enzyme activity, high number of capillaries, and are
very resistant to fatigue (Spangenburg and Booth, 2003). Because of skeletal muscle’s ability
to adjust to external stimuli, the metabolic processes determining muscle fiber energy
utilization can be altered by manipulating components of oxidative phosphorylation.

Muscle fiber phenotype was correlated with mitochondrial respiratory dysfunction and
diabetes (Whittaker et al., 2007). Skeletal muscles of individuals suffering from type Il
diabetes mellitus exhibit an array of defects in complex | and complex 1V of electron
transport chain (Anderson, 1999). Furthermore, increased production of reactive oxygen
species and decreased ATP synthase activity was observed in skeletal muscle mitochondria

of patients suffering from type 11 diabetes mellitus (Anderson, 1999).



High energy-requiring organs such as heart, brain, liver, and skeletal muscle, are greatly
affected by free radical-induced mitochondrial dysfunction. Type 1B muscle fibers have
unique mechanisms that stimulate mitochondrial superoxide generation (Anderson and
Neufer, 2005). Mitochondrial free radical generation takes place almost exclusively in 11B
fibers (Anderson and Neufer, 2005; Whittaker et al., 2007). Many myopathies and age-
related muscle atrophy are associated with a loss of type 11B (fast-twitch, glycolytic) muscle
fibers. Aging skeletal muscles are prone to atrophy and extensive wasting of muscle mass,
referred to as sarcopenia, which occurs predominately in type Il muscle fibers (Bua et al.,
2002). Mitochondrial free radical release is mainly associated with complex I and I11 of
electron transport chain. Although, the exact mechanisms responsible for disproportionate
mitochondrial free radical release in oxidative and glycolytic fiber types have not yet been
elucidated, the differences in mitochondrial function within fiber types may be related to type

and efficiency of energy utilization.

Coenzyme Q1o

Coenzyme Q1o (CoQ10), commonly referred to as ubiquinone (2, 3-dimethoxy-5-methyl-
6-multiprenyl-1, 4-benzoquinone), is a bioactive vitamin-like molecule present in all
eukaryotic cells containing mitochondria. CoQ1o resides in the hydrophobic middle region
of the phospholipid bilayer of mitochondrial membrane and participates in electron transport
chain process, where the energy from fats and carbohydrates is converted to adenosine
triphosphate (ATP) (Bliznakov and Bhagavan, 2003). CoQ1g exists in three alternating states

in the mitochondrial membrane: the fully oxidized form: ubiquinone (Q1o), the partially



reduced form: ubisemiquinone (Q1oH.), and in fully reduced form: ubiquinol (Q10H2)
(Kamzalov et al., 2003). CoQ1o accepts electrons from reducing equivalents produced from
fatty acid and glucose oxidation and delivers them to electron acceptors. Specific role of
CoQ1o in electron transport chain is to transfer electrons from NADH-Q oxidoreductase
(complex I) and from succinate-Q oxidoreductase (complex 1) to cytochrome c
oxidoreductase (complex I11) (Kamzalov at al., 2003). While passing on the electrons, CoQ 1o
also transfers protons to the outskirts of the inner mitochondrial membrane, generating
proton gradient. The energy released when protons move back to mitochondria is used to
generate ATP. Elevated concentration of CoQ1o has been found in organs with high energy
requirements. The highest concentrations of CoQ1o have been found in heart, brain, and
skeletal muscle. Former studies have demonstrated that 95% of human energy requirements
are produced with help of CoQ1o (Bliznakov and Bhagavan, 2003). Aside from its function in
electron transport chain, CoQ1o in its reduced form (ubiquinol) acts as a principal fat-soluble
cellular antioxidant. Ubiquinol inhibits oxidation reactions by directly neutralizing free
radicals, inhibiting lipid peroxidation of membranes, and protecting mitochondrial membrane
proteins and DNA. In addition, ubiquinol is capable of salvaging and regenerating other
antioxidants including ascorbate and tocopherol (Kamzalov et al., 2003).

Armstrong et al. (2003) revealed that CoQ 1o analog, decyl-CoQ 1, inhibits mitochondrial
permeability transition in HL60 (human leukemia) cells. Mitochondrial permeability
transition is a change in mitochondrial transmembrane potential resulting in membrane
swelling and rupture leading to necrotic and apoptotic cell death. Cytochrome c release from

ruptured mitochondria leads to activation of the caspase cascade and apoptosis. Additionally,
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significant decrease in cellular ATP production can lead to necrosis. The mitochondrial
permeability transition is mainly regulated by cellular redox state. When a cell is depleted of
antioxidants (for example glutathione depletion), the cellular environment becomes more
oxidized, causing increased production of reactive oxygen species by mitochondrial
cytochrome bcl complex. Overproduction of reactive oxygen species leads to mitochondrial
toxicity, which contributes to mitochondrial swelling and rupture (Armstrong et al., 2003).
Therefore, deciphering mechanisms responsible for optimal mitochondrial function may

provide means to improve skeletal muscle health and meat quality and quantity.

Muscle Quality in Domestic Tur keys

Over the lifespan, commercially raised turkeys are exposed to many environmental and
physiological stressors that greatly alter the skeletal muscle health, size, and quality. During
early post-hatch period, turkey poults are normally held for 48 to 72 hours without access to
feed. Early post-hatch birds exclusively rely on the lipid-rich yolk sac to satisfy their nutrient
and energy needs. Newly hatched birds need to be supplemented with dietary carbohydrates
to maintain normal growth and metabolic function (Noy and Sklan, 1998; Geyra et al., 2001).
Delayed access to feed results in increased satellite cell mitotic activity and increased
apoptosis in turkey muscle fibers (Mozdziak et al., 2002). For many years, poultry industry
has concentrated on increase of muscle yield and growth rate in turkeys. The rapid growth
velocity has been directly correlated to an increased incidence of degenerative pectoral
myopathies, edema, and leg weakness (Sosnicki at al., 1991; Dransfield and Sosnicki, 1999).

Increased growth rate results in higher number of fast-twitch muscle fibers that mostly rely
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on glycolytic metabolism as their main energy source. Cellular energy sources and muscle
fiber types have been correlated with occurrence of muscular disorders and histological
alterations in muscle fibers that have detrimental effects on muscle growth. Occurrence of
myopathies in commercially raised birds increases with age. Sosnicki et al. (1991) revealed
that muscle fibers derived from 18-week old turkeys are characterized by histopathological

abnormalities such as muscular lesions and necrosis.

Resear ch Objectives

The main objective of the current dissertation was to determine the effect of nutrition,
age, and physical location of the muscle on molecular mechanisms characterizing skeletal
muscle phenotype. Studies utilizing hind-limb unloading in rodents demonstrated that along
with reduced oxidative capacity, up-regulated glycolytic metabolism, and reduced fatigue
resistance. The unloaded muscles were characterized by increased caspase-3 activity and
increased oxidative stress (Leeuwenburgh et al., 2005). Caspase-3 is a cysteine peptidase
that plays a crucial role in execution of caspase-dependent apoptotic pathways. Therefore,
there is evidence that stress/inactivity-induced changes in muscle fiber phenotype are
associated with up-regulation of apoptotic pathways. The initial study (chapter 2) was based
on the hypothesis that the function of the glycolytic PM muscle is compromised in early
post-hatch turkeys due to early feed deficiency and stress. The objective of the first
experiment was to histochemically determine the association of apoptosis and/or macrophage
infiltration with changes in muscle satellite cell mitotic activity in the PM muscle of young

turkeys. Subsequent experiments (chapter 3 and 4) were based on the hypothesis that
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functionally distinct muscles vary based on their cellular energy utilization and mitochondrial
redox state. The HPLC analysis was performed to determine levels of redox active molecule,
CoQ1p, in mitochondria and whole tissue extracts of four distinct muscle types. Because
CoQ o levels varied among distinct muscles, subsequent experiments were based on
hypothesis that administration of CoQ19 analog (MitoQ10) to PM and ALD cultures will
affect cellular redox state and stimulate oxidative metabolism in myotubes derived from
glycolytic PM muscles. The findings indicated that myotubes derived from PM and ALD
muscles respond differently to MitoQ1o treatment suggesting that these two muscles vary
based on their cellular redox state. Concluding experiments (chapter 5) utilized microarray
analysis of three phenotypically distinct muscles to provide a tool for future evaluation of

metabolic pathways characterizing specific muscle phenotype.
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CHAPTER 2
Apoptosisand Macrophage I nfiltration Occur Simultaneously and
Present a Potential Sign of Muscle Injury in Skeletal Muscle of

Nutritionally Compromised, Early Post-hatch Turkeys
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Abstract

Physical stress and malnutrition may cause elimination of myonuclei and produce
inflammatory response in muscle. The objective of this study was to histochemically
determine the association of apoptosis and/or macrophage infiltration with changes in muscle

satellite cell mitotic activity in Pectoralis thoracicus muscle of early post-hatch turkey toms.

Feed-deprived birds and birds provided with three different levels of crude protein and amino
acids (0.88 NRC, 1.00 NRC, and 1.12 NRC) were used in this study. The number of
apoptotic nuclei was significantly elevated (P<0.05) and presence of macrophage infiltration
was readily detectable in feed-deprived and 0.88 NRC treatment groups 72 h and 96 h post-
hatch suggesting potential muscle injury and/or muscle remodeling. The number of
apoptotic nuclei was the same (P>0.05), and there was no detectable macrophage infiltration
present in birds placed on 1.00 NRC and 1.12 NRC diet 72 h, 96 h, and 120 h post-hatch. At
120 h post-hatch, feed-deprived and 0.88 NRC birds were characterized by no detectable
levels of macrophage infiltration and a significant drop (P<0.05) in apoptotic nuclei.
Understanding mechanisms that correlate early nutrition with skeletal muscle growth and
development may present a useful tool in optimizing muscle health and improving meat

quality and yield.

Keywords. Amino acids, Apoptosis, Feed deprivation, Macrophages, Muscle, Satellite cells,

Turkey
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1. Introduction

Early post-hatch turkey poults are often subjected to a number of physiological and
nutritional stressors that may potentially impact muscle growth and meat quality later in life.
Under typical commercial conditions, newly hatched birds are subjected to several
processing requirements that usually take up to two days. During the early post-hatch period,
poults mostly rely on nutrients derived from the yolk sac and use endogenous protein to
satisfy nutritional needs (Vieira and Moran, 1999; Uni and Ferket, 2004). Vieira and Moran
(1999) have demonstrated that chicks with delayed placement on feed experience a decline in

protein deposition in Pectoralis thoracicus, which results in lower muscle mass later in life.

Moreover, feed-deprived, early post-hatch birds are more prone to decreased body weight
and increased mortality (Pinchasov and Noy, 1993; Halevy et al., 2000).

Embryonic muscle growth occurs through an increase in myofiber number; however,
post-natal muscle growth occurs with a corollary increase in myofiber DNA content
(Stockdale and Holtzer, 1961; Mozdziak et al., 1997). In young animals, new myonuclei are
derived from mitotically active satellite cells that fuse with pre-existing growing myofibers
(Moss and Leblond, 1971; Kawano et al., 2008). Early myonuclear accretion of satellite cells
is a determining factor of mature muscle size (Mozdziak et al., 1997). Furthermore, it has
been demonstrated that broiler chicks denied feed early post-hatch exhibited decreased
satellite cell mitotic activity and decline in body and skeletal mass in adulthood (Halevy et
al., 2000; Mozdziak et al., 2002b; Halevy et al., 2003).

Satellite cells not only contribute to muscle growth, but they are also an important

factor in muscle regeneration. Following muscle injury, satellite cells proliferate and fuse to
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repair injured myofibers. Previous research studies have demonstrated that satellite cell
activation following muscle injury is supported by a number of growth factors released from
injured myofibers (Bischoff, 1990; Chen and Quinn, 1992; Jimena et al., 1993; Malm et al.,
2004; Smith et al., 2008). Furthermore, it has been shown that inflammatory cells, such as
macrophages activate satellite cells and delay their differentiation by releasing a variety of
growth factors and chemoattractants (Merly et al., 1999). More recently, a study performed
by Chazaud et al. (2003) suggested that satellite cells are able to attract macrophages that
secrete factors to prevent apoptosis and enhance muscle growth. In injured muscle, newly
recruited macrophages also participate in removal of necrotic debris to facilitate successive
muscle repair (Honda et al., 1990; McLennan, 1996; Pimorady-Esfahani, 1997, McCroskery
etal., 2005).

Aside from their role in muscle repair, macrophages have been shown to contribute to
muscle damage (Tidball, 2005). Macrophages are able to secrete growth factors and
cytokines, as well as free radicals. During the process of inflammation, macrophages lyse
target muscle cells through a nitric oxide-dependent mechanism (Nguyen and Tidball, 2003).
Itis likely that nutritionally-compromised animals are more prone to muscle injury and
inflammation, which results in increased muscle damage.

The process of apoptosis also adversely affects muscle growth by elimination of pre-
existing myonuclei (Sandri and Carraro, 1999; Leeuwenburgh et. al, 2005). Apoptosis is
characterized by chromatin compaction and segregation, rapid cellular condensation,
membrane blebbing, and nuclear fragmentation (Sandri and Carraro, 1999). Apoptosis plays

an important role in myofiber remodeling and it is part of a normal process involved in
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shaping of tissues. Additionally, apoptosis has been correlated to muscular atrophy resulting
from skeletal muscle unloading (Allen, et al., 1997; Adams, et al., 1999). Growth factor
deprivation in nutritionally compromised myoblasts has been shown to contribute to
increased rate of myonuclear apoptosis (Dee et al., 2002). Recent studies have demonstrated
that early post-hatch starvation induces myonuclear apoptosis in chick skeletal muscle
(Mozdziak et al., 2002a; Pophal et al., 2003). Nierobisz et al. (2007) suggests that feed-
deprived, early-post hatch turkey poults also exhibit significantly lower satellite cell mitotic
activity as compared to poults fed nutritionally adequate diets. In contrast, poults provided
with a diet that was 88% of the NRC requirement exhibited significantly higher satellite cell
mitotic activity than other treatment groups (Nierobisz et al., 2007). The objective of this
study was to determine if apoptosis and/or macrophage infiltration are associated with
changes in muscle satellite cell mitotic activity in nutritionally compromised, early post-

hatch turkey toms.

2. Materials and methods
2.1. Birdsand Dietary Treatments

Nicholas male turkey poults (Meleagris gallopavo) were randomly selected at hatch from

a single breeding flock. Selected turkeys were placed at commercial breeding facility at 48
hours post-hatch, divided into four groups and assigned to one of four dietary treatments
described in detail in Nierobisz et al. (2007). In brief, the treatments consisted of one of the

following:
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1) 0.88 NRC diet formulated based on 88% of the values for crude protein (cp), lysine (lys),
methionine and cysteine (met+cys), and threonine (thr) determined by National Research
Council for male turkeys from 0-4 weeks of age (NRC, 1994).

2) 1.00 NRC diet formulated based on 100% of the values for cp, lys, met+cys, and thr
determined by NRC.

3) 1.12 NRC diet formulated based on 112% of the values for cp, lys, met+cys, and thr
determined by NRC.

4) Feed-deprived: diet formulated based on 100% of the values for cp, lys, met+cys, and thr

determined by NRC given to poults at 72 h post-hatch.

2.2. Data Collection
At 72,96, and 120 h post-hatch, ten birds per treatment were weighed and euthanized by
intra-abdominal injection of Euthasol® (Delmarva Laboratories, Midlothian, VA, USA) at a

dose of 0.25 mL/kg body mass. Left Pectoralis thoracicus muscle was excised and weighed

immediately post-mortem. Muscle samples were snap frozen using isopentane and dry ice

and stored at -80°C until further use.

2.3. Apoptosis Detection

Muscle samples from five random birds per treatment were utilized to perform
histochemical analysis of the muscle tissue. Transverse muscle sections, 15um thick were
placed on pre-cleaned glass slides coated with poly-L-lysine. The sections were allowed to

dry and were subsequently fixed using 2% paraformaldehyde. The number of apoptotic
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nuclei was identified using a histochemical assay for staining double-stranded DNA breaks.
This method uses terminal deoxynucleotidyl transferase (TUNEL) enzyme to incorporate
fluorescein isothiocyanate (FITC)-labeled dUTP at 3’-OH side of fragmented DNA ends. In
previous studies, the amount DNA-fragmentation measured using the TUNEL assay was
directly associated with the amount of apoptotic protein expression such as ICE and Bax
(Tews and Goebel, 1997). Therefore, TUNEL assay was regarded as an appropriate way to
measure the level of apoptosis in the present experiment. An apoptosis detection kit
(Promega, Madison, WI, catalog #G3250) was utilized to account for the apoptotic
myonuclei. Paraformaldehyde fixed sections were rinsed, permeabilized using Proteinase K,
washed in PBS buffer, and incubated with equilibration buffer (200 mmol/L potassium
cacodylate, 25 mmol/LTris-HCI, 0.2mmol/L dithiothreitol, 0.25 g/L bovine serum albumin,
and 2.5 mmol/L cobalt chloride). Following incubation in the equilibration buffer, the DNA
strand breaks were labeled with fluorescein-12-dUTP utilizing the terminal deoxynucleotidyl
transferase (TDT) enzyme, and the tissue sections were counterstained with propidium iodide
(50 mg/L) to account for all nuclei present.

Lastly, the sections were covered with mounting media (75% vol/vol glycerol, 75mM
KCI, 10 mM tris(hydroxymethyl) aminomethane, 2 mM MgCl,, 2mM ethylene glycol-bis(-
aminoethyl ether)-N,N,N’,N’-tetraacetic acid, 1 mM NaN3, pH 8.5, 1 mg/mL p-

phenylenddiamine), and a glass cover slip was sealed to the slide using clear enamel.
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2.4. Macrophage Infiltration Detection

Frozen sections from the same muscle samples (5 birds per treatment) utilized in the
apoptosis detection procedure were employed to detect macrophage infiltration into the
muscle tissue. Transverse muscle sections, 15 pm thick were placed on pre-cleaned glass
slides coated with poly-L-lysine. The sections were allowed to dry followed by fixation in
2% paraformaldehyde. Fixed muscle sections were stained with Harris hematoxylin to
identify basophilic structures (such as nuclei) and counterstained with eosin, which was

employed to identify cytoplasmic structures.

2.5 Image Analysis
2.5.1. Apoptosis Detection

TUNEL-labeled Pectoralis thoracicus muscle sections were examined using a Leica

DMR microscope (Leica Microsystems, Bannockburn IL, USA) equipped with epi-
fluorescence illumination. The TUNEL-labeled apoptotic nuclei, stained with fluorescein,
were visualized using a fluorescein isothiocyanate filter set (Omega Optical, Brattleboro VT,
USA). Propidium iodide (PI) nuclei were evaluated using a PI filter set (Omega Optical,
Brattleboro VT, USA). A Retiga 4000R Fast camera was utilized to capture the images of

Pectoralis thoracicus. All images of TUNEL-labeled tissues were captured and analyzed at

40x magnification. Image-Pro Plus software (Media Cybernetics, Version 6, 2006) was used
to quantify the results. The criterion for establishing accurate quantification of myonuclei

was counting all Pl-stained nuclei from each tissue section analyzed. The apoptotic labeling
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was established by calculating the percent index of TUNEL stained nuclei relative to PI

stained nuclei.

2.5.2. Macrophage Infiltration Detection
A Leica DMR light microscope (Leica Microsystems, Bannockburn IL, USA) was

utilized to observe Harris hematoxylin and eosin-stained Pectoralis thoracicus muscle

sections. All images were taken at 100x oil magnification using a Retiga 4000R fast camera
(Q Imaging, Surrey BC, Canada). Image-Pro Plus software (Media Cybernetics, Version 6,

2006) was utilized to identify macrophages infiltrating from the blood into the muscle tissue.
The macrophages were identified based on their morphological characteristics. The criterion
for accurate detection of macrophage infiltration was to evaluate at least 50 serial Pectoralis

thoracicus muscle sections per bird (5 birds per treatment).

2.6 Satistical Analysis
The General Linear Models (GLM) procedure of SAS (SAS Institute, 1985) was
performed to analyze the effect of four dietary treatments (0.88 NRC, 1.00 NRC, 1.12 NRC,

and feed deprived) on the amount of apoptotic nuclei present in Pectoralis thoracicus muscle

tissue. A two-way analysis of variance (ANOVA) was performed to evaluate the effect of
treatment and time (72 h, 96h, and 120h) on each parameter (Fig. 1). Means of each
treatment were separated using Fisher’s least significant differences. All calculated values

were considered as statistically significant at P<0.05.
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3. Results
3.1. Apoptosis Detection

The index of apoptotic nuclei was significantly higher (P<0.05) in both feed-deprived
and 0.88 NRC treatment groups, 72 h and 96 h post-hatch compared to 1.00 NRC and 1.12
NRC treatment groups (Fig. 1). Additionally, the percent index of apoptotic nuclei was the
same (P>0.05) in feed-deprived and 0.88 NRC birds at 72 h post-hatch birds. The amount of
apoptotic staining was also the same (P>0.05) in feed-deprived 72 h post-hatch birds and
both feed-deprived and 0.88 NRC 96 h post-hatch birds. While the amount of apoptotic
nuclei remained the same in 1.00 NRC and 1.12 NRC birds on each day analyzed, a
significant drop (P<0.05) in apoptotic nuclei in feed-deprived and 0.88 NRC treatment

groups was observed 120h post-hatch (Fig.1).

3.2. Macrophage Infiltration Detection

Macrophage infiltration was readily detectable in feed-deprived and 0.88 NRC
treatment groups at 72 h and 96 h post-hatch (Fig.2). However, the presence of inflammatory
cells were not observed in 1.00 NRC, 1.12 NRC groups at 72 and 96 h and in all treatment
groups at 120 h post-hatch. Readily detectable presence of intramuscular inflammatory cells

(macrophages) was closely correlated to increased number of apoptotic nuclei.
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Apoptosis Data
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Fig. 1. Two-way ANOVA analysis of the percent ratio of TUNEL-labeled nuclei to the total
number of nuclei present in four experimental treatment groups: feed deprived for 72 h post-
hatch and then given a diet containing adequate amount of essential nutrients (1.00 NRC);
the other treatment groups were given diets containing either 0.88 NRC, 1.00 NRC, or 1.12
NRC requirement for essential nutrients. Increased level of apoptotic cells was noted in
feed-deprived and 0.88 NRC treatment groups at 72 h and 96 h post-hatch.
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Fig. 2. Presence of inflammatory cells in Pectoralis thoracicus muscle in early post-hatch
turkey poults. A.-D.: 72 h post-hatch; E.-H.: 96 h post-hatch; I.-L.: 120 h post-hatch; where
A., E.,and I. represent feed-deprived birds; B., F., and J. represent 0.88 NRC group; C., G.,
and K. represent 1.00 NRC group; and D., H., and L. represent 1.12 NRC group.
Macrophages infiltrating between fasicles and muscle fibers (indicated by arrows) are visible
in feed-deprived and 0.88 NRC birds at 72 h and 96 h post-hatch. Magnification: 100x oil.
Scale bar 50pm.
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4. Discussion

A variety of exogenous and endogenous factors are involved in maintenance of
muscle development and metabolism. Growth and regeneration of muscular tissue requires a
sequence of cellular events involving growth factors that play an important role in the
regulation of proliferation, differentiation, and motility of satellite cells. The response of
quiescent satellite cell activation to growth factors varies depending on overall health and
nutritional status. Factors such as malnutrition, hind limb unloading, and denervation
negatively affect satellite cell proliferation and result in atrophy of skeletal muscle that is
characterized by a decrease in the number of myonuclei (Carlson and Faulkner 1988; Dedkov
et al. 2001).

Recent experiments utilizing Pectoralis thoracicus muscle of the same group of

turkeys as the ones employed in the current study, demonstrated that early post-hatch
nutritional perturbations (feed-deprivation, 0.88 NRC, 1.00 NRC, and 1.12 NRC
requirements for crude protein and amino acids) have a significant impact on myofiber
satellite cell mitotic activity (Nierobisz et al., 2007). Specifically, turkeys provided a diet
slightly deficient in crude protein and amino acids (0.88 NRC) exhibited significantly higher
(P<0.05) satellite cell mitotic activity 72 h post-hatch as compared to feed-deprived, 1.00
NRC, and 1.12 NRC treatment groups. However, 96 h post-hatch satellite cell mitotic
activity in 0.88 NRC group remained the same (P>0.05). Additionally, 96 h post-hatch
satellite cell mitotic activity of the group provided with 1.00 NRC diet was the same
(P>0.05) as the satellite cell mitotic activity in birds fed 0.88 NRC diet. Moreover, at 120 h

post-hatch, the satellite cell mitotic activity was very similar in all treatment groups
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(Nierobisz et al., 2007). Although satellite cell mitotic activity of 0.88 NRC treatment group
was significantly higher at 72 hours post-hatch (P<0.05) compared to the other treatment
groups, at 96 h post-hatch feed-deprived birds exhibited notably lower satellite cell mitotic
activity than other treatment groups (Nierobisz, et al., 2007). The present study demonstrates
that both feed-deprived and 0.88 NRC birds exhibit a significantly higher (P<0.05) number
of apoptotic nuclei and prominent macrophage infiltration at 72 h and 96 h post-hatch. In
contrast, 1.00 NRC, and 1.12 NRC treatment groups had low levels of myonuclear apoptosis
and macrophage infiltration at both 72 and 96 h post-hatch. Additionally, the apoptotic
nuclei count was significantly lower (p<0.05) and levels of macrophage infiltration were not
detectable at 120 h post-hatch. It is likely that increase in apoptotic nuclei and influx of
macrophages into the muscle in 0.88 NRC and feed-deprived turkeys may be associated with
increased incidence of myofiber injury.

Since both feed-deprived birds and birds provided with 0.88 NRC diet were ina
nutritionally compromised state, the amount of exogenous factors required to maintain
normal muscle homeostasis early post-hatch was limited. In feed-deprived birds, the
carbohydrates derived from the yolk sac provided minimal energy source to sustain life.
However, with no exogenous supply of feed, total oxidative metabolism and overall
metabolic rate appreciably decrease, leading to loss of myonuclei and atrophy of a muscle
(Hikida et al., 1997; Edgerton et al., 2002). Feed-deprivation results in low levels of insulin-
like growth factor I (IGF-I) and high levels of glucocorticoids that activate proteolysis (Jagoe
etal., 2002). IGF-I has been shown to contribute to muscle growth and hypertrophy through

its impact on satellite cell mitotic activity (Adams and McCue, 1998; Barton-Davis et al.,
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1999). Halevy et al. (2003) demonstrated that a high level of IGF-I in the muscle was
correlated with increase in satellite cell proliferation in turkeys provided with feed
immediately post-hatch. In contrast, the IGF-I and satellite cell proliferation levels were
noticeably lower in turkeys denied feed immediately post-hatch (Halevy et al., 2003).
Consequently, the lack of early nutrition can be directly correlated with low levels of factors
stimulating muscle growth and resulting from it myonuclear apoptosis. Loss of unused or
injured myofibers resulting from feed-deprivation may also present a way of conserving
energy essential to maintain metabolic processes required to sustain life.

Loss of myonuclei and low levels of satellite cells needed for myofiber regeneration
may result in muscle weakness and make the muscle more prone to injury in feed-deprived
birds. Macrophage infiltration into the feed-deprived muscle may potentially lead to even
more muscle damage. Macrophages have been shown to increase muscle damage both in
vivo and in vitro (Nguyen and Tidball, 2003). Experiments utilizing cytotoxicity assays have
demonstrated that macrophages cause lysis of myofiber membrane through a nitric oxide-
dependent mechanism. Nitric oxide-induced damage to the myofiber may also result in
increased incidence of myonuclear apoptosis. Additionally, it has been shown that the
presence of injured muscle cells stimulates macrophage infiltration into the muscle and
increases the rate of nitric oxide-mediated macrophage cytotoxicity (Nguyen and Tidball,
2003). Studies utilizing dystrophic mice have revealed that dystrophic muscles are
characterized by increased susceptibility to damage and increased rate of inflammation and

membrane lysis (Petrof et al., 1993). Conversely, depletion of macrophages by macrophage-
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specific antibody resulted in significant decrease in membrane lysis in dystrophic muscle
(Wehling et al., 2001).

During the inflammatory response skeletal muscle requirement for nutrients is much
higher than during normal conditions. Activation of immune cells results in generation of
reactive oxygen species and antioxidants derived from external nutrients are necessary to
prevent damage caused by free radicals (Webel et al., 1998; Yoshida et al., 1999). Activation
of immune cells is also a nutrient requiring process. Activated immune cells have been
shown to repartition nutrients from skeletal muscle to support immune function, which even
further compromises muscle function in feed-deprived birds (Klasing, 1998).

Although both early post-hatch feed-deprived birds and birds provided with 0.88
NRC diet had a notable increase in apoptotic nuclei and readily detectable macrophage

infiltration in the Pectoralis thoracicus muscle, the feed-deprived birds had significantly

lower (P<0.05) satellite cell mitotic activity than other treatment groups, and 0.88 NRC
group had significantly higher (P<0.05) satellite cell mitotic activity as compared to the rest
of the experimental treatments (Nierobisz et al., 2007). The higher level of apoptotic nuclei
in 0.88 NRC turkeys compared to the 1.0 NRC group may have resulted from inadequate
amount of nutrients required to maintain and stimulate muscle growth during transition from
feed deprivation to receipt of feed. Additionally, it is possible that in contrast to feed-
deprived birds where macrophages most likely played a role in muscle injury, macrophages
in 0.88 NRC treatment group participated in the muscle repair process, hence the increase in
the satellite cell mitotic activity in the 0.88 NRC group (Nierobisz, et al., 2007). The main

reason for macrophage infiltration in 0.88 NRC group was most likely phagocytosis of
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muscle debris and additional activation of satellite cells to begin muscle remodeling and
growth (Merly et al., 1999). Several studies have demonstrated that satellite cell activation
following muscle injury is supported by a number of growth factors released from injured
myofibers (Bischoff, 1990; Chen and Quinn, 1992; Jimena et al., 1993, Malm et al., 2004,
Smith et al., 2008). Furthermore, macrophages have been shown to activate satellite cells and
delay their differentiation by releasing a variety of growth factors and chemoattractants
(Merly et al., 1999).

This study suggests that the process of apoptosis and inflammation play an important
role in early post-hatch skeletal muscle growth and regeneration. Furthermore, the data
suggests that early post-hatch nutritional perturbations affect muscle metabolism and health.
Understanding nutrient requirements needed to maintain immune function and organ
development will provide beneficial information that will aid in cost optimization, meat

quality, and welfare of domestic animals.
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Chapter 3

Fiber Phenotype and CoQ Content in Turkey Skeletal M uscles
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Abstract

Phenotypical differences between muscle fibers are associated with a source of cellular
energy. Coenzyme Q1o (CoQ1p) isa major component of the mitochondrial oxidative
phosporylation process, and it significantly contributes to the production of cellular energy in
the form of ATP. The objective of this study was to determine the relationship between
whole tissue CoQ1o content, mitochondrial CoQ 1o content, mitochondrial protein, and muscle
phenotype in turkeys. Four specialized muscles (Anterior latissimus dorsi-ALD, Posterior
latissimus dorsi-PLD, Pectoralis major-PM, and Biceps femoris-BF) were evaluated in 9- and
20-week old turkey toms. The amount of muscle mitochondrial protein was determined
using the Bradford assay and CoQ1o content was measured using HPLC-UV. The amount of
mitochondrial protein relative to total protein was significantly lower (P<0.05) at 9 compared
to 20 weeks of age. All ALD fibers stained positive for anti-slow (S35) MyHC antibody.
The PLD and PM muscle fibers revealed no staining for slow myosin heavy chain (S35
MyHC), whereas half of BF muscle fibers exhibited staining for S35 MyHC at 9 weeks and
70 percent at 20 weeks of age. The succinate dehydrogenase (SDH) staining data revealed
that SDH significantly increases (P<0.05) in ALD and BF muscles and significantly
decreases (P<0.05) in PLD and PM muscles with age.

The study reveals age-related decreases in mitochondrial CoQ1o content in muscles with
fast/glycolytic profile, and demonstrates that muscles with a slow/oxidative phenotypic
profile contain a higher proportion of CoQ1o than muscles with a fast/glycolytic phenotypic

profile.

44



I ntroduction

Vertebrate skeletal muscle is composed of a heterogeneous and highly dynamic
groups of muscle fibers that vary based on their biophysical and metabolic profiles. The
heterogeneity of muscle fibers is determined based on muscle fiber size, differential
expression of contractile proteins, and on factors involved in regulation of cellular
metabolism (Williams and Neufer, 1996; Pette and Staron, 1997). The number, size, and
type of a muscle fiber is primarily determined by the genetic and environmental factors that
influence both pre-natal/pre-hatch and post-natal/post-hatch muscle development.

Although different subtypes of muscle fibers can be distinguished during embryonic
development, the genetically pre-established pattern for muscle fiber types becomes
determined during the early post-natal or post-hatch period (Moss and Leblond, 1971,
Swatland and Cassens, 1973; Miller et al., 1993; Garry et al., 1996). During the early post-
natal or post-hatch period, muscle fibers undergo a maturation process that results in muscle
fiber distribution similar to that found in adult animals. It has been shown that myoblasts
develop into myofibers with diverse metabolic, biophysical, and contractile profiles (Gibson
and Schultz, 1982).

Common histological techniques used to evaluate muscle fiber phenotype include
enzymatic staining for mitochondrial succinate dehydrogenase (SDH) and for myosin
adenine triphosphatase (ATPase). The contractile profiles of developing and adult fiber types
are determined by muscle myosin heavy chain isoform composition (Reiser et al., 1985; Page

etal., 1992). Each myosin isoform is a product of a different MyHC gene (Schiaffino and
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Reggiani, 1996). In classical fiber typing experiments (Wiskus et al, 1976; Aberle et al.,
1979; Smith and Fletcher, 1987), muscle fibers were classified as a (fast-twitch, type II) or
(slow-twitch, type I), and as red (R) or white (W). The fast and slow classifications were
based on histochemical staining for adenosine triphosphatase (ATPase). However, glycolytic
and oxidative fiber determination was based on succinic dehydrogenase (SDH) staining for
mitochondria (Aberle et al., 1979). Because SDH is an important component of the TCA
cycle, dark SDH staining identifies muscle fibers with high oxidative potential. Wiskus et al.
(1976) suggested that there are three main muscle fiber types in the turkey. Based on their
differential response to ATPase and SDH staining, the three fiber types were defined as aR
(fast-oxidative), aW (fast-glycolytic), and BR (slow-oxidative). Wiskus et al. (1976)
demonstrated that the Pectoralis major muscle was scarce in R fibers. However, the Biceps
femoris muscle was composed of both oxidative (BR, aR) and glycolytic (aW), fast-twitch
fibers.

The environmental cues, physical stresses, and genetic factors affect the activity of
enzymes governing specific muscle fiber metabolism and control muscle fiber phenotype.
One of the major determinants of skeletal muscle fiber phenotype in turkeys of the same
genetic line is the location of the muscle and its corresponding functional load. Previous
studies demonstrated that increased load on a muscle induces slower, more oxidative
phenotype; and decreased load induces more glycolytic phenotype (Kasper et al., 1993;
Mozdziak et al., 1998).

Factors that participate in mitochondrial respiration may also play a significant role in

determining muscle fiber phenotype. One of the factors that plays an important role in
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mitochondrial respiration in skeletal muscle is Coenzyme Q10 (CoQ10) (Pastore et al., 2005),
which is a bioactive, vitamin-like molecule present in all eukaryotic cells containing
mitochondria. CoQ1o is located in the hydrophobic middle region of the phospholipid bilayer
of the mitochondrial membrane and participates in the electron transport chain process,
where it accepts electrons from reducing equivalents produced from fatty acid and glucose
breakdown, and delivers them to electron acceptors (Bliznakov and Bhagavan, 2003). The
specific role of CoQ in electron transport chain is to transfer electrons from NADH-Q
oxidoreductase (complex I) and from succinate-Q oxidoreductase (complex Il) to cytochrome
c oxidoreductase (complex I11) (Kamzalov et al., 2003). The movement of electrons from one
complex to another, results in generation of a proton gradient. The energy released when
protons move back to mitochondria is used to generate ATP. Elevated concentrations of
CoQ1o have been found in organs with high energy requirements such as heart, brain and
skeletal muscle (Bliznakov and Bhagavan, 2003). CoQo in its reduced form (ubiquinol) acts
as a principal fat-soluble cellular antioxidant that plays an important role in neutralizing free
radicals, inhibiting lipid peroxidation of membranes, and in protecting mitochondrial
membrane proteins and DNA (Frei et al., 1990). Furthermore, dietary supplementation of
ubiquinol has been shown to result in elevated tissue and mitochondrial levels of a-
tocopherol, which is also a powerful antioxidant (Kamzalov et al., 2003).

In this study, four functionally diverse muscles (Anterior latissimus dorsi, Posterior
latissimus dorsi, Pectoralis major, and Biceps femoris) were examined with consideration of
their metabolic profiles. Pectoralis major and Posterior latissimus dorsi represent muscle

groups composed of fast-twitch fibers that rely primarily on glycolytic metabolism for energy
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generation. The Biceps femoris muscle contains a combination of metabolically diverse
muscle fibers. However, the Anterior latissimus dorsi muscle is characterized by extremely
low anaerobic capacity, and is composed of fibers that are entirely slow twitch (Kiessling,

1976; Wiskus et al., 1976).

Turkey performance data indicates that turkeys grow rapidly before 10 weeks of age
and the difference in weight gain plateaus shortly thereafter (Anthony et al., 1990). To
account for growth-related differences in selected muscles, turkeys were evaluated at 9
weeks of age (rapid growth rate) and at 20 weeks of age (slow growth rate). Commercially-
raised turkeys are considered adult at 16 weeks of age and are brought to market at 20 weeks
of age (Dr. Peter Ferket, personal communication). Consequently, 9 week old birds are

considered to be at pre-puberty stage and 20 week old birds are considered to be adult.

Additionally, previous studies demonstrated that beyond 9 weeks of age, muscle
satellite cell mitotic activity begins to diminish and muscle fiber growth occurs primarily
through an increase of cytoplasmic to nuclear ratio (Mozdziak et al., 1994). Consequently,
from the cellular perspective, 9 weeks of age represents an important transition point in
skeletal muscle development.

The aim of this study was to determine the interconnection between muscle
phenotype, metabolic profile, mitochondrial content, and CoQ1o content in phenotypically

distinct skeletal muscles in domestic turkeys selected at two different stages of maturity.
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Materials and M ethods
Sample Collection

All experiments involving animals were in compliance with the North Carolina State
University Institutional Animal Care and Use Committee. The two groups of turkeys
selected for the study consisted of young/pre-puberty (9 weeks-old) and adult (20-weeks old)
toms (Meleagris gallopavo). Five 9-week-old and five 20-week-old turkeys were randomly
selected from a single flock and immediately killed by intra-venous injection of Euthasol®
(Delmarva Laboratories, Midlothian, VA, USA) at a dose of 0.25mL/kg body weight. Right
anterior latissimus dorsi (ALD), posterior latissimus dorsi (PLD), pectoralis major (PM), and
biceps femoris (BF) muscles were excised and divided in half, in a transverse manner, for
both HPLC and histochemical analysis. Half of the samples were snap frozen using
isopentane cooled on dry ice, and half was fixed in 2% paraformaldehyde for further

histochemical analysis.

Mitochondrial Isolation

The mitochondrial isolation was performed based on procedure described by
Bhattacharya et al. (1991). Frozen muscle samples were minced with scissors until
homogenous and placed in protease solution (Subtilisin A, type VIII bacterial protease from
Bacillus licheniforms; 12 units/mg; Sigma Cat# 9014-01-1). Following protease treatment,
samples were transferred to lonic Medium (IM; 100 mM Sucrose, 10 mM EDTA, 100 mM

Tris-HCI, 46 mM KCI) combined with 0.5% bovine serum albumin (BSA). Samples were
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then homogenized in a tissue grinder, placed in conical centrifuge tubes and centrifuged for
10 minutes at 500g at 4 °C. The supernatant was removed and centrifuged at 12,0009 for 10
minutes at 4 °C. The cytoplasmic fraction was removed and the pellet was resuspended in
fresh IM/BSA buffer and centrifuged again at 12,0009 for 10 minutes at 4 °C. The
remaining pellet containing the mitochondrial fraction was resuspended and stored in
suspension medium (SM; 230 mM mannitol, 70 mM sucrose, 0.02 mM EDTA, 20 mM Tris-
HCI, 5 mM K,;HPQ,).

Western blot analysis was performed on representative cytosolic and mitochondrial
fractions to account for purity of isolated mitochondria (Carson and Robertson, 2006).
Protein extracts of 20ug were loaded on 10% SDS polyacrlylamide gel. The following
polyclonal primary antibodies raised in rabbit were utilized in the Western blot procedure:
anti-GAPDH (Sigma-Aldrich, St. Louis, MO) at 1:1000 dilution, and anti-Cox4 (Fisher
Scientific, Pittsburgh, PA) at 1:1000 dilution. The proteins were detected using anti-rabbit
secondary antibody conjugated to Horseradish peroxidase at 1:2000 dilution. The anti-
GAPDH antibody was utilized to evaluate the possibility of cytosolic contamination in
mitochondrial fraction. The anti-Cox4 antibody was utilized to examine mitochondrial
proteins in the mitochondrial fraction and to confirm that mitochondrial proteins were not

present in the cytosolic fraction (Fig. 1).
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Mitochondrial Protein Quantification
Bradford assay was performed on the isolated mitochondrial fractions to quantify
total mitochondrial protein per gram of muscle sample. The amount of mitochondrial protein

was quantified based on absorbance at 595 nm (Zor and Selinger, 1996; Bradford, 1976).

HPLC-UV

Mitochondrial and whole tissue Coenzyme Q1o content were quantified using high
performance liquid chromatography (HPLC) (Shimadzu USA Manufacturing, Inc., Canby,
Oregon), which was equipped with a model LC-20AD solvent delivery pump, a model SPD-
20A UV/Vis detector, a model CTO-20A column oven, and a model SIL-20C HT auto
sampler. The system was controlled and data were analyzed by LC solution version 1.23
(Shimadzu Corporation).

The HPLC method used in this study was modified from that described previously by
Pastore et al., 2005. Approximately 0.1 g of frozen muscle fragments (-80°C) was excised in
triplicates from the most central area of the tissue and homogenized with 1000 ul hexane and
500 pl methanol in a tissue homogenizer. The mitochondrial fraction, separated from
approximately 1 g of muscle, was also mixed with 1000 pl hexane and 500 pl methanol. The
whole tissue and mitochondrial fractions were centrifuged at 10,0009 for 5 minutes at 4 °C.
Starting with a stock solution of 1.6 mM, the coenzyme Qo standards (Sigma-Aldrich, St.
Louis, MO) were prepared by serially diluting six times in a mixture of 2/3 hexane and 1/3
methanol. The concentrations of the working standards were: 16 uM, 8 uM, 4 uM, 2 uM, 1

uM, and 0.5 pM. The standards were then centrifuged at 10,0009 for 5 minutes at 4°C.
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The hexane phase containing coenzyme Q1o standard, coenzyme Q1o extracted from
tissue fragments, and coenzyme Q1o extracted from the mitochondrial fraction were
transferred to glass HPLC vials and capped with Teflon-lined septa and injected in 10 pul
aliquots onto the column. A 125- x 3-mm ODS Hypersil column (Thermo Scientific,
Waltham, MA) was equilibrated with mobile phase containing 15 ml glacial acetic acid, 275
ml hexane, 15 ml sodium acetate, 695 ml methanol (Fisher Scientific, Pittsburg, PA), and 15
ml 2-propanol (Sigma-Aldrich, St. Louis, MO).

The column was equilibrated with mobile phase for at least 20 minutes before
analysis. The coenzyme Q1o standards and muscle extract samples were eluted isocratically
at a flow rate of 1.0 ml/min and detected at 275 nm. The column temperature was held
constant at 30 °C. Peak area was directly proportional to concentration of standard, thus
linear regression analysis was used to calculate concentration of coenzyme Qo in whole

muscle and mitochondrial extract.

SDH and ATPase Histochemistry

A modified version of Wiskus et al. (1976) fiber staining protocol was utilized to
determine SDH and slow myosin ATPase activity. Serial transverse sections (15 pm) from
ALD, PLD, PM, and BF muscle samples were cut in a cryostat at -20 °C, air dried, and
subjected to histochemical staining for succinate dehydrogenase (SDH) and myofibrillar
adenosine triphosphatase (ATPase) at pH 3.9.

During ATPase staining procedure, tissue sections were preincubated in a solution of

0.2 M barbital acetate buffer (1.94 g sodium acetate, 2.94 g sodium barbital (Sigma-Aldrich,
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St. Louis, MO), and 100 ml distilled water) at room temperature (19-21 °C) for 5 minutes at
pH 3.9. The acidic solution was washed in the alkali-preincubating solution (pH 9.4; 20 ml of
0.2% w/v sodium barbital, 25 ml CaCl;,, 55 ml distilled water) for 5 seconds followed by
incubation in alkali solution (pH 9.4; 90 mg ATP, 12 ml barbital, 6 ml CaCl,, 40 ml distilled
water) for 45 minutes at room temperature (19-21°C). The sections were then washed in 1%
CaCl,, transferred to 2% CoCl,, washed in 0.2% sodium barbital, and rinsed with distilled
water. The reaction was developed with 1% yellow ammonium sulfide for 15 seconds.
Sections were dehydrated, mounted in Permount®.

The SDH staining was performed as follows: Freshly dried cryostat sections were
incubated for 5 minutes at room temperature (19-21°C) in a medium composed of 2 ml of
Nitroblue tetrazolium (NBT) stock solution (100 ml PBS at pH 7.6, 6.5 mg KCN, 185 mg
EDTA, 100 mg Nitroblue tetrazolium), 0.2 ml succinate stock solution (2.7 g sodium
succinate, 20 ml distilled water), and 0.7 mg phenazine methosulphate. The sections were

rinsed in acetone gradient, cleared, and mounted in glycerin jelly.

MyHC Immunohistochemistry

Tissues were fixed in 2% paraformaldehyde, embedded in paraffin, dewaxed and
dehydrated. Serial sections, 15 microns thick, were cut on a microtome and subjected to
slow (S35) and fast (F59) myosin heavy chain (MyHC) immunohistochemical analysis. A
supernatant generated from S35 and F59 MyHC hybridomas (Developmental Studies
Hybridoma Bank, lowa City, IA) was utilized to detect presence of slow and fast myosin

isoforms in skeletal muscle sections. Dehydrated muscle sections were blocked for 15
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minutes in a solution containing 0.1% bovine serum albumin (BSA), 5 mM EDTA, 3% goat
serum and 1 mM sodium azide to prevent non-specific antibody binding. Subsequently, the
sections were incubated in either S35 or F59 MyHC supernatant diluted 1:10 in blocking
solution at 4°C in a humidified chamber for 12 hrs. The sections were rinsed 2 times for 5
minutes with X PBS buffer and were then blocked in a solution containing 0.1% BSA, 5
mM EDTA, 3% goat serum and 1 mM sodium azide and incubated for 2 hours at room
temperature (19-21°C) in goat anti-mouse secondary antibody conjugated to horseradish
peroxidase (GAM-HRP) diluted 1:50 with blocking solution. The slides were rinsed in PBS
and incubated in diaminobenzane and urea for 5 minutes. Subsequently, the slides were

rinsed with distilled water, dehydrated, mounted with Permount®.

Image Analysis

A Leica DMR light microscope (Leica Microsystems, Bannockburn IL, USA) was
utilized to observe ALD, PLD, PM, and BF muscle sections All images were captured at
either 20x or 40x magnification using a Retiga 4000R fast camera (Q Imaging, Surrey BC,
Canada). Image-Pro Plus software (Media Cybernetics, Version 6, 2006) was utilized to
identify muscle fiber phenotype. The criterion for accurate determination of muscle fiber
phenotype was to evaluate at least five hundred fibers per muscle per bird (5 birds per
treatment).

The pattern of staining for myosin ATPase and for oxidative enzyme, SDH, was
determined as high, middle, or low (Figs. 6-8). In ATPase-stained slides, light staining was

attributed to muscle fibers with low activity of slow myosin ATPase, medium staining was

54



attributed to fibers with medium activity of slow myosin ATPase , and dark staining was
attributed to muscle fibers with high activity of slow myosin ATPase (Figs. 6 and 8). In the
SDH-stained slides, fibers stained with high intensity appeared dense blue with a band of
staining inside the sarcolemma, the fibers stained with middle intensity had a band of
staining inside the sarcolemma but lighter staining in the middle of the fiber, and fibers
stained with low intensity for SDH lacked the sarcolemmal band and had few mitochondria
dispersed throughout the section (Figs. 7 and 8) (Anapol and Herring, 2000). The MyHC

isoforms were evaluated based on presence or absence of staining (Fig 9).

Satistical Analysis

The General Linear Models (GLM) procedure of SAS (SAS Institute, 1985) was
performed to analyze the effect of muscle and age on the following parameters: CoQ1g
content in the whole muscle and mitochondrial fraction, muscle mitochondrial content, and
on histochemically-defined muscle fiber phenotype. A two-way analysis of variance
(ANOVA) was performed to evaluate the effect of muscle and age (9 and 20 weeks) on each
parameter (Fig. 2). Means of each treatment were separated using Fisher’s least significant
differences. Values were considered statistically significant when P< 0.05. Correlation
analysis was performed to identify the relationship between mitochondrial CoQ1 content,

SDH staining, and slow myosin ATPase staining (Table 1.)
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Table 1. Correlation analysis of mitochondrial CoQ1o content, SDH, and myosin ATPase
expression levels in 9 week old muscles and 20 week old muscles.

9 week data Mitochondrial CoQ10 | SDH-L | SDH-M | SDH-H | ATPASE-L | ATPASE-M | ATPASE-H
Mitochondrial CoQ10 1.0000
SDH-L -0.9752| 1.0000
SDH-M -0.9856] 0.9953] 1.0000
SDH-H 0.9826{ -0.9983| -0.9993| 1.0000
ATPASE-L -0.9089] 0.9767] 0.9529| -0.9635 1.0000
ATPASE-M 0.5147{ -0.3158| -0.3891| 0.3603 -0.1103 1.0000
ATPASE-H 0.6643| -0.8099| -0.7574| 0.7792 -0.9155 -0.2989 1.0000
20 week data Mitochondrial CoQ10 | SDH-L [ SDH-M [ SDH-H | ATPASE-L | ATPASE-M | ATPASE-H
Mitochondrial CoQ10 1.0000
SDH-L -0.8459] 1.0000
SDH-M -0.1726] 0.6047] 1.0000
SDH-H 0.7559| -0.9838| -0.7376] 1.0000
ATPASE-L -0.7205] 0.9717| 0.7758| -0.9983 1.0000
ATPASE-M 0.8738 -0.4829] 0.2983| 0.3422 -0.2927 1.0000
ATPASE-H 0.1960{ -0.6795] -0.9506| 0.7899 -0.8212 -0.3053 1.0000

Correlation coefficient of +1 indicates that two values are perfectly related in a positive
manner and coefficient of -1 indicates that two values are perfectly related in a negative
linear manner.

Results
Western Blot

GAPDH and COX4 antibodies have been widely used to verify mitochondrial
fraction purity (Morrish et al., 2006). In the cytosolic fraction, GAPDH tetramer was
detected between 30 and 40kd with anti-GAPDH polyclonal antibody. However, there was

no anti-GAPDH reactivity detected in the mitochondrial fraction, suggesting that the
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mitochondrial fraction is free of contamination with cytosolic components. A 17kd band was
detected when mitochondrial fraction was reacted with anti-Cox4 antibody suggesting that
mitochondria were indeed present in the mitochondrial fraction. No anti-Cox4 reactivity was
detected in the cytosolic fraction, confirming that this fraction did not contain any

mitochondria (Fig. 1).
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Fig. 1. Representative Western blot analysis of aanti-GAPDH and b anti-Cox4 in
mitochondrial and cytosolic fractions of 9 week-od ALD muscle. The figure represents |
coomassie blue-stained PVDF membrane and I1 Western blot scan. 20ug of protein was
equally loaded to each lane.
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HPLC Analysis

ALD and BF muscles exhibited significantly higher (P<0.0001) total CoQ1o content
than PLD and PM muscles on week 9 and 20 (Fig. 2). Total CoQ1o per gram of muscle was
higher (P<0.0126) in ALD muscles at 20 weeks of age as compared to 9 weeks of age.
However, total CoQ1o content remained the same in PLD, BF and PM muscles at each age.

ALD and BF mitochondrial CoQ1o content was significantly higher (P<0.0157) than
PLD and PM CoQ3 content on week 9 and 20 (Fig. 3). The mitochondrial CoQ1o content in
ALD and BF muscles was significantly higher (P<0.0034) at 20 compared to 9 weeks of age.
However, the mitochondrial CoQ1o content in PM and PLD did not change in 20 week old
birds compared to 9 week old birds (Fig. 3).

Another parameter was calculated whereby a percent ratio of CoQ1o in mitochondria
to CoQ 1o in total muscle (mitochondrial: total CoQ1o) was determined. No significant
differences were revealed between the different muscles on week 9 (Fig. 4). However, on
week 20, the mitochondrial: total CoQ1o was significantly higher (P<0.0066) in ALD and BF
muscles than in PM and PLD muscles. Mitochondrial: total CoQ 1 significantly decreased in
PM and PLD muscles (P<0.0160 in PLD, P<0.0018 in PM), remains the same in ALD

muscle, and significantly increased (P<0.001) in BF muscle between week 9 and 20 (Fig. 4).
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Fig. 2. Total CoQip (mg) per gram of 9 wk and 20 wk-old turkey muscles determined by
HPLC (a). Values with different superscripts represent means that are statistically different
(P<0.05). Values with the same superscripts represent means that do not differ statistically
(P>0.05). The superscripts represent values in ascending order. Error bars represent standard
errors of individual means.

Examples of HPLC-UV chromatograms depicting total CoQ1o content in ALD (b), PLD (c),
PM (d), and BF (e€) muscles at 20 weeks.
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Fig. 3. CoQ1p (mg) per gram of mitochondria in 9 and 20 wk-old turkey muscle determined
by HPLC (P<0.0002). The superscripts represent means that are significantly different. Error
bars represent standard errors of individual means.
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Fig. 4. Ratio of mitochondrial CoQ19 to total amount of CoQ 1o in 9 and 20 wk-old turkey
muscle represented in percentages and determined by HPLC (P<0.0098). The ratio is
expressed in percentages. The superscripts represent means that are significantly different.
Error bars represent standard errors of individual means.
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Mitochondrial Protein Quantification

Data generated from Bradford assay reveals that the amount of mitochondrial protein
relative to total protein significantly decreases (P<0.0001) with age in all four muscles.
However, there were no significant differences in mitochondrial protein content between

muscles at given time (Fig. 5).
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Fig. 5. Amount of mitochondrial protein (mg) relative to total protein in one g of wet muscle
mass of 9 wk and 20 wk-old turkey muscle. Protein amounts were determined by the
Bradford assay (P<0.001). The superscripts represent means that are significantly different.
Error bars represent standard errors of individual means.
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Fiber Typing

In the BF muscle, low, middle, and high intensity of staining for ATPase was
observed, where the number of fibers stained at low intensity was significantly higher
(P<0.0001) than the number of fibers stained and middle and high intensity (Fig. 6 and 8).
The staining intensity representing activity of ATPase molecule remained statistically

unchanged in ALD, PLD, BF, and PM muscles over time (Fig. 6 and 8).

B ATPASE-L
0 ATPASE-M
120 ~ H ATPASE-H

Myosin ATPase

100 A
80 1
60

% of fibers

40 A

20

ALD-9  PLD-9 BF-9 PM-9 ALD-20 PLD-20 BF-20 PM20

9 weeks 20 weeks

Fig. 6. Percentage of ALD, PLD, BF, and PM muscle fibers in 9 and 20-week old turkey
toms with low (ATPase-L), medium (ATPase-M), and high (ATPase-H) intensity staining for
myofibrillar ATPase at pH 3.9 (P<0.0001). The superscripts represent means that are
significantly different. Error bars represent standard errors of individual means.
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At 9 weeks of age, ALD muscle contained fibers stained at high and middle intensity
for SDH. However, at 20 weeks of age all ALD fibers were darkly stained for SDH. The
percentage of PLD fibers stained at low intensity for SDH significantly increased (P<0.006)
over time and the percentage of PLD fibers stained at middle and high intensities for SDH
were significantly lower at 20 weeks compared to 9 weeks of age (Fig. 7). Inthe BF muscle
the percentage of fibers stained at low intensity for SDH remained the same, the percentage
of fibers stained at middle intensity for SDH significantly decreased (P<0.01), and the
percentage of fibers stained at high intensity for SDH significantly (P<0.04) increased with
age. The percentage of PM fibers stained at low intensity for SDH significantly increased
(P<0.0001), and the percentage of fibers stained at middle and high intensity for SDH

significantly decreased (P<0.0001) with age (Fig. 7 and 8).
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Fig. 7. Percentage of ALD, PLD, BF, and PM muscle fibers in 9 and 20-week old turkey
toms with low (SDH-L), medium (SDH-M), and high (SDH-H) intensity staining for
succinate dehydrogenase (SDH) (P<0.0001). The superscripts represent means that are
significantly different. Error bars represent standard errors of individual means.
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Fig. 8. An example of serial sections of 20-week-old BF muscle stained for slow myosin
ATPase at pH 3.9 (a), and SDH (b); and 20-week-old ALD muscle reacted with (c) F59
MyHC antibody, and (d) S35 MyHC antibody. The figures (a) and (b) show different
intensities of staining for slow myosin ATPase and SDH (L- low intensity, M- middle
intensity, and H- high intensity staining). Images were captured at 20x magnification and the
scale bars represent 50 microns.
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All of the ALD fibers at 9 and 20 weeks of age exhibited positive staining for S35
MyHC. PLD muscle fibers showed a complete absence of S35 MyHC staining at 9 and 20
weeks of age. Half of BF muscle fibers exhibited positive staining for S35 MyHC at 9 weeks
and 70% of BF muscle fibers exhibited positive staining for S35 MyHC at 20 weeks of age.
At 9 and 20 weeks of age, over 90% of PM muscle fibers did not show any staining for S35
MyHC (Fig. 9). Opposite results were observed when sequential sections from ALD, PLD,

PM, and BF muscle fibers were stained for F59 MyHC (Fig. 9).
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Correlation Analysis

Correlation analysis of mitochondrial CoQ10 content, SDH, and myosin ATPase
activities revealed very strong relationship between these cellular components in 9 week-old
muscles. Furthermore, strong but imperfect correlations among mitochondrial CoQ10
content, SDH, and myosin ATPase activities were observed in 20 week-old muscles (Table

1),

Discussion
Fiber Phenotype and Contractile Characteristics

Muscle fiber location, its function, and load greatly influence the metabolic and
phenotypic profile of the muscle. The total number of muscle fibers, their spatial
distribution, and biochemical function vary in different muscles. Understanding metabolic
differences within specialized muscles presents a useful tool in deciphering mechanisms
governing skeletal muscle development. The present study focused on simultaneously
selected aspects of the phenotypic, and metabolic, characteristics of ALD, PLD, BF, and PM
muscles. The main objective of the current work was to examine the potential relationship
between muscle CoQ1o content, mitochondrial protein, and muscle fiber phenotype.

One of the aims of the study was to re-evaluate previously described fiber type
composition in distinct muscles in adult turkey toms to further elucidate the relationship
between fiber phenotype and its mitochondrial metabolism (Wiskus et al., 1976; Beermann et

al., 1978; Green et al., 1982). Classic experiments assessing muscle fiber phenotype
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demonstrated that there are three main types of muscle fibers in turkey muscles, which can be
defined as aR (fast-oxidative), aW (fast-glycolytic), and BR (slow-oxidative). The muscle
fiber characterization described in former studies was based on muscle differential response
to ATPase and SDH staining (Wiskus et al., 1976). Previous data presented in Wiskus et al.
(1976) has demonstrated that while pectoralis muscle is extremely scarce in BR fibers,
previously considered as oxidative, biceps femoris muscle was composed of both oxidative
and glycolytic fast-twitch fibers. Furthermore, Wiskus et al. (1976) demonstrated that fast-
white and slow-red classification of muscle fibers may not be accurate and that certain
muscles (such as biceps femoris) appear red due to high myoglobin content, but have
enzymatic characteristics similar to fast muscles.

The fiber type of four muscle groups was re-evaluated and determined based on
enzymatic staining for SDH and slow (acid-stable) myosin ATPase, followed by
immunohistochemical labeling for slow and fast MyHC (Figs. 6-9). The data confirmed that
ALD, PLD, PM, and BF muscles have different enzymatic and contractile characteristics.
Concurring with Wiskus et al. (1976), the present study confirmed that despite its red
appearance, BF muscle contains fibers of various metabolic profiles (Figs. 6-9).
Additionally, ATPase and SDH staining profile in PM muscle was very similar to Wiskus et
al. (1976) data (Table 1, Figs.6 and 7).

Staining for SDH revealed that at 9 weeks of age, approximately 60% of PM fibers
contained medium activity of SDH; while at 20 weeks of age about 80% of PM fibers reveal

low intensity SDH staining (Fig. 7). A similar staining pattern was observed in PLD muscle,
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suggesting that there is an age-related decrease in oxidative capacity in both PM and PLD
muscle groups.

Immunohistochemical analysis of S35 and F59 MyHC isoforms was utilized to
further evaluate contractile profile of distinct muscles (Fig. 9). The MyHC isoforms are the
main structural proteins involved in conversion of ATP to mechanical energy required for
muscle contraction (Sun et al., 2003). In ALD muscles, all S35-positive fibers were negative
for F59 antibody. The opposite staining pattern was observed in PLD and PM muscles,
where all F59-positive fibers were negative for S35 antibody. The results demonstrated that
slow myosin ATPase staining and S35 MyHC staining pattern is very similar in ALD, PLD,
and PM muscles. In both age groups ALD muscles were predominantly slow, PLD muscles
were predominantly fast, BF muscles contained both slow and fast fibers, and PM was
primarily fast (Fig. 9). Although the BF muscle fibers were characterized by low, medium,
and high intensity staining for slow myosin ATPase, the MyHC staining revealed equal
amount of slow and fast MyHC in this muscle. The medium intensity staining for myosin
ATPase in BF muscle could be related to the presence of S35 and F59 MyHC isoforms

within individual muscle fibers (Rosser et al., 1996).

Fiber Phenotype and Energy Utilization

The capability of the muscle fibers to resist fatigue is determined by the presence and
performance of mitochondria, which contain factors involved in oxidative phosporylation
process (Holloszy and Coyle, 1984; Fitts, 1994). SDH is an important component of the

mitochondrial TCA cycle, and strong staining for this enzyme identifies muscle fibers with
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high oxidative potential. Total mitochondrial protein relative to myofibrillar protein
significantly decreases between 9 and 20 weeks of age and does not differ between muscles
atagiven time (Fig 5). Oxidative ALD muscles contain twice as much mitochondria as the
fast-twitch PLD muscles, but the ALD mitochondria are much smaller than the PLD
mitochondria (Kiessling, 1976). Therefore, it is likely that total weight of mitochondrial
protein in ALD and PLD muscles is not significantly different even though there isa
difference in mitochondrial number. Nonetheless, data generated based on enzymatic staining
for mitochondrial enzyme, SDH, shows significant difference in the activity of this enzyme
between distinct muscles and between different age groups. Consequently, other
mitochondrial factors in combination with SDH should be considered when quantifying
tissue mitochondria. The activity of SDH increases with age in ALD and BF muscles and
decreases with age in PM and PLD muscles. Therefore, it is possible that with increased size
and higher functional demands, ALD and BF muscles have an increased requirement for
oxidative phosphorylation (Handel and Stickland, 1986; Hoppeler and Fluck, 2003). Since
PM and PLD muscles were already mostly relying on glycolytic metabolism for energy
utilization, increased muscle size may have contributed to an increased demand for anaerobic

respiration and decrease in mitochondrial function.

Fiber Phenotype and CoQ19 Content
CoQ1p represents one of the key components of mitochondrial oxidative metabolism,
plays an indispensable role in ATP production in tissues with high energy requirements, and

protects tissues from free radical damage (Crane, 2001; Dhanasekaran et al., 2008). Because
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of CoQ1o’s role in oxidative phosphorylation and its cytoprotective properties, quantification
of CoQ1o levels has important implications in identifying a metabolic state of the skeletal
muscle HPLC-UV was utilized to determine levels of CoQ1q in whole muscle and in the
mitochondrial fractions of four different muscle groups in 9- and 20-week-old male turkeys.
The HPLC-UV analysis has revealed age-related differences in CoQjo content where whole
muscle homogenate CoQ1o content increased with age in ALD muscles and remained
unchanged in PLD, BF and PM muscles (Fig. 2). Both ALD and BF muscles had
significantly higher total levels of CoQ1o then PLD and PM muscles on week 9 and 20.
Mitochondrial CoQ1o content in BF and ALD muscles increased with age and was
significantly higher than in PLD and PM muscles. Additionally, mitochondrial CoQ 1
content in PLD and PM muscle did not change with age (Fig 3). The differences between
whole tissue homogenate and mitochondrial fraction CoQ1o content in distinct muscles may
be related to metabolic requirements of each muscle. It appears that with increasing age
mitochondrial oxidative phosphorylation process requires more CoQjo in muscles that mostly
rely on oxidative metabolism. Consequently, it can be concluded that older, oxidative
muscles have higher energy requirements to support larger fiber size. Furthermore, higher
energy requirements can be associated with increased free radical damage that has been
observed in aging muscle (Lass and Sohal, 1998). Additionally, with age there is an increase
in reactive oxygen species generation that corresponds to oxidative damage in mitochondria
(Sohal et al., 1999). It is likely that muscle groups that rely on glycolytic metabolism
possibly become more glycolytic with age; hence the lower amount of CoQ1p in

mitochondrial fraction. Since CoQ 1o has been shown to be a rate-limiting component of the
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oxidative phosphorylation process, further depletion of CoQ1 may lead to reduced
respiratory function of the muscle (Estronell et al., 1992; Kamzalov and Sohal, 2004).

Taken together, these results indicate the importance of CoQ o in oxidative
metabolism. Additionally, present study revealed strong correlation between mitochondrial
CoQ1o content, SDH labeling, and slow ATPase labeling (Table 1). Since CoQ1o levels vary
in different muscles and its levels are proportional to slow ATPase activity and mitochondrial
SDH levels, it is reasonable to hypothesize that cellular levels of CoQ1p may present a
potential marker of slow-oxidative skeletal muscle phenotype.

It appears that mitochondrial: total muscle CoQ 1, ratio significantly decreases in PM
and PLD muscles, remains the same in ALD muscle, and significantly increases in BF
muscle between week 9 and 20 of age. Studies have demonstrated that aside from
mitochondria, CoQ 1o is located in Golgi apparatus and in lysosomes (Nyquist et al., 1970;
Sun et al., 1992; Gille and Nohl, 2000). Although, mitochondria are the major sites of
CoQ1o action, it has been recently shown that CoQ1o also participates in lysosomal redox
chain (Gille and Nohl, 2000). Therefore, it is likely that this coenzyme exists in higher
concentrations in other cellular membranes in older PLD and PM muscles (Nyquist et al.,
1970; Sun et al., 1992; Gille and Nohl, 2000). Additional research needs to be performed to
identify cellular pathways involving CoQ1o and its age-related role in the muscle.

In conclusion, the present study revealed that there is a relationship between
mitochondrial and whole muscle CoQ1o content and muscle phenotype. Furthermore, strong
correlations between mitochondrial CoQ1o content, SDH activity, and slow ATPase labeling

in 9 week-old turkeys, and slightly weaker correlations between these metabolic components
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in 20 week-old turkeys indicate increased phenotypic variation in maturing muscle fibers.
These results suggest that age-related change in functional demands may have an effect on
muscle phenotype.

Additionally, current experiments indicated a strong relationship between the amount
of mitochondrial protein and age of the muscle. The results of this study suggest that distinct
skeletal muscles are metabolically different and that there are age-related differences in
internal metabolism within the same muscles.

Enzymatic staining and immunohistochemical analysis for MyHC isoforms are useful
tools in fiber type characterization. However, there are many other molecular pathways
involved in regulating skeletal muscle fiber phenotype. More detailed evaluation of factors
participating in muscle metabolism is required for adequate identification of specific fiber
phenotype. Based on the results of the present study, it can be hypothesized that CoQ1p may
play a significant role in fiber type determination. More extensive research focusing on the
impact of CoQ1o on signaling molecules and on genes responsible for contractile and
metabolic properties of the muscle will be necessary to further define the effect of CoQ1 on

muscle fiber phenotype.
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Chapter 4
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Oxidative M etabaolism in Myotube Cultures
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Abstract

Background. Coenzyme Qi (CoQ10) plays an essential role in determination of
mitochondrial membrane potential and substrate utilization in all metabolically important
tissues. The objective of the present study was to investigate the effect of Coenzyme Q
analog (MitoQ1p) on oxidative phenotype and adipogenesis in myotubes derived from two
phenotypically distinct skeletal muscles.

M ethods. The myotubes were derived from 15-week-old turkeys. Fast-glycolytic Pectoralis
major (PM) and slow-oxidative Anterior latissimus dorsi (ALD) myotubes were subjected to
the following treatments: Fusion media alone, Fusion media+125nM MitoQ 1o, and 500nM
MitoQ1o. Lipidaccumulation was visualized by Oil Red O staining and quantified by
measuring optical density of extracted lipid at 500nm at 1, 3, and 5 days post-treatment.
Quantitative Real Time PCR was utilized to quantify the expression levels of Peroxisome
proliferator-activated receptor (PPARY) and PPARY co-activator-1a (PGC-1a).

Results. MitoQjo treatment resulted in the highest (P<0.05) lipid accumulation in PM
myotubes. MitoQ1o up-regulated genes controlling oxidative mitochondrial biogenesis and
adipogenesis in PM myotube cultures. In contrast, MitoQ1o had a limited effect on
adipogenesis and down-regulated oxidative metabolism in ALD myotube cultures.
Conclusions. The PM and ALD myotubes responded differently to MitoQ1 treatment.
Differential response to MitoQ ;o treatment may be dependent on the cellular redox state.
Gener al Significance. MitoQ likely controls a range of metabolic pathways through its

differential regulation of gene expression levels in myotubes derived from fast-glycolytic and
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slow-oxidative muscles. Administration of MitQ1o and its regulation of cellular redox state

may be beneficial in treatment of disorders related to altered metabolic state.

Key Words: MitoQ1o, PGC-1a, PPARYy, Adipocytes, Skeletal Muscle, Avian
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1. Introduction

Skeletal muscle is a diverse tissue characterized by the ability to alter its metabolic
and structural properties in response to various functional demands [1, 2]. In addition,
skeletal muscle considerably contributes to whole body homeostasis mainly by its regulation
of glucose and fatty acid metabolism [3, 4]. Post-hatch or post-natal muscle regeneration and
development of new muscle fibers is dependent on activation of muscle satellite cells located
between the sarcolemma and basal lamina of the muscle fiber [5]. Satellite cells have been
identified as unique multipotential stem cells that under appropriate conditions are able to
differentiate into not only myotubes, but also osteocytes, chondrocytes, and adipocytes; but
the primary fate of satellite cells in culture appears to be myotubes [6, 7, 8]. Satellite cell
differentiation into a particular muscle phenotype or cell type is highly dependent on
expression of genes coding for specific transcription factors. The determination of skeletal
muscle phenotype is a complicated process that involves integration of a number of
transcriptional factors, signaling pathways, and extracellular factors [9]. The current study
focuses on two transcription factors, PPARy and PGC-1a, which play important roles in
determination of satellite cell fate [10].

Peroxisome proliferator-activated receptor (PPARy) and PPARy co-activator-1a (PGC-
la) are involved in biological processes responsible for energy homeostasis and tissue
metabolism [11]. PPARY is a nuclear hormone receptor necessary for induction of white
adipocyte formation [12, 13, 14, 15]. Ectopic expression of PPARYy induces formation of
white adipocytes in myotube cultures after addition of PPARy ligand to the media [10].

Skeletal muscle cells are localized in close proximity with adipocytes in vivo [16, 17]. The
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lipids accumulate in intramyocellular and intermuscular spaces. The degree of lipid
accumulation in skeletal muscle is dependent on muscle fiber type and muscle-related insulin
resistance [16, 17]. PGC-1a is highly expressed in tissues involved in thermogenesis, such as
brown fat and oxidative skeletal muscle [18, 19]. Because no brown fat has been detected in
avian species [20], the analysis of PGC-1a in turkey cultures likely relates only to oxidative
muscle phenotype. PGC-1a is a powerful transcriptional activator that interacts with a
number of nuclear hormone receptors, including PPARS, and plays an extensive role in
regulation of cellular respiration, and mitochondrial biogenesis [21, 22].

Coenzyme Q1o (CoQ10), commonly referred to as ubiquinone (2, 3-dimethoxy-5-methyl-
6-multiprenyl-1, 4-benzoquinone), exists in three alternating states in the mitochondrial
membrane: the fully oxidized form: ubiquinone (Q1o), the partially reduced form:
ubisemiquinone (Q1oH.), and the fully reduced form: ubiquinol (Q10H>) [23]. CoQ1o accepts
electrons from reducing equivalents produced from glycolysis and fatty acid degradation and
delivers them to electron acceptors that participate in mitochondrial electron transport chain
[24, 25, 26].

Because of its redox active nucleus and hydrophobic side chain, CoQ1 has been
proposed to be an ideal candidate for neutralizing free radicals in mitochondrial phospolipid
membrane and has been widely utilized as a treatment for a variety of physiological
conditions [27]. Among other disorders, CoQ1o has been used to treat muscular dystrophy,
congestive heart failure, and chronic fatigue syndrome [28, 29, 30]. Although CoQ 1, has
wide therapeutic applications, the hydrophobicity of CoQ 1o makes it difficult to be

completely absorbed by cells, limiting CoQ1 from fully performing its function [31]. CoQ
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analogs attached to triphenylphosphohium (TPMP) cation through an alkyl linker, easily
travelacross the cell membrane and to the mitochondria through non carrier-mediated process
[32]. TPMP attached to a quinone will be referred to as MitoQio. Smith et al. (2003) [32]
utilized in vivo application of MitoQ 1o, where mice were orally provided with liquid diet
containing MitoQ1o. Lipophilic MitoQ1o has been shown to be accumulated 5- to 10-fold
into the cytosol and 100- to 500-fold into the mitochondrial matrix in heart, brain, liver, and
skeletal muscle of the treated mice. Positive charge on TPMP allows for MitoQ 1o delivery
into the mitochondrial matrix to be driven by mitochondrial membrane potential.

The objective of this study was to assess the influence of MitoQ 1o supplementation to

turkey myotube culture on oxidative phenotype and lipid accumulation.

2. Materials and M ethods
2.1 Culture Establishment

The myotubes were derived from 15-weeks-old T24 Nicholas turkey Pectoralis major
(PM) and Anterior latissimus dorsi (ALD) muscles using procedures described by McFarland
et al. (1988) [33]. Frozen aliquots of cell suspension (passage 2) were thawed, and plated in
T75 flasks and 35 mm 6-well culture plates coated with 0.1% gelatin (Sigma, Saint Louis
MO; porcine skin 300 bloom; Cat# G-1890) at plating density of 30,000 cells per 35 mm dish
and 200,000 cells per T75 flask. The plating media was composed of 84% Dulbecco’s
Modified Eagle’s Medium (DMEM) (Sigma, Saint Louis MO; Cat# D5523), 10% Chicken
Serum (CS) (Sigma, Saint Louis MO; Lot# 098K0407), 5% Horse Serum (HS) (Atlanta

Biologicals, Atlanta GA; Lot# 50116), 1% Antibiotic/Antimycotic (Ab/Am) (Sigma, Saint
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Louis MO; Lot# 50116), and 0.1% Gentamicin (Atlanta Biologicals, Atlanta GA; Cat#
B20292). Cells were incubated at 38.5°C in a humidified 5% CO; incubator. After 24 hrs
of attachment, the plating media was removed and cells were provided with feeding media
containing 84% McCoy’s 5A Medium (Sigma, Saint Louis MO; Cat# M4892), 10% CS, 5%

HS, 1% Ab/Am, and 0.1% Gentamicin.

2.2 MitoQ;0 Dose Response Test

ALD and PM cells were grown to 70% confluency in feeding media (described
above) in 35 mm 6-well culture plates. To assess the cell dose response to decyl-TPMP and
MitoQ1p cells were treated with 125nM, 500nM, 1uM, 2uM, and 3uM of each reagent (4
wells per treatment). After 48 hours post decyl-TPMP and MitoQ o treatment, cells were
treated with 0.45 mL of Trypan Blue for 5 minutes at 20°C [34]. The response to decyl-
TPMP and MitoQ 1o was estimated by counting Trypan Blue-stained dead cells. The
concentrations of MitoQ1g that resulted in less than 10% cell mortality were utilized in

experimental treatments.

2.3 Myotube Culture and MitoQ1o Treatment

Cells plated in 35 mm 6-well culture plates (designated for Oil Redo O staining- 4
wells per treatment) and T75 flasks (designated for RNA isolation-3 flasks per treatment)
were grown to 70% confluency under growing conditions described above. The feeding

media was removed and cells were subjected to the following treatments:
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3.

4.

Control treatment: fusion media alone (FM) containing DMEM, 3% HS, 1mg/mL
Bovine Serum Albumin (BSA) (Sigma, Saint Louis MO; Cat# A6918), and
0.01mg/mL gelatin.

FM+500nM decyl-TPMP

FM+125nM MitoQ1g

FM+500nM MitoQ 1o

Fresh media (treatment 1-4) were administered daily and Oil Red O and Real Time PCR data

(described below) was collected on day 1, 3, and 5 post treatment.

2.4 Oil Red O Saining

Cells subjected to the above treatments were stained with Oil Red O according to

modified procedure of Janderova et al. (2003) [35]. In brief, media was removed and cells

were washed in 5% formalin solution in distilled water for five minutes at 21°C.

Subsequently, the formalin was removed and cells were fixed in fresh 5% formalin for one

hour at 21°C. Cells were then washed in 60% isopropanol, dried, and stained with Oil Red O

working solution containing six parts of Oil Red O stock solution (0.7g Oil Red O (Sigma,

Saint Louis, MO) and 200ml isopropanol) and four parts of distilled water for 10 minutes

followed by repeated washes.

A Leica DMR inverted light microscope (Leica Microsystems, Bannockburn IL,

USA) was utilized to observe Oil Red O-stained cells. The images of each treatment were

captured using a Retiga 4000R fast camera (Q Imaging, Surrey BC, Canada) and Spot

software (Sterling Heights, MlI).
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After image acquisition, Oil Red O was eluted by incubation in 3.6 ml/well of 100%
isopropanol for 15 minutes at 21°C. The Optical Density (OD) was measured at 500 nm with
a Nanodrop spectrophotometer (NanoDrop Technologies, Wilmington, DE) using the UV-

Vis function. Each sample OD was measured three times.

2.5 RNA isolation

Cells designated for RNA isolation were grown in T75 flasks (3 flasks per treatment)
and treated in the same fashion as the cells grown in 6-well plates. The RNA was isolated by
modified guanidinium thiocyanate-phenol-chloroform extraction method [36]. Three RNA
isolations were performed per treatment. In this procedure, 7 ml of Trizol reagent
(Invitrogen, Carlsbad, CA) were applied directly into T75 flasks. Cells were incubated in
Trizol reagent for 10 minutes to allow for complete dissociation of nucleoprotein complexes
and then moved to a 15ml centrifuge tube. The RNA was isolated from DNA and proteins
by addition of 1.4 ml chloroform and centrifugation at 12,000 g. The upper phase containing
RNA was removed and the RNA was precipitated by addition of 3.5 ml of isopropyl alcohol
followed by centrifugation at 12,000 g. The RNA pellet was washed with 75% Ethyl
alcohol, centrifuged at 7,500 g, and resuspended in diethylpyrocarbonate-treated water. The
purity and quality of the RNA samples was evaluated by agarose gel electrophoresis.
Furthermore, the quality and concentration of the isolated RNA was determined by
measuring absorbance at 260 nm with a Nanodrop spectrophotometer (NanoDrop
Technologies, Wilmington, DE). Samples with A260:280>1.8 were considered suitable for

generating cDNA.
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2.6 Quantitative Real-Time PCR

The quantitative Real-Time PCR analysis was performed to analyze gene expression
levels of PPARG-y and PGC-1a in ALD and PM myotubes after 3 days of MitoQ 1o
treatment.

The reverse transcription reaction to generate cDNA was executed with a High
Capacity cDNA Reverse Transcription Kit (Applied Biosystems Inc., Foster City, CA) ina
20uL volume containing 1pug of total RNA. Following the reverse transcription reaction, the
cDNA samples were diluted 1:20 and analyzed by quantitative real-time PCR (gPCR) with a
Bio-Rad iQ thermocycler. Each gPCR reaction contained 1 uL diluted cDNA, 1 puL primer,
10 uLL Power SYBR Green PCR Master Mix (Applied Biosystems Inc., Foster City, CA),
and 8 uL of diethylpyrocarbonate (DEPC)- treated water. PPARG-y, PGC-1a, and B-actin
primers (Tablel) were designed according to gene sequences available through National

Center for Biotechnology information (www.ncbi.nlm.nih.gov).

The gPCR reaction was executed at the following thermocycler temperature settings: 95°C
for 5 min; 40 cycles of 95 °C for 30s, and primer-specific annealing temperature for 30s
(Table 1), 72°C for 30s, 72°C for 5 minutes. The cDNA samples were amplified in triplicate
and each gene was amplified in a separate, single thermocycler run. The efficiency of PCR
reaction was established based on standard curves generated for each gene. Standards were
generated by diluting pooled cDNA at 1:5, 1:25, 1:125, and 1:625. The cycle threshold (Ct)
values were determined based on the cycle at which the gene amplification was the highest

and the relative fluorescence was measured at each extension step (72°C). PPARG-y, PGC-
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la gene expression was normalized against the B-actin housekeeper gene (Table 1). The fold
change in gene expression level between samples was calculated using Pfaffl (2001) [37]
method.

Table 1. Sequences of primers utilized in Real Time PCR amplification of genes expressed in cells derived from monolayer

cultures.

Gene Primer sequences (5°-3") Tw’ (°C) | Product size (bp)
B-actin Forward GTCCACCTTCCAGCAGATGT 55 129
Reverse ATAAAGCCATGCCAATCTCG
PPARG-y | Forward GGGCGAATGCCACAAGCGGA 60 100
Reverse TGGCAAGCGCTCGCAGATC
PGC-la Forward AAACGGCCCAGTTTGCGGCT 60 146
Reverse TGACACTGCCACCCAGGTGAA

2.7 Satistical Analysis

The statistical analysis of MitoQ1o dose response, Oil Red O incorporation, and real
time PCR data, was performed using JMP software (SAS Institute Inc., Cary, NC). A one-
way analysis of variance was utilized for each of the above mentioned data sets. A one-way
analysis of variance for sample gene Ct: sample housekeeper gene Ct derived from real time
PCR analysis was quantified according to the following model:

Y = p+tA+M+AM+e,
with age (A), muscle (M), and age x muscle (AM) as fixed effects.
Data were considered as significant at P<0.05 and fold change in expression >1.5.

The correlation analysis was performed to evaluate the relationship between PPARYy

expression levels and lipid accumulation in PM and ALD myotube cultures.

97




3. Results
3.1 MitoQ10 Dose Response Test

The dose response test revealed that 1 uM, 2 uM, and 3uM MitoQio treatment resulted in
significantly higher (P<0.05) cell mortality than 125nM, 500nM, and decyl-TPMP treatment
after 48 hrs of MitoQ1o treatment (Table 2). Consequently, 125nM and 500nM of MitoQ 1o

were chosen to evaluate the effect of MitoQ;o on myotube cultures.

Table 2. Results of dose response test representing % of dead cells in each treatment + standard error of the
mean. Mean values with different superscripts are significantly different (P<0.0001).

Treatment % Dead Célls

3 UM MitoQip  89.75+5.02°
2 UM MitoQ1o  80.00+4.80°
1 UM MitoQyp  79.25+4.85°
500 nM MitoQ1o 10.00+1.29"
125 nM MitoQo 9.75+1.20°
Decyl-TPMP 8.95+0.21°

3.2 Lipid Accumulation and MitoQ4o Treatment

MitoQ1o treatment resulted in lipid accumulation in forming myotubes. However,
treatment with decyl-TPMP alone resulted in no lipid accumulation (data not shown).
Sequential image acquisition revealed that accumulated lipid was most likely intratubal

(Figl) [38].

98



Fig 1. Sequential images representing intracellular lipid localization in myotube cultures.
Images were taken at 20x magnification in four different planes of focus.
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Optical density analysis of Oil Red O-stained myotubes revealed that increased
concentrations of MitoQ1o stimulated significant increase (P<0.05) in lipid accumulation in
PM muscle culture on days 3 and 5 of treatment (Figs. 2 and 3). The lipid accumulation was
the highest in PM myotube cultures treated with 500nM MitoQ1o on day 3 and 5 of
treatment, and the lowest in myotubes that were grown in Fusion Media (FM) alone. The
differences in lipid accumulation were less discernable in ALD myotubes subjected to
different MitoQ 1o concentrations on all treatment days, and in PM muscle on day 1 of

MitoQ 1 treatment (Figs 2 and 3).
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Lipid Accumulation

OFM
E125
E500

Optical Density at 500nm

ALD1 PM1 ALD3 PM3 ALD5 PM5

Fig 2. Lipid accumulation quantified by determining the optical density at 500nm of the Qil
Red O-stained ALD and PM myotube cultures treated with feeding media alone (FM),
FM+125nM MitoQ1o (125), and FM+500nM MitoQ ;o (500). Data were acquired on day 1
(ALD1, PM1), day 3 (ALD3, PM3), and day 5 (ALD5, PM5) of treatment. Subscripts
represented by different letters illustrate significantly different mean values (P<0.05).
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ALD PM

500

Fig 3. Lipid accumulation represented by Oil Red O staining in ALD and PM myotubes
treated with feeding media alone (FM), FM+125nM MitoQ1o (125), and FM+500nM
MitoQ1p (500). Figures represent images acquired on day 3 post-treatment. Images were
acquired at 20x magnification.
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3.3 PPAR-y and PGC-10. Gene EXpression

Quantitative Real Time PCR analysis was utilized to assess the PPAR-y (adipogenic
marker) and PGC-1a (muscle oxidative phenotype marker) gene expression levelsin ALD
and PM myotubes grown in Fusion Media alone (FM), FM+ 125nM MitoQ o, and FM+ 500
nM MitoQ 1o at 3 days post MitoQ1o treatment. Because no effect on lipid accumulation was
observed with decyl-TPMP treatment, the effect of this treatment on gene expression levels
was not evaluated. Each gene of interest was normalized to B-actin internal control and the
gene expression data were compared to cDNA derived from PM myotubes grown in FM
alone (Fig 4). The PM myotubes grown in FM alone exhibited only trace amounts of
intramuscular fat. Therefore gene expression data derived from this treatment were utilized
as a control to compare gene expression data derived from other treatments. Lipid
accumulation and adipogenic PPAR-y gene expression in both ALD (correlation coefficient
0f 0.93) and PM (correlation coefficient equal to 1.0) myotube cultures appear closely
related, indicating that PPAR-y is an appropriate marker of adipogenesis. PPAR-y gene
expression analysis confirms that 500nM MitoQ 1o treatment significantly (P<0.05) stimulates
the adipogenic process in PM myotubes, whereas the adipogenic gene expression remains the

same (P>0.05) in ALD myotubes in all treatment groups (Fig 4).
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Expression level of oxidative phenotype marker, PGC-1a, was significantly (P<0.05)
higher in ALD myotubes treated with FM alone and FM+125nm MitoQ 1o than in PM
myotubes proving that ALD muscle maintains its native oxidative phenotype in culture.
However, 500nM MitoQ1o treatment causes decrease in PGC-1a in ALD myotube cultures.
The qPCR data also indicates that MitoQ1o treatment stimulates oxidative gene expression in
glycolytic PM myotubes. The expression level of PGC-1a in 125nM and 500nM Mitoqo-
treated PM myotubes was 3-fold higher (P<0.05) than in the PM myotubes grown in FM

alone (Fig 4).
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PPAR-y Expression in ALD and PM Myotubes
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Fig 4. Expression level of aPPAR-y and b PGC-1a gene in ALD, and PM myotube cultures
treated with feeding media alone (FM), FM+125nM MitoQ1o (125), and FM+500nM
MitoQ1o (500) as compared to gene expression data acquired from PM myotubes treated with
FM alone. Subscripts represented by different letters illustrate significantly different mean
values (P<0.05).
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4. Discussion

Skeletal muscle is one of the major tissues contributing to whole body metabolic rate
and energy expenditure [39]. Oxidative capacity of the muscle, intramuscular lipid
composition, lipid concentration, and efficiency of muscle glucose transporters influence
many biochemical pathways governing tissue metabolism [4, 40, 41]. Consequently,
alterations in skeletal muscle phenotype may play a crucial role in disease development and
progression. The results of the current study suggest that MitoQ1o controls expression levels
of genes regulating skeletal muscle and adipose metabolism. Interestingly, the extent of the
MitoQ 1, effect on cell metabolism seems to be muscle-type dependent. The concentration of
MitoQ1o applied to the cultured myotubes also appears to play a role in regulation of
phenotypic and transcriptional characteristics of analyzed myotubes. The most discernable
effect of MitoQ 1o treatment was observed in PM myotube cultures, where the administration
of 500nM of MitoQ 1o resulted in significant increase in lipid accumulation and caused a
significant rise in the expression of the adipogenic gene, PPAR-y. In myotube cultures, the
intracellular fat is most likely derived from muscle-derived stem cells, satellite cells, or
mesenchymal stem cells [42]. Although the basal level of intracellular lipid and PPAR-y
expression was higher in ALD than in PM cultures, the effect of MitoQ1o on lipid
accumulation and PPAR-y expression in ALD was significantly lower than in PM cells.
Furthermore, unlike in the PM culture, the increased concentration of MitoQ1o did not cause
increased accumulation of lipid in the ALD culture. Similarly, Horowitz et al., (2000) [43]

and Campbell et al. (2001) [44] reported that genes involved in fatty acid metabolism in
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mixed red muscle were over-expressed as compared to white muscles in humans. Genes
regulating fatty acid metabolism that are differentially expressed in mixed-red and white
muscle types are involved in transport of fatty acids (Cluster of Differentiation 36), fatty acid
oxidation (acyl-CoA dehydrogenase), and regulation of genes involved in fatty acid oxidation
(PPAR-a) [43, 44]. Consequently, the minimal effect of MitoQ1o on lipid accumulation and
on PPAR-y expression in ALD cultures may be a consequence of high basal level of
adipogenic gene expression in the ALD muscle. Itis likely that endogenous CoQio was at a
saturation level in ALD cultures and significant increase of MitoQ1o concentration in the
fusion media had no additional effect. In healthy tissues, CoQ o is synthesized from
phenylalanine and mevalonate [45], and it appears that CoQ 1o reaches saturation level in cell
membranes [46]. However, low levels of cellular CoQ1o have been reported in disease state
and aging [47, 48, 49]. The autooxidation of CoQ310 has been shown to produce hydrogen
peroxide that activates transcription factors such as NFkB [50, 51], which is associated with
inflammation and has been shown to be up-regulated during fat cell differentiation [52].
Inflammation during fetal development results in elevated expression of NFKB that induces
satellite cell differentiation into adipocytes [53, 54]. Accordingly, MitoQ1o-induced
expression of PPAR-y and increased adipocyte accumulation in PM cultures may be a result
of NFKB action.

Notable muscle-related differences were observed in expression levels of PGC-1a
gene. Over-expression of PGC-1a in vitro has been associated with an increase of oxidative
mitochondrial metabolism by increasing the rate of proton leakage [55, 56]. PGC-1a may

stimulate oxidative muscle phenotype through up-regulation of calcineurin and citrate
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synthase [57, 21, 56]. Significantly higher basal expression levels of PGC-1a in “oxidative”
ALD myotubes as compared to “glycolytic” PM myotubes confirm that the myotubes stayed
true to their phenotype in culture [58]. Moreover, the 125nM of MitoQ o did not affect the
PGC-1a expression in ALD myotubes, and 500nM of MitoQ 1o caused a significant decrease
in PGC-1a expression in the ALD. In contrast, both 125nM and 500nM of MitoQ 1o
stimulated PGC-1 a expression in PM muscle, and there was no significant difference in
PGC-1 a expression when the MitoQ1o concentration was elevated to 500nM. It seems that
MitoQ1o functions differently on muscles with different phenotype. Linnane et al. (2002)
[59] reported that oral administration of CoQ1o causes an increase in fast-twitch to slow-
twitch muscle fiber ratio in phenotypically mixed human vastus lateralis (quadriceps)
muscles. Based on the current results, and the results of Linnane et al. (2002) [59] it can be
speculated that CoQ1 down-regulates oxidative metabolic processes in phenotypically
oxidative fiber types. Since myotubes derived from two metabolically different muscles
were examined in the current study, it is likely that the differential response to MitoQ19 may
be dependent on the cellular redox state [59]. CoQ 1o plays an imperative role in modulation
of mitochondrial membrane potential though transport of protons and electrons across the
mitochondrial membrane. The efficiency and rate of electron transport process regulate
mitochondrial substrate utilization and energy generation [60, 61]. Since PM muscles are
composed of fibers that rely mostly on glycolysis for their energy utilization, and ALD
muscles are primarily composed of fibers that derive their energy from mitochondria, the
cellular redox state of these two muscle types is quite different. Data demonstrating that

satellite cells stay true to their original phenotype in culture [58], and reported significantly
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different basal expression levels of PGC-1a in ALD and PM myotubes also indicate that
redox state of ALD and PM myotubes is likely different. It is possible that in ALD myotube
cultures the mitochondrial respiration was already at the optimum state and supplementation
with MitoQ1o induced production of free-radicals, hence the decrease in oxidative gene
expression in 500nM MitoQ 1o-treated myotubes.

Linnane et al. (2002) [59] proposed that changes in cellular redox state control anti-
oxidant/pro-oxidant function of CoQ1o and its role in production of H,O,. Hydrogen
peroxide likely plays a role as a second messenger and regulator of expression of genes
involved in phosphorylation of various proteins [62, 59]. Hydrogen peroxide has inhibitory
effects on calcineurin expression [63, 64]. Since calcineurin regulates muscle oxidative
phenotype, the MitoQ1o-altered expression of PGC-1a in ALD myotubes may be in part

dependent on MitoQ1o-stimulated hydrogen peroxide action.

4.1 Conclusions

In conclusion, MitoQ1o was shown to up-regulate genes controlling oxidative mitochondrial
biogenesis and adipogenesis in PM myotube cultures, with a decrease of oxidative
metabolism in ALD myotube cultures. Current data indicates that MitoQ1o likely controls a
range of metabolic pathways through its regulation of gene expression levels. Therefore,
administration of MitoQ 1o and its regulation of the redox state in various tissues may be
beneficial in treatment of an array of physiological conditions related to altered metabolic

state.
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Abstract

Because of its high plasticity and rapid growth rate, turkey skeletal muscle is an important
model for studying mechanisms responsible for vertebrate skeletal muscle development and
function. Skeletal muscle is composed of metabolically heterogeneous myofibers that
exhibit high plasticity at both the morphological and transcriptional levels. The objective of
this study was to employ microarray analysis to elucidate the differential gene expression
between the tonic- “red” anterior latissimus dorsi (ALD) muscle, the phasic- “white”
posterior latissimus dorsi (PLD), and “mixed”-phenotype biceps femoris (BF) in 1-week
and 19-week old male turkeys. A total of 170 differentially expressed genes were identified
in the analyzed muscle samples (P<0.05). Gene Go analysis software was utilized to identify
top gene networks and metabolic pathways involving differentially expressed genes.

The largest differences were observed between ALD and PLD muscles, where 32 genes were
over-expressed and 82 genes were under-expressed in ALD1-PLD1 comparison, and 70
genes were over-expressed and 70 under-expressed in ALD19-PLD19 comparison. The
largest number of genes over-expressed in ALD muscles, as compared to other muscles code
for extracellular matrix proteins such as dystroglycan and collagen. FThe gene analysis
revealed that phenotypically “red” BF muscle has high expression of glycolytic genes usually
associated with the “white” muscle phenotype. Muscle-specific differences were observed in
expression levels of genes coding for proteins involved in mRNA processing and translation
regulation, proteosomal degradation, apoptosis, and insulin resistance. Current findings can
have large implications in muscle-type related disorders and improvement of muscle quality

in agricultural species.
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I ntroduction

In conjunction with its function in movement and posture, skeletal muscle is an
important metabolic organ that plays a major role in overall health by participating in
processes regulating insulin utilization, glucose breakdown, and blood lipid profile in both
mammalian and avian species [1,2,3,4]. Furthermore, skeletal muscle metabolism is closely
associated with meat quality in agricultural species [5, 6]. The precise genetic mechanisms
that govern differentiation, development, and function of vertebrate skeletal muscles are still
not yet fully understood. There is an extensive variation in phenotype among anatomically
distinct muscles. Physical location of a skeletal muscle significantly influences its metabolic,
biochemical, and biophysical characteristics [7]. Slow-twitch, oxidative muscles, such as
anterior latissimus dorsi (ALD), and soleus, are adapted to continuous activation under
aerobic conditions. Conversely, fast-twitch, glycolytic muscles, such as pectoralis major, and
posterior latissimus dorsi (PLD), are subjected to sporadic bouts of exercise and are
susceptible to fatigue, as their main source of energy comes from anaerobic catabolism of
glucose [8]. Based on myosin protein isoform analysis, avian ALD and PLD muscles have
been utilized as models of true tonic/fatigue resistant and pure phasic/fatigue prone muscles
respectively [9, 10]. Phenotypic differences between ALD and PLD muscles are associated
with varying functional demands associated with physical location of these muscles [11, 12].

Knowledge of genetic basis of fiber phenotype is important to the medical and
agricultural fields. The oxidative versus glycolytic metabolic profile of the muscle may
indicate whether an individual is prone to disease outbreak and progression and it may be

related to occurrence of myopathies in both mammalian and avian species. It has been
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demonstrated that oxidative capacity of the muscle is likely related to occurrence of chronic
metabolic syndromes such as obesity, type 2 diabetes, insulin resistance, and increased risk
of cardiovascular disease in mammals [1, 2, 13, 14]. Furthermore, discovery of leptin gene
in chickens and turkeys establishes poultry as a potential animal model for studying obesity
in humans because leptin deficiency or receptor resistance results in obesity in mammals [3,
4]. Skeletal muscle of agricultural species may also be utilized as a model for growth-related
myopathies. In the poultry industry, increased genetic selection for rapid growth and heavy
musculature results in higher incidence of defects in meat and carcass quality, and is one of
the major causes of growth-induced myopathies [15, 6, 16, 17].

The objective of this study was to utilize microarray technology to identify muscle
phenotype-specific genes that may be regulating metabolic processes associated with skeletal
muscle health and optimal meat quality. Microarray technology presents a useful tool to
simultaneously measure gene expression levels of thousands of genes in a particular tissue.
The relationship between phenotypic characteristics of the muscle and resulting variations in
muscle function can be reflected by differences at the transcriptional level. Although muscle
fiber-specific microarray analysis has already been performed on functionally important
muscle groups in vertebrate species [18, 19, 20], this report presents the first muscle fiber-
related gene expression profile analysis pertaining to two metabolically extreme muscles: the
“true red” ALD “true white” PLD [10, 21]. The ALD and PLD muscles were chosen for
analysis because they represent muscle groups composed of metabolically and
phenotypically homogenous muscle fibers in avian species [10, 21]. In addition to

differences in their energy metabolism, ALD and PLD muscles can be distinguished based on
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their myofibrillar arrangement [9]. The PLD muscle is composed of equally sized
myofilaments that are organized into distinct myofibrils separated by abundant sarcoplasmic
reticula; however, the ALD muscle myofilaments are less organized and contain less
sarcoplasmic reticulum than PLD muscles [9]. The structural differences between ALD and
PLD muscles are reflected in differences in tension resistance and speed of contraction.
Biceps femoris (BF) was selected for this study because of its unique phenotypic and
metabolic characteristics. Wiskus et al. (1976) [22] demonstrated that based on
histochemical staining for succinic dehydrogenase, the BF muscle is composed of both
oxidative and glycolytic fibers. However, histochemical staining for adenosine
triphosphatase (ATPase) revealed that BF muscle is composed mostly of fast-twitch fibers
[22]. Skeletal muscle enlargement of post-hatch fast growing turkeys is accompanied by
both hypertrophy and hyperplasia of the muscle fibers [21]. Due to its high plasticity and
accelerated growth, the heavy weight turkey is an exciting model for studying mechanisms
governing muscle development [9, 10, 21, 23].

The goal of this study was to identify the genetic basis of phenotypically distinct
muscles at 1 and 19 weeks of age. These ages were selected to account for growth-related
differences in selected turkey muscles. Skeletal muscles in early-post hatch turkeys are
characterized by fast-growth rate and high satellite cell mitotic activity [24, 25]. However,
after 9-weeks of age the growth significantly slows down, satellite cell mitotic activity begins
to diminish, and muscle growth occurs mainly through and increase of cytoplasmic to nuclear
ratio [25]. Current data substantially contributes to the available knowledge base regarding

transcriptional regulation of molecular pathways governing pure fast-glycolytic and pure
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slow-oxidative muscle phenotype in turkeys at 1 and 19 weeks of age. Among the
differentially expressed genes, a number of candidate genes were uncovered that could

potentially be related to phenotypic variations among functionally different muscles.

Materials and M ethods
Sample Collection

All experiments involving animals were in compliance with the North Carolina State
University Institutional Animal Care and Use Committee. Six 1-week-old and six 19-week-
old Nicholas (85 sire x 700 dam) turkey males (Meleagris gallopavo) were randomly selected
from a single flock and immediately killed by intra-venous injection of Euthasol® (Delmarva
Laboratories, Midlothian, VA, USA) at a dose of 0.25mL/kg body weight. Right anterior
latissimus dorsi (ALD), posterior latissimus dorsi (PLD), and biceps femoris (BF) muscles
were excised immediately post-mortem from each bird, and immersed in RNA-Later
(Applied Biosystems-Ambion, Foster City, CA).
RNA Isolation
A modified guanidinium thiocyanate-phenol-chlorophorm extraction method [26] was
utilized to isolate total RNA from each muscle sample. Six RNA isolations were performed
per muscle sample. The six RNA samples from each muscle were later pooled, resulting in
one sample per muscle per bird (6 birds total). In brief, 100mg of sample was placed in 1ml
of Trizol reagent (Invitrogen, Carlsbad, CA) and homogenized using a bead beater (Cole-

Parmer, Vernon Hills, IL).
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Subsequently, 0.2 ml chloroform was added, followed by centrifugation at 12,0009, which
yielded upper phase containing total RNA. The RNA was precipitated by addition of 0.5 ml
of isopropyl alcohol, and the samples were incubated at 22 °C for 10 minutes followed by
centrifugation at 12,000g. The resulting RNA pellet was washed with 75% ethyl alcohol,
centrifuged at 7,500g, and resuspended in diethylpyrocarbonate-treated water. The amount
and quality of the isolated RNA was determined by measuring its absorbance at 260 nm with
Nanodrop spectrophotometer (NanoDrop Technologies, Wilmington, DE), and RNA
integrity was further evaluated using agarose gel electrophoresis. Samples with
A260:280>1.8 were considered suitable for generating cDNA.
Microarray Platform

The Turkey Skeletal Muscle Long Oligo (TSKMLO) microarrays utilized in this
study were printed at Michigan State University Research Technology Support Facility (East
Lansing, MI). The oligonucleotide probes were synthesized based on cDNA libraries
constructed from Pectoralis major from 18-day turkey embryo, 1-day post-hatch poult, and
16 week-old bird from two genetic lines: RBC2 and F [27]. Each oligonucleotide probe was
a 70-mer spotted in duplicate and ‘blank’ spots containing spotting solution only were
included on each printed array. Detailed information pertaining to microarrays utilized in
this study can be found at National Center for Biotechnology Information (NCBI)’s Gene
Expression Omnibus database (www.ncbi.nlm.nih.gov/projects/geo/, platform accession:

GPL9788) and in Sporer et al., (2010) [28].
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Microarray Procedure

Each analyzed cDNA sample was derived from six pooled RNA samples. The
amount of cODNA was determined with Nanodrop spectrophotometer (NanoDrop
Technologies, Wilmington, DE). cDNA samples with concentration of at least 18 ng/pL
were considered suitable for microarray analysis. The goal was to compare functionally
unique muscles within the same age group, and functionally identical muscles between two
time points. The experimental setup is represented by Figure 1.

Muscle RNA samples were reverse-transcribed to amino-allyl-cDNA using the
ChipShot Indirect Labeling and Clean-up System kit (Promega, Madison, WI).
Subsequently, the amino-allyl-cDNA was labeled either with Cy3 or Cy5 fluorescent dye
(Amersham Biosciences Corp., Piscataway, NJ). To minimize dye bias, the cDNA samples
from six analyzed turkeys were labeled either with Cy3 or Cy5. The microarray slides were
pre-hybridized and hybridized using Pronto Plus Microarray Hybridization Kit (Corning Inc.,
Corning, NY). The Cy3-and Cy5-labeled cDNA samples were applied to pre-hybridized
array slides and covered with a pre-cleaned glass cover slip (Lifterslip, Portsmouth, NH).
The slides were hybridized for 18 hours at 42°C, washed, and air-dried by centrifugation in a
slide centrifuge for 2 minutes. A total of 17 arrays were labeled with representative muscle
cDNAs (Figure 1). The hybridized microarray slides were scanned using a ScanArray Gx
PLUS Microarray Scanner (PerkinElmer Life and Analytical Sciences, Shelton, CT) with

laser intensity adjusted to 65%.
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Quantitative Real-Time PCR

Quantitative Real-Time PCR analysis was performed to confirm the microarray
results. The selected genes analyzed were as follows: Bat2d, Clu2, Egfr, and Leprot. The
genes selected for Real-Time PCR analysis were selected based on their differential
expression levels (fold changé>1.5) in analyzed muscles and the uniqueness of molecular
pathways. The total RNA (6 samples per muscle from 6 birds at each age group) was isolated
by modified guanidinium thiocyanate-phenol-chlorophorm extraction method [26] and was
reverse-transcribed to generate cONA. The reverse transcription reaction was performed
with a High Capacity cDNA Reverse Transcription Kit (Applied Biosystems Inc., Foster
City, CA) in a 20uL volume containing 1pg of total RNA. The cDNA samples were diluted
1:20 and analyzed by quantitative real-time PCR (qPCR) with a Bio-Rad iQ thermocycler.
Each real-real time reaction contained 1 puL diluted cDNA, 1 pL primer, 10 uL Power SYBR
Green PCR Master Mix (Applied Biosystems Inc., Foster City, CA), and 8 uL of
diethylpyrocarbonate-treated water. Primers pertaining to genes of interest (Suppl. Table 1)
were designed with Beacon Designer software (Premier Biosoft International, Palo Alto, CA)
based on gene sequences available through National Center for Biotechnology information

(www.nchi.nim.nih.gov).

The gPCR reaction was executed at the following thermocycler temperature settings: 95°C
for 5min; 40 cycles of 95 °C for 30s, predetermined annealing temperature for 30s (Table 1),
72°C for 30s, 72°C for 5 minutes.. Each cDNA sample was amplified in duplicate and each

gene was amplified on a single run.
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The efficiency of each run was determined by standard curves generated for each gene.
Standards were generated by diluting pooled cDNA at 1:5, 1:25, 1:125, and 1:625. Each
standard dilution was amplified in triplicate. Fluorescence was measured at each extension
step (72°C) and the cycle threshold (Ct) values were calculated for each cDNA according to
the cycle at which the gene amplification was the highest. Gene expression was normalized
against B-actin internal control (Table 2). The B-actin has been previously shown to be an
appropriate internal control for muscle phenotype analysis [29, 19, 30, 20]. The fold change

in gene expression level between samples was calculated using Pfaffl (2001) [31] method.

Data Processing and Statistical Analysis
Microarrays

The ScanAlyze Software (Stanford University, Stanford, CA) was utilized to extract
the intensity of the scanned array spots for each dye combination on each array slide. The
intensity of the data points was then analyzed with JMP Genomics software (SAS Institute
Inc., Cary, NC). Data was first Log, transformed and then normalized by using locally
weighed regression and smoothing within each array and across all arrays. The normalized
data was evaluated by distribution analysis of the transformed data. Mixed model ANOVA
[32] with Bonferroni correction of P=0.05 for multiple testing was performed to increase the
sensitivity of detected differences in gene expression levels [33]. The following mixed model
was utilized to identify differentially expressed genes:

Y = pt+tA+M+Dyet+GS+e,

131



where age (A), muscle (M), and Dye were set as fixed effects, and grid x slide (GS) was
considered as a random effect.
Real-Time

The statistical analysis was performed using JMP software (SAS Institute Inc., Cary,
NC). A two-way analysis of variance was utilized for sample gene Ct: sample housekeeper
gene Ct according to the following model:

Y = p+tA+M+AM+e,
with age (A), muscle (M), and age x muscle (AM) as fixed effects.
Correlation analysis of Real Time PCR results and microarray results of expression levels of
selected genes’ (Bat2d, Clu2, Egfr, and Leprot) was performed for ALD1-PLD1, ALD19-
PLD19, ALD1-BF1, and ALD19-BF19 comparisons.
Gene Network Analysis

Differentially expressed genes were identified based on their homology with
previously reported nucleotide sequences available through National Center for

Biotechnology information (www.ncbi.nlm.nih.gov).

Metacore database (GeneGo Inc., St. Joseph, MI) was utilized to identify biological
processes and networks associated with differentially expressed genes. The list of genes with
different expression level was uploaded to Metacore for biological pathway analysis. The
software ranked differentially expressed genes according to their P-value and utilized the

shortest path algorithm to generate the shortest path of interaction between genes of interest.
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Results
Microarray Analysis

Of the 6,000 gene EST sequences analyzed, 170 genes were differentially expressed
in ALD, PLD, and BF muscles across all comparisons. The largest differences were
observed between ALD and PLD muscles, where 32 genes were over-expressed and 82
genes were under-expressed in ALD1-PLD1 comparison; and 70 genes were over-expressed
and 70 under-expressed in ALD19-PLD19 comparison.

The differential gene expression pattern is represented by volcano plots (Figure 2).
Expression values presented in all tables have been determined as significant by Bonferroni
correction at P=0.05. Age-related differences were observed only in ALD muscles, where
four genes (Col3al, Ctnnal, Sfrs3, Atp2al) were over-expressed in 1-week old ALD (ALD1)
as compared 19-week old ALD muscles (ALD19) (Table 1). Among these four genes, two
code for proteins involved in calcium metabolism (Ctnnal and Atp2al) [34, 35], one is an
important component of extracellular matrix (Col3al) [36], and the last one (Sfrs3) is a

splicing factor involved in pre-mRNA processing [37].

Metabolic Pathways and Gene Networks

Biological processes and gene networks involving differentially expressed genes
generated from the microarray analysis were built using GeneGo software of MetaCore
database. Among all muscle types, the largest number of notably different genes was
involved in metabolic process of anaerobic glycolysis, endoplasmic reticulum calcium ion

homeostasis, and protein translation.
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The most discernable differences in gene expression levels were observed between
ALD and PLD muscles, where 32 genes were over-expressed and 82 genes were under-
expressed in ALD1-PLD1 comparison; and 70 genes were over-expressed and 70 under-
expressed in ALD19-PLD19 comparison. As expected, several genes coding for proteins
responsible for muscle contraction and cellular calcium homeostasis were differentially

expressed in ALD, PLD, and BF muscles (Tables 2 and 3).

The largest number of genes over-expressed in ALD muscles code for extracellular
matrix proteins such as dystroglycan and collagen (Table 4, Figure 3). Moreover, large
numbers of genes involved in glycolytic metabolism were under-expressed in ALD muscles
as compared to BF and PLD muscles (Table 5, Figure 4). Interestingly, PLD and BF muscles
were very similar on both regulatory and metabolic levels. The gene analysis revealed that
BF muscles categorized as “red” based on their myoglobin expression have high expression

of glycolytic genes usually associated with “white” muscle phenotype.

The microarray analysis also revealed that muscle phenotype is strictly regulated on
transcriptional level, where 22 genes were differentially expressed between muscles (Table
6). An obvious muscle-related pattern of expression of these genes can be observed, with
ALD muscles having opposite gene expression levels than PM and BF muscles.

The Gene-Go-derived results indicate that genes coding for proteins involved in
proteosomal degradation are down-regulated in ALD muscles as compared to PLD muscles

at both time points, and as compared to BF muscles at 19 weeks of age (Table 7).
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Noteworthy muscle-dependent differences in gene expression levels were also observed in
genes coding for heat shock proteins (Table 8).

Interestingly, some of the largest fold differences in the array data were detected in
genes involved in G-protein coupled receptor signaling, where inositol monophosphate
(Impadl) and probable G-protein coupled receptor 20 (Gpr 20) were significantly under-
expressed in ALD muscles as compared to PLD and BF muscles (Table 9).

Quantitative Real-Time PCR Analysis

Quantitative real-time PCR (qPCR) was performed on selected genes to assess the
validity of the microarray approach. The following genes were evaluated using gPCR:
Bat2d, Clu, Egfr, and Leprot (Suppl. Figure 1, Table 10). Each gene of interest was
normalized to B-actin internal control. The genes selected for gPCR analysis participate in
both newly established (Bat2d, Clu, Egfr) [38, 39, 40, 41] and already characterized (Leprot)
muscle-fiber-specific molecular networks. Tissue-related variations in Bat2d gene
expression levels have been associated with caloric restriction in mice [38]. Clusterin (Clu)
belongs to family of genes coding for proteins involved in cell to cell adhesion, cell lysis, and
apoptosis [39, 40], and the Egfr gene codes for proteins responsible for signal transduction
cascades that regulate protein synthesis, cell proliferation, cell survival, and inhibition of
apoptosis [41]. Therefore, further analysis of Bat2d, Clu, and Egfr gene may present insight
on pathways regulating muscle-dependent insulin resistance, cell to cell interaction, and
tissue turnover. Because function of Leprot-associated genes has already been studied in the
muscle [42, 18], real time PCR analysis of Leprot was performed to further confirm the

microarray results. Fold differences in the gene expression levels obtained from both
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analyses may be related to differences in relative basal expression level of target gene and on
varying sensitivities of both assays [43]. Although fold differences in the expression levels
are not the same, the direction of change in the expression level is the same in every case,
which validates the reliability of focused microarrays in this study. Additionally, correlation
analysis of microarray and qPCR results revealed strong positive correlations between gene
expression levels in each comparison (Table 10).

Discussion

Malleability of skeletal muscles is characterized by metabolic, mechanical, and
neuronal adjustments to internal and external stimuli. A goal of this study was to advance
the knowledge base about gene expression profiles that lead to fiber type-specific metabolic
and contractile variations. Although the differences in expression levels of genes coding for
contractile proteins and for proteins involved in glucose homeostasis were expected to be
present in fast-glycolytic, slow-oxidative, and mixed-phenotype muscles; the results of the
current study significantly extended the understanding of biochemical diversity of vertebrate
skeletal muscles.

It appears that genes coding for proteins involved in mRNA processing and
translation regulation (e.g. ribosomal proteins, Table 6), as well as factors involved in
proteosomal degradation (e.g. ubiquitin, Table 7), apoptosis (e.g. clusterin, Table 10), insulin
resistance (e.g. Bat2d, Table 10), and protein synthesis (e.g. EGFR, Table 10), may be
utilized as markers of skeletal muscle phenotype and provide deeper understanding of

metabolic processes governing muscle differentiation and plasticity.
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Age-related Differences in Gene Expression Levelswithin a Muscle Type

The age groups selected for this analysis were based on muscle growth data [24, 25].
Prior researches demonstrated significant differences in growth rate and hyperplastic activity
between young (1 week of age) and mature (19-weeks of age) turkey Pectoralis major
muscles. Mozdziak et al., 1994 [25] demonstrated that satellite cell mitotic activity is
elevated in early post-hatch birds. However, at 9 weeks of age, satellite cell mitotic activity
begins to diminish and muscle growth occurs primarily through an increase of cytoplasmic to
nuclear ratio. Additionally, performance data generated by Anthony et al. (1990) [24]
revealed that turkeys grow rapidly before 10 weeks of age and the difference in weight gain
plateaus shortly thereafter [24]. Consequently, it was expected that the microarray data
would reveal significant differences in expression levels of genes regulating growth (e.g.,
genes regulating extracellular matrix components) and protein synthesis (e.g., genes coding
for proteins involved in translation regulation) between muscles derived from turkeys at 1
and 19 weeks of age. Surprisingly, there were no significant differences between means in
gene expression intensities between PLD1 and PLD19 muscle groups. The absence of
significant differences between PLD1 and PLD19 muscles may be related to strict statistical
testing utilized in this study. Based on the Bonferroni correction for multiple testing, only
Myh1 (myosin heavy chain 1) gene was different between BF1 and BF19 muscle groups with
a decrease in expression equal to 4.0. The Myhl gene codes for myosin heavy chain protein
present in high amount in fast-twitch (type I1) muscle fibers [44]. The age related-decrease in

expression of Myhl in BF muscles indicates possible shift towards oxidative phenotype.

137



The highest age-related differences in gene expression levels were observed in ALD
muscles, where four genes (Col3al: collagen type 11, alpha 1; Ctnna: catenin, alpha 1; Sfrs3:
splicing factor, arginine/serine-rich 3; and Atp2al: sarcoplasmic/endoplasmic reticulum
calcium ATPase 2al) were over-expressed in ALD1 muscles as compared to ALD19. Of
these four genes two code for proteins involved in calcium metabolism (Ctnnal and Atp2al),
one is an important component of extracellular matrix (Col3al), and the last one (Sfrs3) isa
splicing factor involved in pre-mRNA processing. Lower expression levels of
aforementioned genes in BF19 and ALD19 muscles are likely related to age-related change
in functional demands such as an increased load on the muscle with aging and resulting
difference in collagen turnover and synthesis [45, 46, 11, 12]. Additionally, a small number
of differentially-expressed genes in ALD1-ALD19 comparison may be related to
hyperplastic muscle growth in post-hatch fast-growing turkey strains [21]. Satellite cell
mitotic activity in the ALD is also associated with expression of embryonic myosin in ALD
muscles of adult birds, which may provide an explanation for small number of differentially

expressed genes between ages [47].

Metabolic and Contractile Muscle-related Difference in Gene Expression

The microarray analysis revealed that the highest number of differentially expressed
genes was between ALD and PLD muscles. As expected, the largest differences were
observed in expression levels of genes coding for contractile proteins and proteins involved

in glucose metabolism.
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Calcium ion plays a principal signaling and regulatory function in skeletal muscle
[48]. Genes coding for proteins involved in calcium homeostasis, such as Atp2al,
calmodulin, and calponin had very similar expression levels in ALD-PLD and ALD-BF
comparisons. In both comparisons, the Atp2al and calmodulin were under-expressed and
calreticulin was over-expressed in ALD muscle. The calcium ATPase coded by Atp2al gene
is an ion pump involved in calcium transport and reuptake from cytosol to sarcoplasmic
reticulum [49]. Calcium ion sequestration by calcium ATPases is associated with muscular
excitation and contraction [49]. Calreticulin is a calcium ion buffering protein and molecular
chaperone in the lumen of endoplasmic and sarcoplasmic reticula [50]. Studies demonstrated
that calreticulin modulates calcium storage capacity in sarcoplasmic and endoplasmic reticula
and alters activity of calcium ATPases [49, 51, 52]. Therefore, opposite expression patterns
of calreticulin and Atpa2al can be justified by antagonistic interaction of these molecules. It
is surprising that the calmodulin coding gene is down-regulated in oxidative muscles because
calmodulin is positively associated with calcineurin, which is up-regulated in oxidative
muscles [53]. Microarray results generated by Campbell et al. (2001) [18] have indicated
that calcineurin mMRNA is under-expressed in oxidative muscles as compared to glycolytic
muscles despite calcineurin over-expression in vivo. Therefore, measurements of calcineurin
and calmodulin protein levels are necessary to confirm their fiber-specific function.

In contrast to ALD-PLD comparison, PLD and BF muscle groups were observed to
be very similar on both regulatory and metabolic levels. Interestingly, major similarities
between PLD and BF muscles were observed in genes coding for proteins involved in

glycolytic metabolism. These results indicate that the “red” appearance of the BF muscle
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does not necessarily correlate with its metabolic function. The microarray results
correspond to data generated by Wiskus et al. (1976) [22] who demonstrated that fast-white
and slow-red classification of muscle fibers is not accurate and that BF muscles appear red
due to high myoglobin content, but have enzymatic characteristics of white fibers.

Although the microarray analysis confirmed that various muscles can be
distinguished based on expression of genes coding for contractile and energy metabolism-
associated proteins, the present data further indicates that there are many other potential
markers of muscle phenotype. Some of the additional genes that were differentially
expressed in ALD-PLD and ALD-BF comparisons code for extracellular matrix proteins,
proteins involved in physical and oxidative stress, and cell membrane receptor proteins.
Extracellular Matrix

Some of the major differences between muscle groups were observed between genes
coding for proteins associated with extracellular matrix. Formation of extracellular matrix is
crucial for skeletal muscle differentiation during embryogenesis [54]. ALD muscles were
characterized by over-expression of several proteins that belong to collagen family. It was
observed that smaller number of genes coding for collagen proteins were over-expressed in
ALD19-BF19 and ALD19-PLD19 than in ALD1-PLD1 and ALD1-BF1 comparisons. An
over-expression of Col3al gene was observed in younger ALD muscles. Therefore, aside
from muscle-type related differences in genes coding for collagen proteins, there is an age-
related decrease in genes coding for collagen proteins in ALD muscles. An age-related
decrease in collagen proteins in ALD muscles can be a result of a “dilution effect” of

collagen during a period of rapid hypertrophy of the muscle [55]. It has been demonstrated
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that age-related fold increase in muscle fiber diameter is much greater than increase in size of
connective tissues associated with the muscle [56]. Consequently, an age-related increase in
muscle to connective tissue growth may be related to morphological abnormalities and
muscle damage [6, 57]. However, there were no age-related changes in genes coding for
PLD and BF collagen proteins, which may occur as a result of a slower rate of collagen
synthesis. It has been reported that in rodent species, the collagen content is higher in
slow/oxidative muscle types than fast/glycolytic muscles [58, 59]. The ALD depends on
oxidative metabolism for energy and is under more tonic tension than glycolytic muscle
types [10]. Muscles subjected to chronic load have increased synthesis of enzymes
regulating collagen turnover [45, 46]. These extracellular matrix modifications cause
changes in elasticity of the tissue and decrease load-induced stress. In contrast, inactivity
causes decrease in collagen protein turnover and synthesis [45, 46].

Connective tissue cross-linking is dependent on enzymatic reaction between collagen
proteins and various glycoproteins [36]. The microarray analysis demonstrated that gene
DAGL1 that codes for dystroglycan glycoprotein was strongly over-expressed in one-week-old
and 19-weeks-old ALD muscles in relation to both BF and PLD. High expression of
dystroglycan in ALD muscles may also be related to higher requirements for synthesis of
connective tissue components in muscles subjected to chronic load [11,12, 60].

Although mature muscle fibers comprise the majority of muscle tissue, satellite cells,
fibroblasts, smooth muscle cells, endothelial cells, and neurons are closely associated with
the muscle fibers and allow muscle tissue to fully serve its function. Therefore, large

differences in gene expression levels coding for extracellular matrix proteins are likely
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associated with muscle fiber- and age-related changes in connective tissue associated with

the muscle.

Cell Death and Stress

One of the genes that were determined to be under-expressed in ALD muscles as
compared to both PLD and BF muscles codes for a glycoprotein, clusterin. Aside from its
function in cell to cell adhesion, clusterin is involved in clearance of cellular debris, cell
lysis, and apoptosis [39, 40]. It was demonstrated that clusterin inhibits apoptosis in human
cancer cells by interfering with activation of a pro-apoptotic Bax protein [61]. Recent studies
performed by Anderson and Neufer (2005) [62] have demonstrated that the amount of free
radical release from mitochondria is dependent on muscle fiber type. Many myopathies and
age-related muscle atrophy have been associated with a loss of type I1B (fast-twitch,
glycolytic) muscle fibers, which make up fatigue-prone muscles such as PLD and Pectoralis.
Fast-glycolytic muscle fibers have been shown to have unique mechanisms that stimulate
mitochondrial superoxide generation [62]. Consequently, it is likely that over-expression of
clusterin in predominantly glycolytic BF and glycolytic PLD may indicate that there is a
protective mechanism against free radical damage in fast-glycolytic fibers and this
mechanism is compromised under stress or in aging PLD muscle.

Another gene that may be associated with oxidative muscle damage and was
identified to be under-expressed in ALD muscles as compared to BF and PLD muscles,
codes for BAT2 domain-containing protein 1. Studies identifying genes associated with

caloric restriction and aging indicated that BAT2d gene is associated with age-at onset of
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insulin-dependent (type I1) diabetes mellitus in mammals [55]. Poultry species were
characterized by relative insulin resistance and high blood glucose levels [63, 3], which
makes them a good model for studying diabetes-associated genes. Individuals suffering from
type Il diabetes mellitus exhibit an array of defects in complex | and complex 1V of electron
transport chain in skeletal muscle. Furthermore, increased production of reactive oxygen
species and decreased ATP synthase activity has been observed in skeletal muscle
mitochondria of patients suffering from type Il diabetes mellitus [64]. Insulin-resistance may
be related to muscle fiber type, because there is an increased number of glycolytic (11B)
muscle fibers in type Il diabetes mellitus patients [13]. Therefore, further evaluation of
biological networks associated with BAT2d protein in skeletal muscle may present useful
information regarding insulin metabolism.

Furthermore, the microarray analysis revealed that gene coding for ubiquitin is under-
expressed in ALD as compared to BF and PLD. Ubiquitin is involved in proteosomal
degradation and controls the stability and intracellular localization of a wide range of
proteins [65]. Itis likely that glycolytic fiber types are more prone to protein degradation
than oxidative fiber types, hence the under-expression of the ubiquitin gene in ALD muscles.

The microarray analysis also revealed a strong relationship between muscles exposed
to constant load and genes coding for heat shock proteins. Because heat shock or stress
proteins protect muscle from exercise-induced stress, it is not surprising that the heat shock
protein coding genes, HSPa and HSPb, are over-expressed in ALD muscles [66].

Additionally, it has been established that leptin down-regulates highly stress-

inducible heat shock protein-70 (HSP-70) in chicken organs [67]. Leptin receptor (Leprot) is
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an integral membrane protein widely distributed throughout the body [68]. Leptin isan
adipocyte-derived hormone that plays an essential role in energy homeostasis,
thermoregulation, inflammatory processes, and modulation of oxidative stress [69, 70, 71,
72, 73]. Oxidative muscles are associated with higher amount of intracellular fat then
glycolytic muscles [42, 18]. Because leptin is derived from adipocytes, over-expression of
leptin receptor gene in ALD muscles is likely related to previously reported high expression
of adipocyte specific PPAR-a gene in oxidative muscles [18, 42]. It has also been
demonstrated that skeletal muscle has an ability to transform from glycolytic/fast-twitch to
oxidative/slow-twitch as a result of thermal stress [23]. Therefore, observed increased
expression of adipocyte-specific genes in oxidative muscles and resulting increase in
intramuscular fat, may serve as a protective mechanism against physical and environmental

stresses.

Cell Membrane Receptors

Genes coding for major cell membrane receptors, EGFR and GPR20, were identified
to be under-expressed in ALD muscles as compared to BF and PLD at 1-week and 19 weeks
of age. Epidermal Growth Factor Receptor (EGFR) regulates down-stream molecular
cascades involving proteins such as MAPK, Akt, and INK. The EGFR signaling cascades
lead to transcription of genes that regulate protein synthesis, cell proliferation, cell survival,
and inhibition of apoptosis [41]. Genes coding for EGFR and Clusterin are involved in

processes that inhibit apoptosis, and both of these genes are down-regulated in ALD muscles.
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The G-protein Coupled Receptor (GPR) regulates cAMP and phosphotidylinositol
signaling cascades that are responsible for glycogen, carbohydrate, and lipid metabolism
[74]. Because, ALD muscle relies primarily on oxidative metabolism to satisfy its energy
needs, it is expected that signaling pathways leading to glycogen and carbohydrate synthesis

will be down-regulated in this muscle.

Validity of Microarray Analysis and gPCR

Based on previously documented studies [10, 21], it was expected that genes involved
in glycolysis (Fig 4, Table 5) and muscle-twitch determination (Table 2) would be
differentially expressed in oxidative ALD muscles as compared to glycolytic PLD muscles.
Microarray-detected differences in expression levels of genes associated with glucose
metabolism and muscle contraction confirm the reliability of focused microarray analysis.
The microarray results were further confirmed by gPCR analysis. The genes selected for
gPCR analysis participate in both newly established (Bat2d, Clu, Egfr) and previously
characterized (Leprot) muscle-fiber-specific molecular networks. It has been demonstrated
that adipogenic genes are over-expressed in oxidative muscles [18, 42], therefore over-
expression of Leprot in ALD as compared to PLD further confirms the microarray results.
Although there are limitations to gPCR as a validation tool [75, 76], the same direction of
change and strong positive correlation (Table 10) were observed between qPCR and
microarray-derived gene expression levels proving that TSKMLO microarrays utilized in this

study are a reliable tool for analyzing muscle gene expression levels.
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Conclusions

Collectively, it can be concluded that there is a complex gene-dependent regulation of
muscle fiber phenotype. The microarray analysis revealed potential new markers delineating
specific muscle characteristics. Although the versatile functions of fast-glycolytic and slow-
oxidative muscles are reflected in differential expression of genes coding for glycolytic and
contractile proteins, the studied in the current experiment muscles can also be distinguished
based on expression of genes coding for transcription factors, structural proteins, proteins
involved in apoptosis and proteosomal degradation, and signaling molecules. Interestingly,
the data indicate strong similarities in the direction of expression and in expression levels of
the large majority of genes involved in the aforementioned pathways in PLD and BF muscles
as compared to ALD muscles, suggesting that color (phenotype) of the muscle does not
necessarily correspond to its functional metabolic biochemistry.

The results of the current study significantly extend knowledge base regarding
pathways characterizing skeletal muscle phenotype and illustrate that turkey skeletal muscle
is a great model for studying muscle fiber plasticity in vivo. Present findings can have large
implications in muscle-type related disorders and improvement of muscle quality in

agricultural species.
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Fig 1. Microarray hybridization experimental setup for Cy3 and Cy5 dye labeling. A total of 17 arrays
(represented by arrows) were hybridized with cDNA samples derived from PLD, ALD, and BF at either 1- or
19-weeks of age. Samples at the tail end (red circle) of the arrow were labeled with Cy3 and samples and the
arrowhead (green) were labeled with Cy5.
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Tables

Table 1. Differentially expressed genes represented by differences in fluorescence intensities between 1-week-
old (ALD1) and 19-week-old (ALD19) turkey muscles. All genes listed are over-expressed in ALD1 as
compared to ALD19. The threshold of significance was determined by Bonferroni correction at P=0.05.

Gene Symbol Protein name ALD1-ALD19
Col3al Collagen alpha-1(1ll) chain

Ctnnal Catenin alpha-1

Sfrs3 Splicing factor, arginine/serine-rich 3

Atp2al Sarcoplasmic/endoplasmic reticulum calcium ATPase 1

162


http://portal.genego.com/cgi/gene.cgi?id=-630195222�
http://portal.genego.com/cgi/gene.cgi?id=-747550841�
http://portal.genego.com/cgi/gene.cgi?id=-1149408686�

Table 2. Differentially expressed genes coding for muscle contractile proteins. Gene expression levels are represented by differences in fluorescence
intensities between 1-week-old (ALD1, PLD1, BF1) and 19-week-old (ALD19, PLD19, BF19) turkey muscles. Blue indicates under-expressed genes and
red indicates over-expressed genes in each comparison. The threshold of significance was determined by Bonferroni correction at P=0.05.

Gene Protein name ALD1- ALD19- ALD19- BF19- ALD1- ALD1-
Symbol ALD19 PLD19 BF19 PLD19 BF1 PLD1
Cfl2 Cofilin-2
Ctnnal Catenin alpha-1 2.37
Des Desmin
Dnmil Dynamin-1-like
protein
Escnl Fascin
Gmb5915 | Similar to
myosin, light
polypeptide 6,
alkali, smooth
muscle and non-
muscle
lgfnl Immunoglobulin-
like and
fibronectin type
IIl domain-
containing
protein 1
Mprip Myosin
phosphatase
Rho-interacting
protein
Mybpcl | RIKEN cDNA
8030451F13
gene

Mybpc2 Myosin-binding
protein C, fast-

type

5 4.19

Myh1 Myosin-1
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Table 2 Continued

Myh15 Similar to
Myosin heavy
chain, cardiac
muscle alpha
isoform (MyHC-
alpha)

M)[hZ Myosin, heavy
polypeptide 2,
ske letal muscle,
adult

Myh7 Myosin-7

Myh7b Myosin-7B

Myh8 Myosin-8

Myll Myosin light
chain 1, skeletal
muscle isoform

|\/|M|10 Myosin
regulatory light
chain 10

Myvi3 Myosin light
chain 3

MM|6 Myosin light
polypeptide 6

MM'Qf Myosin
regulatory light
chain 2, skeletal
muscle isoform

Myom1 Myomesin-1

Myom?2 Myomesin 2

Myoz1 Myozenin-1

Myoz2 Myozenin-2
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Table 2 Continued

Nap1ll Nucleosome
assembly
protein 1-like 1
Suvil Supervillin
Tektl Tektin-1 62 —
Tmod1l Tropomodulin-1 1.44 1.63 177
Tnncl Troponin C,
slow skeletal
and cardiac
muscles
Tnnc2 Troponin C,
skeletal muscle
Tnnil Troponin |, slow
skeletal muscle
Tnni3 Troponin|,
cardiac muscle
Tnntl Troponin T, slow
skeletal muscle
Tnnt3 Troponin T, fast
skeletal muscle
Tpmil Tropomyosin
alpha-1 chain
Tpm3 Tropomyosin
alpha-3 chain
Tubada | Tubulinalpha-
4A chain
Tubada | Tubulinalpha-
4A chain
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Table 3. Differentially expressed genes coding for proteins involved in calcium signaling. Gene expression
levels are represented by differences in fluorescence intensities between 1-week-old (ALD1, PLD1, BF1) and
19-week-old (ALD19, PLD19, BF19) turkey muscles. Blue indicates under-expressed genes and red indicates
over-expressed genes in each comparison. The threshold of significance was determined by Bonferroni
correction at P=0.05

Gene Symbol  Proteinname  ALD1-ALD19 | ALD19-PLD19 | ALD19-BF19 | BF19-PLD19 | ALD1-BF1

Atp2al Sarcoplasmic/
endoplasmic
reticulum
calcium
ATPase 1

Calml Calmodulin

Calr Calreticulin

Cnnl Calponin-1
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Table 4. Differentially expressed genes coding for extracellular matrix components. Gene expression levels
are represented by differences in fluorescence intensities between 1-week-old (ALD1, PLD1, BF1) and 19-
week-old (ALD19, PLD19, BF19) turkey muscles. Blue indicates under-expressed genes and red indicates
over-expressed genes in each comparison. The threshold of significance was determined by Bonferroni
correction at P=0.05.

Gene Protein ALD1-
Symbol name ALD19
Clu Clusterin
Collagen
Collal alpha-1(1)
chain
Collagen
Colla2 alpha-2(1)
chain
Collagen
Col3al alpha-1(111) 1.88
chain
Collagen
Col5al alpha-1(V)
chain
Collagen
Col6al alpha-1(VI)
chain
Collagen
Col6a2 alpha-2(VI)
chain
procollagen,
Col6a3 type VI,
alpha 3
Dagl Dystroglycan 18.89 15.92 14.40
EGF-
containing
fibulin-like
Efempl extracellular
matrix
protein 1
Fap Seprase
Extracellular
matrix
Frasi protein
FRAS1
Gsn Gelsolin
Junctophilin-
Jphl 1
Keratin, type
Krt42 | cytoskeletal
42
LIM domain-
Ldb2 binding
protein 2
Microfibril-
associated
Mfapd glycoprotein
4
Matrix Gla
Map protein
Sdc2 Syndecan-2
Sdc3 Syndecan-3
Tubulin
Tubalb alpha-1B
chain
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Table5. Differentially expressed genes coding for proteins involved in glucose metabolism. Gene expression
levels are represented by differences in fluorescence intensities between 1-week-old (ALD1, PLD1, BF1) and
19-week-old (ALD19, PLD19, BF19) turkey muscles. Blue indicates under-expressed genes and red indicates
over-expressed genes in each comparison. The threshold of significance was determined by Bonferroni
correction at P=0.05.

Gene ALD19- BF19-
Symbol Protein name BF19 PLD19
Akl Adenylate kinase -2.32
isoenzyme 1
Aldoa Fructose- -2.24 -1.86
bisphosphate
aldolase A
Aldoc Fructose- -2.53
bisphosphate
aldolase C
Car3 Carbonic 7.87
anhydrase 3
Ckb Creatine kinase B-
type
Ckm Creatine kinase
M-type
Eno2 Gamma-enolase
Eno3 Beta-enolase
Gapdh Glyceraldehyde-3- -1.80
phosphate
dehydrogenase
Ldha L-lactate
dehydrogenase A
chain
Pfkm 6-
phosphofructokina
se, muscle type
Pakl Phosphoglycerate
kinase 1
Pgmil Phosphoglucomut
ase-2
Pkm2 Pyruvate kinase
isozymes M1/M2
Pyam Glycogen
phosphorylase,
muscle form
Sds L-serine
dehydratase

Sic37a3 Sugar phosphate -2.69
exchanger 3
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Table 6. Differentially expressed genes coding for transcription and translation regulatory proteins. Gene
expression levels are represented by differences in fluorescence intensities between 1-week-old (ALD1, PLD1,
BF1) and 19-week-old (ALD19, PLD19, BF19) turkey muscles. Blue indicates under-expressed genes and red
indicates over-expressed genes in each comparison. The threshold of significance was determined by
Bonferroni correction at P=0.05.

Gene Symbol  Protein name ALD1-ALD19 | ALD19-PLD19 | ALD19-BF19 ’ ALD1-BF1
Bzw?2 Basic leucine zipper and W2
domain-containing protein 2
Cr8339 RNA binding motif protein 24
Chordcl Cysteine and histidine-rich

domain-containing protein 1

Cysteine and glycine-rich
protein 3

Probable ATP-dependent
RNA helicase DDX46

Elongation factor 1-alpha 1

mm O O

TR R 5

s 5 5 B
2 >

Eukaryotic translation
initiation factor 4B

hi1 Four and a half LIM domains
protein 1
Gm16468 similar to ribosomal protein 1.58 1.52
L3 isoform b
KIf2 Krueppel-like factor 2
Med7 Mediator of RNA polymerase
Il transcription subunit 7
Phf10 PHD finger protein 10
Phf17 Protein Jade-1
Prkdc DNA-dependent protein
kinase catalytic subunit
Rbm24 similar to RNA binding motif
protein 24
Rfc4 Replication factor C subunit 4
Rpl3 60S ribosomal protein L3
Rpl4 60S ribosomal protein L4 1.37 1.62
Rps23 40S ribosomal protein S23 1.70
Rps27 40S ribosomal protein S27
Rps3 40S ribosomal protein S3
Sfrs3 Splicing factor,

arginine/serine-rich 3
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Table7. Differentially expressed genes coding for proteins involved in proteosomal degradation Gene
expression levels are represented by differences in fluorescence intensities between 1-week-old (ALD1, PLD1,
BF1) and 19-week-old (ALD19, PLD19, BF19) turkey muscles. Blue indicates under-expressed genes and red
indicates over-expressed genes in each comparison. The threshold of significance was determined by
Bonferroni correction at P=0.05

’ Gene Symbol  Protein name ALD19-PLD19 | ALD19-BF19 | ALD1-BF1 | ALD1-PLD1
Rnf128 E3 ubiquitin-protein ligase RNF128

Ubb Ubiquitin
Uspl4 Ubiquitin carboxyl-terminal hydrolase 14
Usp8 Ubiquitin carboxyl-terminal hydrolase 8
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Table 8. Differentially expressed genes coding for Heat shock proteins. Gene expression levels are represented
by differences in fluorescence intensities between 1-week-old (ALD1, PLD1, BF1) and 19-week-old (ALD19,
PLD19, BF19) turkey muscles. Blue indicates under-expressed genes and red indicates over-expressed genes in

each comparison. The threshold of significance was determined by Bonferroni correction at P=0.05.
Protein
Gene Symbol  name ALD1-BF1
Cdc37I11 Hsp90
co-
chaperone
Cdc37-
like 1
Hsp90aal Heat
shock
protein
HSP 90-
alpha
Hspbl Heat
shock
protein
beta-1
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Table 9. Differentially expressed genes coding proteins involved in G-protein coupled receptor signaling
pathway. Gene expression levels are represented by differences in fluorescence intensities between 1-week-old
(ALD1, PLD1, BF1) and 19-week-old (ALD19, PLD19, BF19) turkey muscles. Blue indicates under-expressed
genes and red indicates over-expressed genes in each comparison. The threshold of significance was determined
by Bonferroni correction at P=0.05.

Gene ALD19- ALD1- ALD1-
Symbol Protein name PLD19 BF1 PLD1
Impadl Inositol

monophosphatase 3
Gpr20 Probable G-protein

coupled receptor 20
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Table 10. Comparison of gene expression profiles analyzed using focused microarrays and g°PCR. The n-fold
change was calculated by comparing the intensities of the arrays or using AACt method of Pfaffl (2001) [31].
The *“-“sign preceding the fold change value indicates that the experimental gene is under-expressed as
compared to the control gene. The direction of expression was calculated by subtracting (muscle 2 gene/muscle
2 B-actin)-(muscle 1 gene/muscle 1 f-actin). NS indicates that values were not significantly different (P>0.05).
The last row indicates the correlation between microarray and qPCR results in each comparison.

ALDI1-BF1 ALD1-PLD1 ALD19-BF19 ALD19-PLD19
Gene Microarray | qPCR | Microarray | gPCR | Microarray | gPCR | Microarray | gPCR
Bat2d -1.98 -6.39 | -1.82 -1.22 | -2.11 -3.86 | -1.67 -5.77
Clu -3.73 -6.20 | -2.32 -2.43 | -4.66 -3.24 | -2.06 -14.13
Egdfr -4.76 -3.72 | -4.03 -3.76 | -5.30 -4.68 | -3.91 -16.35
L eprot 2.22 325 | 2.09 3.32 |2.06 423 | NS 13.42
Correation | 0.81 0.99 0.92 0.77
Coefficient
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CHAPTER 6

Summary

Research presented in this dissertation provides insight onto molecular mechanisms that
govern skeletal muscle growth and function. Manipulation of skeletal muscle fiber
phenotype and energy utilization through nutritional and physical perturbations can improve
muscle growth, health, and meat quality. Data presented in Chapter 2 revealed significant
increase in apoptosis and presence of inflammatory cells (macrophages) in Pectoralis major
(PM) muscles of feed deprived birds and birds fed below NRC requirement (0.88NRC) diet
provided early post-hatch. PM muscle fibers rely predominately on glycolysis as their main
energy source and have been proven to be more prone to sarcopenia than any other muscle
fiber types. Muscle fiber type is directly associated with incidence of mitochondrial
respiratory dysfunction, diabetes, and a number of myopathies (Anderson, 1999; Whittaker et
al., 2007). Mitochondrial free radical generation is the highest in glycolytic (11B) muscle
fibers and the age-related muscular abnormalities take place primarily in these fiber types
(Sosnicki at al., 1991; Dransfield and Sosnicki, 1999). Direct targeting of skeletal muscle
mitochondrial free radical sources with CoQ10 may prevent or decrease the damage caused
due to physical stress and potential malnutrition. Studies described in Chapter 3 reveal that
functionally diverse muscles are characterized by significantly different mitochondrial and
whole muscle CoQ1o content. Therefore, it can be concluded that skeletal muscle energy

utilization and metabolism may be altered through regulation of factors participating in
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electron transport chain. Data presented in Chapter 4 demonstrates that CoQ 1o analog
(MitoQ10) administration increases oxidative potential and adipogenesis in myotubes derived
from glycolytic PM muscles. Therefore, it seems that energy metabolism can be altered by
controlling the intermediate steps of oxidative phosphorylation process. It is expected, that
improvement in oxygen utilization will result in decreased production of free radicals and
decreased apoptosis in in vivo systems.

Final study utilized microarray analysis to determine differentially expressed genes in
phenotypically and functionally diverse muscles. Data generated from microarray analysis
revealed several candidate genes that would provide basis for in depth analysis of factors
regulating muscle phenotype and function.

Profound evaluation and nutritional manipulation of molecular mechanisms that govern
muscle fiber metabolism, phenotype, and molecular energy sources is essential to improve
muscle quality and quantity, and hence is of fundamental medical and agricultural
importance. The results of the present research provide essential tools that could aid in
understanding the pathways responsible for phenotypic changes in the muscle and associated

with them muscle quantity and health.
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