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CHAPTER I: INTRODUCTION AND LITERATURE REVIEW

1.1 Overview of Study

AMP-activated protein kinase (AMPK) is a serine/threonine protein kinase
second messenger that has been localized in a variety of mammalian tissues. As the
name suggests, it is activated when the cellular energy potential, defined by the
intracellular ATP/AMP ratio, is low (Stapleton et al., 1996). Upon activation, the kinase
acutely inhibits numerous energy-consuming biosynthetic pathways while promoting
energy-producing reactions via phosphorylation of various metabolic enzymes (Stapleton
et al., 1996). Other experiments have indicated AMPK may also exert nuclear effects on
gene transcription, suggesting it may have a long-term influence on cellular energy
balance when activated chronically (Bamford ef al., 2003; Holmes et al., 1999; Putman et
al., 2003).

Skeletal muscle is a highly adaptable tissue that can change both structurally and
metabolically as a result of the demands placed upon it. The ATP/AMP ratio is largely
influenced by these demands, making AMPK a logical candidate to mediate such long-
term adaptations. Certain studies in which AMPK was either directly or indirectly
activated through pharmacological means produced an increase in the activity of certain
mitochondrial enzymes (Ojuka ef al., 2000; Shoubridge ef al., 1985; Winder et al., 2000),
indicating the biogenesis of new mitochondria may be one enduring effect of AMPK

activation.

While numerous studies have provided evidence of AMPK’s various effects on
gene transcription in skeletal muscle, many have used pharmacological treatment in vivo
as an experimental model. Unfortunately, potential untoward effects treatments such as
AICAR may produce, described in further detail below, may be unknowingly influencing
experimental results and limiting the approach. This study sought to develop a novel
model to examine possible nuclear actions of AMPK and subsequent downstream effects

in skeletal muscle.
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1.2 Review of AMPK

1.2.1 AMPK Structure and Tissue Distribution

AMP-activated protein kinase was originally identified in 1988 (Sim & Hardie,
1988), and was purified in 1994 (Davies ef al., 1994b). It consists of a heterotrimer that
shares sequence homology with the yeast SNF1 protein kinase (Celenza & Carlson,
1986). Structurally, AMPK is composed of a 63-kDa catalytic o subunit, a 38-kDa
regulatory 3 subunit, and a 35-kDa y subunit (Davies et al., 1994a) (Figure 1.1). Two
different isoforms of both o and (3 exist, while 3 y isoforms have been identified in
mammalian tissue (Kemp ef al., 1999). The o subunit contains the catalytic core at the
N-terminal region, while its C-terminus consists of a tail targeting o to the other subunits
(Kemp et al., 1999). The regulatory B subunit is myristoylated on its N-terminus, which
is partially responsible for the

Gatalytic Autoregulatory
ability of AMPK to bind domain domain

membranes (Mitchelhill e ~ AMPK-a1 | T -

Subunit-targeting
al., 1997). In addition, its C- domain

terminal domain allows AMPK-a2 | —552

formation of the afy

complex, while its central AMPK-31

domain binds to glycogen
(Hudson er al., 2003; AMPK-p2
Polekhina et al., 2003). The

regulatory y subunit, LU COUN [ Cis  cps. cps. oS |gR
meanwhile, is almost entirely

AMPK-+2 EST
composed of four sequence
motifs referred to as AMPK-v3 Aicas ‘cps| cps ces! | 2

cystathionine 3 synthase

Figure 1.1: Subunit structure of AMPK (adapted from

(CBS) domains (Bateman, Kemp et al., 1999).
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1997). These are thought to be involved in AMP binding (Cheung et al., 2000).

All potential subunit isoform combinations appear capable of heterotrimeric
association, with o 31y; being the most common variety (Hardie, 2004). o, B2, y2 and s,
however, are the most common isoforms present in cardiac and skeletal muscle (Hardie,
2004), while the a,P,y; heterotrimer has been identified in rat muscle (Stapleton et al.,
1997). o, has also been located in the nucleus (Salt ef al., 1998), and studies have
indicated it translocates from the cytosol to this region following exercise (McGee et al.,
2003), providing further evidence that AMPK may be involved in long-term

transcriptional regulation.

1.2.2 Function of AMPK

AMPK is activated allosterically by adenosine monophosphate (AMP) (Figures
1.3 and 1.4), which is thought to bind in a pocket created by the o and y subunit interface
(Kemp et al., 1999). Purified o; was stimulated 2- to 3-fold while o, was activated 3- to
4-fold above basal levels following AMP exposure (Salt et al., 1998; Stapleton et al.,
1996). Levels of intracellular free AMP rise as a result of the adenylate kinase reaction,
which transfers a phosphate group from one molecule of ADP to another in an attempt to
regenerate ATP when stores begin to decline (Figure 1.2). Inversely, high concentrations
of ATP can antagonize AMPK activation by AMP, as ATP appears to compete with
AMP for binding on the allosteric site (Hardie, 2004).

In addition to AMP binding, AMPK is also activated by phosphorylation of Thr'"?
on the activation loop of the o subunit (Kemp et al., 1999) (Figures 1.3 and 1.4). The

upstream kinase responsible for this phosphorylation was described for many years as

AMPK
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energy

1) ATP ———>ADP + Pi

-
(4 ot
«*
.

adenylate kinase

- K
2) ADP + ADP —>ATP + AMP

3) HATP]
A [AMP] oY

Figure 1.2: The adenylate kinase reaction. 1) ATP is broken down to ADP and
inorganic phosphate to provide energy for intracellular processes, 2) to replete ATP
stores, the adenylate kinase reaction takes place producing one AMP molecule for
each regenerated ATP molecule, 3) while the ATP concentration begins to decrease,
the relative concentration of AMP increases, decreasing the ATP/AMP ratio.

kinase, or AMPKK. Recently, however, LKB1, a 50-kDa serine/threonine protein
kinase, has also been discovered to possess kinase activity specific to AMPK (Hawley et
al., 2003). LKB!1 is known primarily for its tumour suppressing actions, and many
human tumour cell lines such as HeLLa and G361 fail to express it (Hawley et al., 2003).
LKBI, the product of the gene mutated in Peutz-Jeghers syndrome (Jenne et al., 1998),
also associates with two accessory proteins known as STRADa/B and MO250/p3 (Hawley
et al., 2003). Meanwhile, dephosphorylation and inactivation of AMPK is accomplished
by protein phosphatase 2C (PP2C) (Figure 1.4).

AMP binding and Thr'” phosphorylation have additive effects on AMPK
activity, as shown in Figure 1.4. Furthermore, AMP is capable of binding upstream
kinases to further promote phosphorylation of AMPK (Figure 1.3). Findings from
Hawley et al. (2003) indicate LKB1 can be activated in this manner, as AMPK
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Thri72

\YAVAY

ATP |
AMPKK-AMP
ADP

AMP

AMPKK

Figure 1.3: Schematic diagram of AMPK subunit association and activation as a
result of AMP binding to both the ay interface of AMPK and the upstream kinase
AMPKK.

activation was restored when LKB1 was expressed in HeLa cells treated with an AMP

analogue.

Recent experiments have also indicated that AMPK can be activated independent
of changes in AMP concentrations. Metformin, a diabetes treatment discussed in further
detail below, appears capable of activating AMPK without causing any changes in
nucleotide levels (Fryer ef al., 2002b). In addition, hyperosmotic stress was found to
have a similar effect (Fryer e al., 2002b). These conditions, however, still caused Thr!™
phosphorylation, providing evidence that some upstream kinases are also activated by
means independent of AMP. As LKB1 expression in HeLa cells also restored AMPK
activation in cells treated with phenformin, a relative of metformin, it appears LKB1 may

also be activated independent of AMP concentration (Hawley et al., 2003).
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AMP
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2
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AMP é

Figure 1.4: Schematic diagram of the different stages of AMPK activation due to both
AMPKK phosphorylation and AMP binding (adapted from Hardie and Carling, 1997).

more active

1.2.3 Role of AMPK Activity in Skeletal Muscle

1.2.3.1 Fatty Acid Metabolism

AMPK phosphorylates and inactivates both acetyl-CoA carboxylase (ACC) and
3- hydroxy-3-methylglutaryl-CoA (HMG-CoA) reductase, the rate-limiting enzymes in
fatty acid and cholesterol synthesis, respectively (Henin et al., 1996). Phosphorylation of
ACC leads to a decrease in malonyl CoA synthesis, which in turn lowers inhibition of
carnitine palmitoyltransferase 1 (CPT1) in oxidative tissues allowing increased transfer of
cytosolic long-chain fatty acids into the mitochondria for f-oxidation (Ruderman ef al.,
2003b) (Figure 1.5). As aresult, ATP-consuming biosynthetic pathways are inhibited,
while ATP-producing reactions are promoted. Recent evidence indicates AMPK can
directly enhance activity of malonyl CoA decarboxylase (MCD), promoting
decarboxylation of malonyl CoA to acetyl CoA and consequently adding another level of

regulation for malonyl CoA concentration (Ruderman et al., 2003b). Furthermore,
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AMPK phosphorylates hormone-sensitive lipase (HSL) at Ser’® (Donsmark et al., 2004).
HSL is normally activated by epinephrine via cAMP-dependent protein kinase (PKA)
(Langfort et al., 1999), and mobilizes the energy stored in the intramyocellular
triglyceride (IMTG) depot when muscle is contracting. The interplay between AMPK,
HSL and PKA remains unclear, however it appears intuitive that AMPK would promote
triglyceride mobilization to supply further energy as muscle ATP becomes depleted.
Further evidence of this interaction comes from o, knockout mice, in which the level of

free fatty acids is chronically increased, indicative of HSL inhibition (Viollet ef al.,

2003).

AmpK }

FAN

/ p T )

cPHy——-—
ACC mco -7
- d | Fatty acid
| Oxidation *

cytosol | mitochondrion

Figure 1.5: Downstream effects of AMPK activation on fatty acid metabolism. ACC
is inhibited and MCD is stimulated leading to a decrease in malonyl CoA levels and
increased translocation of fatty acids into the mitochondria for 3-oxidation (adapted
from Ruderman et al., 2003)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1.2.3.2 Carbohydrate Metabolism

Early experiments that used rats treated with AICAR, another AMPK activator
further described below, indicated stimulation of glucose uptake in skeletal muscle was
one downstream effect of AMPK activation (Merrill et al., 1997). This was later shown
to occur due to increased translocation of glucose transporters, such as GLUT4, to the
cell membrane (Hayashi et al., 1998; Kurth-Kraczek et al., 1999), although further
studies using transgenic mice indicated AMPK was only partly responsible for enhanced
muscle glucose uptake as a result of contraction (Mu ef al., 2001). Notably, a;-knockout
mice display no obvious metabolic deficiencies, whereas o, knockouts exhibit high
plasma glucose and insulin sensitivity in skeletal muscle (Viollet ef al., 2003), along with
decreased uptake of 2-deoxyglucose (Jorgensen et al., 2003). These results indicate that
oy, which is more specific to skeletal muscle than o, is the predominant isoform in
regards to downstream effects on glucose metabolism. Furthermore, AICAR-injected
rats also exhibit increased activity and expression of the glycolytic enzyme hexokinase
(Bamford ef al., 2003). While this may indicate increased flux through the glycolytic
pathway, the possibility also exists that glucose-6-phosphate, produced by hexokinase, is
converted to glycogen. As glycogen synthesis is a biosynthetic, energy-requiring
process, it makes little sense that AMPK would promote such an action. It has been
previously shown, however, that glycogen synthase is phosphorylated by AMPK at Ser’
in cell-free assays (Carling & Hardie, 1989), making the nearby Ser'” a better substrate
for casein kinase 1 (CK1). Phosphorylation of Ser'’ inactivates glycogen synthase,
demonstrating how AMPK exerts consistent actions on cellular energy balance
throughout various metabolic pathways (Flotow & Roach, 1989). Interestingly, however,
a naturally-occurring mutation of the AMPK v;3 subunit leads to both increased basal
AMPK activity along with a substantial elevation in both muscle glycogen stores and
glycogen synthesis post-exercise (Barnes et al., 2004). These findings may imply that
while during exercise glycogen synthesis is likely inhibited by AMPK activity, the
enhanced glucose transport and hexokinase activity resulting from kinase activation allow

more glucose-6-phosphate to be made available for glycogen synthesis post-exercise.
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1.2.3.3 Exercise

AMPK activation due to exercise was first reported in 1996 (Winder & Hardie,
1996). The extent of kinase activation appears to be proportional to exercise intensity
(Rasmussen & Winder, 1997), and kinase activity also remains elevated for 15-90
minutes post-exercise (Rasmussen et al., 1998; Ruderman et al., 2003a). This indicates
that while the preliminary decrease in the ATP/AMP ratio following the onset of exercise
may be responsible for initial AMPK activation, activity levels remain high long after the
nucleotide balance is restored, further supporting the proposal that AMPK is involved in
long-term intracellular changes. Interestingly, the extent to which highly trained subjects
rely on AMPK during exercise has produced some conflicting results. For example,
human subjects that underwent a three-week endurance-training program in one leg
displayed a 30-40% upregulation of mitochondrial enzymes in the trained skeletal muscle
(Frosig et al., 2004). In addition, the activity of a;-AMPK and a;-AMPK increased 94%
and 49% respectively, while phosphorylation of a-AMPK was elevated 74%. Results
such as these that examine o; and o activities separately following immunoprecipitation
must be interpreted cautiously, however, as the different antibodies may have different
affinities for their respective antigenic sites and may therefore reduce catalytic activities

to different degrees.

In a separate study, the physiological responses of endurance athletes were
compared to untrained control subjects following an acute bout of cycling exercise
(Nielsen et al., 2003). In general, the activity of skeletal muscle a;-AMPK was elevated
post-exercise in both groups, but the increase in phosphorylation of both AMPK and
acetyl-CoA carboxylase (ACC), a direct target of AMPK, was significantly blunted in the
trained subjects. The authors of this study concluded that the diminished AMPK
response of already-trained subjects provided further evidence that AMPK plays a role in
exercise-induced gene expression. Such results support the possibility that AMPK is
involved in initial adaptations to chronic energy deprivation, but the signalling pathway is
downregulated as the cell adapts to its new energy demands. Opposing results, however,

were discovered in a separate study examining well-trained athletes who underwent 3
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weeks of intense exercise training rather than a single bout (Clark ez al., 2003). In this
instance, there was no decline in the AMPK response to exercise when pre- and post-
training results were compared. The authors of that study proposed that muscle glycogen
stores might influence the degree of AMPK activation, as AMPK activity appears to be
inversely proportional to glycogen content. Interestingly, chronic aerobic training results
in overall elevation of glycogen storage within skeletal muscle (Ness ef al., 1975), even
though AMPK is proposed to acutely inactivate glycogen synthesis when intracellular
energy levels decline. This represents somewhat of a paradox within the muscle cell, and
serves to illustrate the complexity of various long-term metabolic adaptations. One
explanation could be that in earlier studies, trained and untrained subjects exercised at the
same intensity relative to their maximum. While this is an understandable control, many
training-induced cellular adaptations appear to require progressive increases in volume
and intensity, therefore the highly-trained subjects should exercise at a greater intensity
relative to their maximum to achieve a similar physiological response as untrained
subjects (Booth & Watson, 1985; Hawley, 2002). Another noteworthy finding by Clark
and colleagues (2003) was that activation of the o.;-AMPK isoform was seen at
submaximal, albeit intense, exertion levels. Previous reports have suggested that o is
only activated in maximal sprint-type activities (Chen et al., 2000), while a; activation is
associated with prolonged low- and moderate-intensity exercise (Wojtaszewski et al.,
2000). Interestingly, recent findings regarding AMPK isoform distribution in various
muscle fibres do not support the proposal of o activation solely during maximal sprint
activity (Saranchuk, 2004). More specifically, o.;-AMPK was expressed predominantly
in slower-twitching Type I skeletal muscle fibres in rats, while o, prevailed in the faster-
twitching Type II fibres which are preferentially recruited during sprint-type exercise.
Overall, AMPK appears to play a significant role in skeletal muscle during the onset and

continuation of exercise, as well as during the post-exercise adaptive period.

1.2.3.4 Protein Synthesis

AMPK has been shown to phosphorylate eukaryotic elongation factor 2 (¢EF2)

kinase (Horman et al., 2002). eEF2 is a key factor for protein translation initiation and

10
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elongation, but is inhibited when the upstream eEF2 kinase is phosphorylated (Horman et
al.,2002). AMPK has also been shown to associate with and possibly inhibit mammalian
target of rapamycin (mTOR) (Tokunaga et al., 2004), which in turn may lead to
phosphorylation of eEF2 kinase via decreased activation of p70S6 kinase (Chan et al.,
2004). Through these and potentially other mechanisms, AMPK is able to inhibit protein

synthesis.

1.2.3.5 Oxidative Stress

AMPK is also activated by elevations in intracellular reactive oxygen species, and
as with metformin this occurs independent of changes in the ATP/AMP ratio or
concentration of free AMP (Toyoda et al., 2004). As higher-intensity exercise causes
free radical production and oxidative damage (Hood, 2001), this represents another
mechanism by which exercise may elicit AMPK activation. It should be noted, however,
that AMPK activation in this manner may be mediated solely through the o isoform, as
incubation of rat epitrochlearis muscle in H,0; failed to alter a; activity (Toyoda et al.,

2004).

1.3 Review of Mitochondrial Biogenesis

1.3.1 Skeletal Muscle Plasticity

As mentioned above, skeletal muscle is a plastic tissue with the ability to adapt
both structurally and metabolically to chronic changes in energy demand. For example,
chronic electrical stimulation and endurance exercise both result in an increase in
mitochondrial volume and enzyme activity (Booth & Thomason, 1991; Holloszy &
Coyle, 1984) along with fast-to-slow myosin heavy chain-based fibre type transitions
(Pette & Staron, 2000). Endurance training can result in a 50%-100% increase in
mitochondrial content within ~6 weeks (Hood, 2001). Obviously, the biogenesis of new
mitochondria allows tissue to increase its oxidative metabolic capacity, promoting

efficient ATP generation and thus resulting in a greater energy supply for skeletal muscle

11
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contraction. In addition, the decreased reliance on glycolysis as a means of ATP
production translates into lower lactic acid production, while biogenesis of further
mitochondria may actually decrease the levels of reactive oxygen species and oxidative
damage as they are able to spread the ATP requirements over a larger volume of
mitochondrial machinery (Davies et al., 1981). While all of these modifications are
obviously favourable adaptations during situations of increased metabolic demand, the

mechanisms by which such changes occur remain to be fully elucidated.

Initially, many believed that mitochondrial biogenesis simply involved an
increase in both mitochondrial size and number (Gollnick & King, 1969), yet further
structural studies have indicated perhaps a reticulum or network of mitochondria exist
within skeletal muscle (Bakeeva et al., 1978; Kirkwood et al., 1986; Kirkwood et al.,
1987). While this finding makes point counting of individual mitochondria an obsolete
measure, mitochondrial volume (Hood, 2001), maximal activity of certain marker
enzymes such as citrate synthase (Reichmann et al., 1985), or content of certain proteins
such as cytochrome ¢ (Terjung, 1979), are all suitable markers to measure changes within
the organelle. Alterations in mitochondrial protein content and enzyme activity,
however, occur much earlier than the 6 week time period for complete adaptation.
Mitochondrial proteins have a half-life of ~1 week, while phospholipids have a much
shorter ~4 day half-life in comparison (Hood, 2001). As a result, changes indicative of

biogenesis can be observed and measured relatively early during the adaptive process.

The causes of mitochondrial biogenesis appear primarily to be local contractile
activity rather than neural or humoral factors, as isolated muscle systems can still
undergo similar changes (Williams, 1986; Williams et al., 1986). In addition, this
process is more likely to occur in tissue with the least initial oxidative capacity, such as
the fast-twitching type IIB muscle fibres (Hood, 2001). Indeed, a study by Bamford et al.
(2003), indicated that increases in mitochondrial enzyme activities as markers of
mitochondrial biogenesis were proportional to the fastest-twitch [IB content of rat
muscles, and changes were absent in the slow-twitch soleus muscle (Bamford et al.,

2003). Muscle contraction itself causes numerous alterations within the muscle including

12
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membrane depolarization, calcium mobilization and mechanical force transduction
(Connor ef al., 2001). In addition, other local influential factors may include oxygen
tension, free radical production, growth factors and cytokines (Pilegaard et al., 2003).
Many of these products and processes may act together to induce second-messenger
signalling cascades, likely bringing about change through many redundant intracellular
mechanisms. While acute contraction has shown to stimulate many different kinases,
including MAP kinase, ¢c-Jun, p38 (Connor ef al., 2001) and CAMKIV (Wu et al., 2002),
AMPK has emerged as one of the prime candidates involved in mitochondrial biogenesis

signalling.

1.3.2 Transcriptional Regulation

The majority of mitochondrial proteins are encoded by nuclear DNA within each
cell, however a small proportion of these proteins, including select subunits of major
respiratory chain complexes, are encoded by the small circular DNA found within the
mitochondria itself (Hood, 2001). As a result, a well-controlled coordination of both
genomes is required for effective mitochondrial biogenesis. Such control is obtained
through coordinated activation of numerous transcription factors, which are known to
stimulate transcription of various mitochondrial genes as well as trans-activate other

transcription factors.

Nuclear respiratory factor-1 (NRF-1) is a known trans-activator of many
mitochondrial genes in vitro (Andersson & Scarpulla, 2001). Binding sites for this factor
have been identified on promoters for 3-aminolevulinate (ALA) synthase, a
mitochondrial matrix enzyme that catalyzes the rate-limiting step of heme biosynthesis,
and cytochrome c, an electron carrier in the electron transport chain (Braidotti ef al.,
1993; Evans & Scarpulla, 1989). Cellular energy depletion and subsequent AMPK
activation can be achieved by feeding rats the creatine analogue 3-guanidinopropionic
acid (B-GPA), which competes with endogenous creatine transport and effectively
decreases high-energy phopsho-creatine stores (Bergeron ef al.,, 2001). B-GPA treatment
increased binding of NRF-1 to the ALA synthase promoter, elevated cytochrome ¢

13
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translation, and increased mitochondrial density (Bergeron ef al., 2001). This provides

strong evidence of AMPK’s involvement in the genesis of new mitochondria.

In concert with NRF-1, PPAR-y coactivator-1a (PGC-1a) is also involved in
mitochondrial biogenesis. PGC-1a was first identified as a factor upregulated during
thermogenesis following cold exposure, however it has more recently been induced in
vivo by low-intensity physical activity (Terada et al., 2002). More specifically, a 30%
increase in citrate synthase activity followed PGC-1oo mRNA upregulation in rat
epitrochlearis muscle after seven days of swimming, indicating PGC-1a transcription
may regulate mitochondrial enzyme expression. PGC-1a has been expressed at
physiological levels under the control of a muscle creatine kinase (MCK) promoter in
transgenic mice, causing mRNA levels of both nuclear- and mitochondrial-encoded
electron transport enzyme subunits to increase significantly (Lin et al., 2002).
Furthermore, expression of PGC-1a in mouse C2C12 skeletal muscle cells via retroviral
infection produced similar results (Wu et al., 1999). Additionally, PGC-1a appears to be
reciprocally induced by NRF, as ectopically expressed PGC-1a stimulates both NRF-1
and -2 in skeletal muscle cell culture, while transient adenoviral expression of a
dominant-negative NRF-1 isoform prevented both PGC-1a translation and further
mitochondrial biogenesis (Wu et al., 1999). Indeed, PGC-1a appears capable of binding
the NRF-1 promoter, while the two factors also appear to interact physically after they
are transcribed (Wu et al., 1999). It is believed these two transcription factors act in
conjunction to regulate transcription of mitochondrial DNA by inducing transcription of
the nuclear-coded mitochondrial transcription factor A (mTFA or Tfam) (Figure 1.6)
(Virbasius & Scarpulla, 1994; Wu et al., 1999). Not surprisingly, muscle contraction
elevates the levels of mMTFA mRNA while increasing the rate of mTFA import into the

mitochondria (Hood, 2001). This is one plausible explanation for the reliable

coordination between the nuclear mitochondrial genomes during biogenesis.
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Figure 1.6. Proposed transcriptional regulation during

mitochondrial biogenesis (adapted from Wu et al., 1999). lo and also appears

capable of binding the
NRF-1 promoter/protein (Andersson & Scarpulla, 2001), PPAR-a and -y, ¢-Jun, c-Fos,
and Spl (Lenka et al., 1998; Nelson et al., 1995).

1.3.3 Role of AMPK

Extensive experimental evidence has implicated AMPK in the process of
mitochondrial biogenesis. The most direct example was evident in various studies
involving rodents administered the AMPK-activator 5-aminoimizadole-4-carboxamide
ribofuranoside (AICAR), in which activity of certain mitochondrial enzymes increased
significantly over those of control animals (Bamford ez al., 2003; Ojuka et al., 2000;
Putman et al., 2003; Winder et al., 2000). This can be combined with the B-GPA
evidence mentioned above, as 3-GPA indirectly activates AMPK by lowering the cellular

energy potential (Bergeron er al., 2001). As mentioned earlier, AMPK can also be
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activated by oxidative stress, which can result from exercise and therefore lead to
adaptive mitochondrial changes independent of the ATP/AMP ratio. Interestingly, as
mitochondrial volume increases, the potential to generate reactive oxygen species will
likely decline as the energy requirements can be more spread out (Hood, 2001). This
provides another explanation for the lower AMPK activation in pre-trained subjects
exercised at the same relative intensity as untrained individuals, mentioned above
(Nielsen ef al., 2003). Because of the possibility of nuclear transcriptional activity by
AMPK, other studies have examined the actions of this kinase on transcription factors
implicated in mitochondrial biogenesis. For example, when rat muscle was incubated in
a 0.5 mM AICAR medium, PGC-1a mRNA expression doubled as compared to control
muscles (Terada et al., 2002). The limitations of AICAR in vivo notwithstanding, these
results implicate PGC-1a as a downstream target of AMPK activity within the nucleus,

although the exact mechanisms of activation remain to be elucidated.

Another transcription factor, p300, is a known downstream target of AMPK, and
phosphorylation impairs the factor’s affinity for nuclear receptors (Yang et al., 2001).
p300 influences numerous downstream pathways, and in particular it coactivates various
PPAR isoforms, which have further downstream implications in both lipid metabolism

(Gilde & Van Bilsen, 2003; Leff, 2003) and mitochondrial biogenesis (Hood, 2001).

Besides acting through an isolated pathway, AMPK may also work in conjunction
with other well-known signal transduction pathways to exert long-term changes in
mRNA and protein expression. Potential candidate pathways include calcium signalling
via calcium-calmodulin kinase IV (CaMKIV) (Freyssenet et al., 2004; Irrcher et al.,
2003) and mitogen-activated protein kinase (MAPK) pathways (Yu et al., 2003). Where
such pathways may converge and diverge with that of AMPK has not yet been clarified,
but nevertheless the underlying message remains that mitochondrial biogenesis is likely a

product of numerous redundant interactions within the cell.
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1.4 Development of a Novel In Vitro Experimental Model

1.4.1 Skeletal Muscle In Vitro

The C2C12 cell line, chosen for the current experimental model, was originally
cloned from mouse primary skeletal muscle cells (Yaffe & Saxel, 1977). These cells
have an approximate doubling time of 16 hours (Durante et al., 2002), and grow

preferentially on an extracellular matrix layer.

In culture as well as in vivo, myoblasts proliferate in an environment enriched
with growth factors. When conditions become less desirable for growth, the cells will
align and fuse, exit the cell cycle and form multinucleated myotubes (Holtzer & Abbott,
1958; Kalderon & Gilula, 1979). Myotubes continue to further differentiate and
eventually become striated adult tissue in vivo, producing distinct isoforms of muscle

proteins such as myosin at each stage of development (Blau et al., 1985).

Differentiation itself is a complex process, governed by the coordinated
expression of muscle specific transcription factors that initially establish myogenic
lineage of mesodermal cells and then proceed to activate different genes required at the
appropriate stages of development. The primary transcription factors involved come
from a family of basic helix-loop-helix (bHLH) proteins that includes myoD, Myf5,
myogenin and MRF4 (Arnold & Winter, 1998; McKinsey et al., 2001). These proteins
form heterodimers with other ubiquitous bHLH proteins known as E proteins, and
together the proteins bind E box sequences in regulatory regions of various muscle-
specific genes (McKinsey ef al., 2001). Targeted disruptions of these proteins indicate
they all play a key role in myogenesis (Arnold & Braun, 1996; Molkentin & Olson, 1996;
Yun & Wold, 1996), although some functional overlap appears to exist between myoD
and Myf5. The simplest model of myogenic determination and differentiation consists of
two steps: initially myoD and Myf5 establish mesodermal cells as myoblasts, while
myogenin later mediates muscle cell differentiation (Arnold & Winter, 1998). Indeed,

many studies have indicated that in C2C12 mouse skeletal muscle cells, myoD mRNA
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C2C12 myoblasts are primarily glycolytic and express low levels of aerobic
enzymes, whereas differentiated myotubes are predominantly oxidative (Leary et al.,
1998; Moyes et al., 1997). In addition, inhibition of mitochondrial protein synthesis
prevents differentiation of C2C12 myoblasts (Hamai et al., 1997), therefore any
experimental conditions that affect AMPK may be preventing differentiation through this
and potentially other mechanisms. As a result, cells were permitted to differentiate quite
extensively, and analysis of both myoD and myogenin protein expression helped to
establish the extent of differentiation prior to treatment. As other studies involving
C2C12 cells or other skeletal muscle cell lines often involve transfection, infection, or
other forms of treatment immediately following differentiation (Fryer ef al., 2002a;
Michael et al., 2001), this model is rather unique and may be able to produce results that

other models could not.
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1.4.2 Adenovirus Constructs

Adenovirus-mediated gene delivery was used to inhibit AMPK in this study
independent of pharmacological means. Viruses are submicroscopic particles, often
referred to as virions, which lack the genetic information to produce the necessary
machinery for protein synthesis or energy production (Blake & Stacy, 1999). They are
relatively simple in structure, with an outer capsid composed of redundant subunits
responsible for recognition and attachment to the host cell as well as protecting the
genome within (Cann & Irving, 1999). Native adenoviruses contain a linear, double-
stranded DNA genome consisting of 30-38 bp containing 30-40 genes (Minor, 1999).
Replication of this genome requires the exploitation of host cell machinery, which is
achieved by binding and penetration, primarily via endocytosis, of the virion into such a
cell (Gray, 1999). Once inside, the particle uncoats to expose the genetic material, and
replication or expression of the genome proceeds. For adenoviruses in particular, initial

recognition and binding requires the Coxsackie

and adenovirus receptor (CAR), a 46-kDa
transmembrane protein with high affinity for
types 2 and 5 adenoviruses as well as the
Coxsackie B virus (Bergelson et al., 1997; Tomko
et al., 1997). Following the initial binding step,
an interaction between the viral penton base and
the cell’s ayP3 or ayPs integrins takes place,
facilitating endocytosis into endosomes and
eventual access to the cytoplasm (Wang et al.,
2000;Wickham et al., 1993).

Figure 1.8: Polycationic lipid and

virus complexes, as viewed
Unfortunately, many tissues such as through an electron microscope.
Pictures (a) and (b) are
uncomplexed, while (c) and (d)
skeletal muscle (Nalbantoglu et al., 1999), express  show particles that have been

) complexed with lipofectamine
low levels of CAR making them poor targets for (adapted from Dodds et al, 1999).

alveolar macrophages (Kaner et al., 1999) and

adenovirus-mediated gene delivery. Indeed, in
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preliminary experiments of this study, infection efficiency was quite low and increasing
the virus dose up to 500 plaque-forming units (PFU) per cell did not appear to resolve the
problem. Resolution of the underlying predicament was attempted by retroviral
overexpression of the CAR receptor followed by cloning selection, and also via the use of
polycationic lipid. Retroviral infection resulted in great success in other studies (Kimura
et al., 2001; Nalbantoglu ef al., 1999; Orlicky ef al., 2001), including a 80-fold increase
in adenovirus transduction following such a procedure (Nalbantoglu ef al., 1999). In
addition, the creation of virus and polycationic lipid complexes has overcome a complete
lack of CAR in some tissues (Dodds et al., 1999). Polycationic lipids, such as
Lipofectamine and polyethylimine (PEI), are thought to promote aggregation of virus
particles, which may protect them from neutralizing antibodies, and/or increase their
contact with the cell monolayer (Figure 1.8) (Dodds ez al., 1999). Others believe the
lipid may allow virions to bypass CAR completely and enter the cell through another
pathway (Fasbender ef al., 1997; Qiu et al., 1998). Although its mechanism remains
somewhat unclear, this infection aid is nonetheless an effective means to improve

adenovirus-mediated gene delivery in vitro.

Adenovirus constructs for this study included an adenovirus containing the green
fluorescent protein (GFP) gene alone, and another encoding a myc-tagged dominant-
negative form of the i, AMPK subunit (a;DN) as well as GFP. The dominant negative
construct was created by mutating Asp"®’, which lies in the DFG motif essential for ATP
binding, to alanine (Johnson et al., 1996). The construct therefore remains capable of
binding to the 3 and y subunits, but it lacks kinase activity. As a result, its
overexpression within the cell causes competition between the o, DN subunit and
endogenous a-AMPK for By binding, thus the majority of a bound to By is the mutated
form and AMPK activity is largely “knocked out”. GFP expression was used to assess

infection efficiency in live cells, thus the virus encoding GFP alone served as a control

condition for infection.
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1.4.3 Pharmacological Activation

1.4.3.1 Metformin

Metformin, also known as dimethylbiguanide, is a derivative of guanidine often
used to treat hyperglycemia and Type II diabetes (El-mir ef al., 2000). It promotes
insulin-stimulated glucose uptake in skeletal muscle (Galuska et al., 1991) while causing
much less of a metabolic acidosis than related compounds such as phenformin and
buformin (Mehnert, 2001). Metformin is also a known activator of AMPK, as primary
rat hepatocytes treated with 0.5 mM or higher concentrations exhibited significant
increases in AMPK activity and significant decreases in ACC activity both 1h and 7h
following exposure (Zhou ef al., 2001). Another study using Chinese hamster ovary
(CHO) fibroblasts indicated that only 0.25 mM metformin was required to cause
significant increases in ACC phosphorylation 18 hours following treatment, while 0.1
mM metformin produced similar results in rat hepatoma H4IIE cells (Hawley et al.,

2002).

The mechanism of action for metformin has not been fully elucidated, although
there has been some recent progress in this area. Earlier experiments using isolated
mitochondria and permeabilized hepatocytes were able to pinpoint its effect to complex I
(NADH quinone oxidoreductase) of the electron transport chain (El-mir et al., 2000). As
a result, it was proposed that metformin inhibited electron transport through complex I,
thus preventing aerobic ATP production and leading to a decline in the cellular energy
potential (El-mir et al., 2000). This claim, however, was debated by Hawley et al.
(2002), after measuring no detectable change in the ADP/ATP ratio during AMPK
activation by metformin. Recently published data proposed that metformin activation
was accomplished via the actions of reactive oxygen species such as peroxynitrite (Zou et
al., 2004). More specifically, inhibition of complex I by metformin was proposed to lead
to superoxide radical production, which can react with nitric oxide in a reaction catalyzed
by endothelial nitric oxide synthase (eNOS) to produce peroxynitrite (Zou et al., 2004).

This leads to subsequent activation of the PI-3 kinase signalling pathway, resulting in
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Thr'” phosphorylation due to activation of LKB1 and/or other upstream kinases of
AMPK (Zou et al., 2004). This mechanism is consistent with earlier findings indicating
metformin is not a direct allosteric activator of AMPK (Zhou et al., 2001), nor was it
capable of affecting AMPK inactivation via protein phosphatase 2C (Hawley et al.,
2002).

1.4.3.2 AICAR

S-aminoimizadole-4-carboxamide ribofuranoside, or AICA riboside, is
metabolized intracellularly to AICA ribotide, also known as ZMP, and proceeds to act as
an AMP analogue thus activating AMPK (Henin et al., 1996) (Figure 1.9). Indeed, AMP
and ZMP shared the same maximum stimulatory effect on rat liver AMPK, and the
affinity of AMPK for both molecules increased to the same extent as the ATP
concentration was lowered, indicating they bind allosterically at the same site (Henin et
al., 1996). AICAR has also proven to be an effective AMPK activator in skeletal muscle,
causing a large increase in intracellular ZMP concentration and ACC phosphorylation

following chronic injections in rats (Bamford et al., 2003).
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Figure 1.9: Structural comparison of AMP and ZMP (adapted from Henin et al., 1996).
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AMPK, however, is not AICAR’s sole target as ZMP also inhibits fructose-1,6-
bisphosphatase leading to suppression of gluconeogenesis (Vincent ef al., 1991). In
addition, AICAR appears to suppress lipopolysaccharide-induced TNF-a production in
macrophages independent of AMPK activity, possibly by inhibiting the P13 kinase/Akt
pathway (Jhun et al., 2004). In vitro, AICAR has been used at doses of 0.5 mM in
primary rat hepatocytes (Zhou ef al., 2001) and H-2K" cells (Fryer ef al., 2002b).

1.5 Activation and Inhibition of AMPK [n Vitro

1.5.1 Experimental Conditions

AMPK activation was achieved using the well-established pharmacological
activators described above on C2C12 cells, and results were compared to an untreated
control. In a separate set of experiments, both activation and inhibition was achieved
using AICAR and the a,DN adenovirus treatment. By treating the cells with the
dominant negative adenovirus, followed by AICAR 24 hours later, it was shown that
AICAR was acting, at least in part, via the AMPK pathway in our system. In addition, as
two variables were manipulated in the second set of experiments, three controls were
required: o2DN alone, AICAR + control GFP-containing virus, and a control GFP-

containing virus alone

1.5.2 Protein Expression

Protein expression was assessed by Western blotting, a technique in which
proteins from both whole-cell lysates and nuclear extracts were solubilized with
detergent, separated electrophoretically on a polyacrylamide gel, blotted onto a
nitrocellulose membrane and probed with antibodies of interest to examine relative
differences in protein expression between various samples. Specifically, this study
examined both markers of glycolysis (glyceraldehyde-3-phosphate dehydrogenase or
GAPDH) and mitochondrial biogenesis (citrate synthase), as well as the transcription

factor PGC-1a. B-actin, a commonly-used loading control (Rondinelli ef al., 1997,
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Tamiya et al., 2003) was used to normalize blotting results in most instances. Initial
time-course experiments, as well as background knowledge regarding mitochondrial

biogenesis, allowed determination of the proper harvesting day post-treatment.
1.5.3 Real Time RT-PCR

Expression of mRNA at various time points was assayed in real-time using the
method of reverse transcriptase polymerase chain reaction (RT-PCR). This PCR method
is advantageous as it is capable of precisely quantifying the amount of RNA over a wide

range of concentrations (Wilhelm & Pingoud, 2003). In addition to regular primers,
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Figure 1.10: Real-time RT-PCR primer/probe annealing and DNA synthesis: a)
after DNA strands are separated by high temperature, forward primers (FP) and
reverse primers (RP) bind to the appropriate 5’ end, while the probe (T) binds along
the length of the DNA, b) as DNA polymerase synthesizes DNA from the primers, it
moves along the DNA strand until it reaches the probe, c) DNA polymerase cleaves
the probe to remove it and continues with DNA synthesis, d) once cleaved, the 3'-
quencher dye (Q) is not longer in close proximity with the 5'-fluorescent dye,
resulting in fluorescence emission (adapted from Shimokawa et al., 1998).
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sequence-specific probes with a fluorescent tag on their 5° ends and a fluorescence
quencher on their 3” ends are also added to the reaction mixture. When the probe is free
in solution, the 3’ quencher activity prevents fluorescence emission. As complementary
DNA strands dissociate during the PCR process, the probe binds to a specific sequence in
the middle of the DNA strand for the appropriate gene, and again the 5 and 3’ ends of
the probe remain in close proximity preventing fluorescence emission. As the DNA
polymerase moves along the single strand synthesizing complementary DNA, it cleaves
the probe, separating the fluorescent tag from its quencher and allowing fluorescence
emission (Figure 1.10) (Wilhelm & Pingoud, 2003). In general, the reaction produces
fluorescence signals proportional to the amount of PCR product during each cycle of
amplification, which is detected and plotted over time to produce a sigmoidal curve.

At any point on the linear portion of the curve, which represents the exponential
phase of amplification, an arbitrary threshold can be set to determine the threshold cycle
(Cr) where the threshold intersects the curve. The Cr values are then expressed relative
to a reference gene to determine the initial relative amount of mRNA present in each
sample. This ACt value is obtained by subtracting the housekeeping gene Cr from the Cr
for the gene of interest. Following this, the control sample at each time point is chosen as
the baseline ACr, and the comparative AACy value is determined by subtracting the ACr
of experimental conditions from this baseline or control ACt. As a result, nRNA
expression is expressed relative to the control condition.

ACt = Cr (gene of interest) — Cr (housekeeping gene) (D

AACr = ACry (control condition) — ACt (experimental condition) (2)
Finally, the AACr values are converted into absolute values, the comparative expression
level, based on the principle that DNA doubles during each cycle (Livak & Schmittgen,
2001). The formula for this is as follows:

comparative expression level = 2 44V 3)
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Figure 1.11: Representative plot of real-time RT-PCR fluorescence. Normalized
reporter (Rn) represence fluorescence signal from probe 5'-reporter dye divided by a
passive reference. Samples with a higher quantity of initial DNA reach the linear
phase of the curve after fewer cycles than those with less initial DNA (adapted from
Shimokawa et al., 1998).

This study examined mRNA expression at various time points post-treatment for
markers of mitochondrial biogenesis and transcription factors. Citrate synthase mRNA
expression was examined alongside ALA synthase to assess potential biogenesis of
mitochondrial proteins. The transcription factor PGC-1o was also examined at the
mRNA level, as was p300. Cyclophilin, a cytosolic peptidyl-prolyl cis-trans isomerase
involved in protein folding, was used as a housekeeping gene. Both cyclophilin and f3-
actin have been shown to be stable housekeeping genes for real-time RT-PCR studies

involving high-intensity exercise in skeletal muscle (Murphy ez al., 2003).
1.5.4 Research Hypothesis

Based on reported findings in earlier literature, AMPK activation should cause an

upregulation in mRNA encoding mitochondrial proteins and their subsequent expression
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following an appropriate lag time, thus citrate synthase and ALA synthase expression
will become elevated. Prior to and possibly in conjunction with mitochondrial
biogenesis, PGC-1ao mRNA and protein expression will increase as well. GAPDH
expression should not change, as GAPDH is not a flux-generating enzyme of glycolysis.
p300 expression will also likely remain unchanged, as p300 is a downstream target of
AMPK and decreases its nuclear receptor affinity as a result of phosphorylation. Thus,
while its binding affinity for DNA may decrease, there is no indication that changes in
p300 expression will result from changes in AMPK activity. Opposite results are
expected when AMPK is inhibited, therefore decreases in protein and/or mRNA
expression levels for citrate synthase, ALA synthase and PGC-1a should take place. The
null hypothesis is that no change will occur in either protein or mRNA expression levels
of citrate synthase, ALA synthase, and PGC-1a, while significant changes will be
apparent in both GAPDH protein and p300 mRNA expression.

1.5.5 Limitations of the Study

As this study focuses on changes in mRNA and protein expression, any
alterations in DNA binding of transcription factors as a result of AMPK activation or
inhibition will be not be detected. In addition, the short-term nature of the experiments
due to limitations of the model, as described below, may limit the accuracy of our results.
Furthermore, while in vitro systems often permit more experimental manipulation than an
in vivo system could support, they may not always reflect the responses of an in vivo
system, which is more complex and possesses considerably more redundancy. Skeletal
muscle in vitro, for example, receives signals from both the nervous and endocrine

systems, both of which are absent in our model.
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CHAPTER II: MATERIALS AND METHODS

2.1 Experimental Model

2.1.1 InVitro System

C2C12 myoblasts were obtained from American Type Culture Collection (ATCC
CRL-1772, Manassas, VA, USA). Cells were passaged in Dulbecco’s modified Eagle’s
media (DMEM) containing 10% fetal calf serum (Gibco; Burlington, ON, Canada), 4
mM L-glutamine (Sigma-Aldrich, Oakville, ON, Canada) and 1X penicillin-streptomycin
antibiotics (Sigma-Aldrich). Cells were plated onto 60 mm polyethylene plates (Falcon,
Bedford, MA, USA) coated with Cultrex Basement Membrane Extract (Trevigen™,
Gaithersburg, MD, USA) in growth medium at a density of 7.5 x 10° cells/well. Cultures
were maintained at 37°C in a 90% air and 10% CO, humidified atmosphere according to
product instructions. The plating density was such that cells reached 80-90% confluency
following one day of growth, at which point they were switched to differentiation media
containing DMEM, 4 mM glutamine, and 2% horse serum (Sigma-Aldrich), and media

was changed every two days thereafter until cells were treated.

2.1.2 Testing of Differentiation State

Cells were harvested for Western blotting over a time-course immediately prior to
and every two days following serum reduction up to day 10. Extracts were blotted for
myoD and myogenin as markers of differentiation, and based on these results along with
the general health and appearance of the cells, day 6 post-differentiation was chosen as an
optimal time for treatment with adenovirus constructs and/or pharmacological agents.
Following treatment, samples were also blotted for the same two markers to ensure that

various treatments did not alter the differentiated state of the cells.
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2.1.3 Pharmacological Treatment

AMPK was activated within the C2C12 cells via two different pharmacological
treatments. AICAR and metformin were administered to cells at doses ranging from 0.1
mM — 5 mM. Once the optimal doses of 0.2 mM and 0.5 mM, respectively, were
determined, both agents were administered to separate plates during each media change

beginning on day 6 and every two days thereafter until cessation of the experiment.
2.1.4 Viral Infection

Following 6 days of exposure to differentiation media, cells were infected with an
adenovirus vector containing either the green-fluorescent protein (GFP) gene alone,
which served as a control, or GFP plus a dominant negative construct of o, AMPK, both
kindly supplied by Dr. Jason Dyck of the University of Alberta. Viruses had been
previously prepared by subcloning cDNA sequences into a pAdTrack-CMV shuttle
vector, linearizing the plasmid DNA with the restriction endonuclease PME]1, and
inserting it into the adenovirus genome using the pAdEasy-1 system followed by
homologous recombination in E.coli (He et al., 1998). Infection efficiency was assessed
primarily by GFP fluorescence, and follow-up analysis was conducted using
immunostaining for the myc-tag and Western blotting for markers of AMPK activity.
Two different approaches were used to attempt to increase the efficiency of infection, as

mentioned in Chapter I.
2.1.4.1 Retroviral Infection and CAR Overexpression

To overexpress the adenoviral receptor within our cell line, C2C12 host cells were
infected with a retrovirus designed to overexpress CAR using methods described
previously (Miller et al., 1993). Two retrovirus-packaging cell lines (RPCLs) that
overexpressed the CAR receptor were kindly donated by Dr. Paul Holland of McGill
University. RPCLs were plated into 75cm? flasks at 2 x 10° cells/flask while host cells

were plated onto 60 mm dishes at 5 x 10° cells/dish. Upon reaching confluency, flasks
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containing RPCLs were sealed with parafilm to prevent gas exchange and incubated at
30°C overnight. The following day, media from each flask was centrifuged twice at 3000
RPM for 10 minutes, and the supernatant was saved following each spin. Media was
aspirated from the 60 mm dishes containing host cells, and 2.5 ml antibiotic-free growth
media containing 16 pg/ml sterile hexadimethrine bromide (polybrene; Sigma-Aldrich),
an infection agent, was added in its place. An additional 2.5 ml of media extracted from
the RPCLs was added to each dish. Flasks were then incubated at 37°C, and the
procedure was repeated again every 2 hours for a total of 4 times with the final infection
left overnight. The following day, cells were trypsinized and centrifuged at 2000 RPM
for 5 minutes. Cells were resuspended in selection media consisting of growth media
with 0.8 mg/ml G418 (Gibco), diluted 1:20, and plated onto 90 mm plates. Plates were
incubated for 1 week to allow colonies to grow, and specific clones were then selected
with cloning rings and grown further until ~1 x 107 cells were available for freezing in
growth media containing 5% dimethylsulfoxide (DMSO; Fisher Scientific, Nepean, ON,
Canada). Following clone selection, 0.02 mg/ml of G418 was retained in the growth
media to preserve selection pressure on the colonies. Two 60 mm plates of each clone
were also grown prior to freezing and extracted for Western blotting using the procedure
described below. Clones were blotted and probed for the CAR receptor, and those clones
expressing relatively higher levels of the receptor were grown in 12-well plates and
infected with various doses of the adenovirus constructs (20, 50, and 100 PFU/cell) to test

their practical use.

2.1.4.2 Polycationic Lipid Infection Aid

Various doses of Lipofectamine (10 and 20 pg) (Invitrogen, Burlington, ON,
Canada) and virus (20, 50 and 100 PFU/cell) were administered to C2C12 cells grown
and differentiated in 12-well plates. Infection efficiency was assessed by GFP
fluorescence, with the optimal dose determined to be 10 pg/well. For 60 mm plates,
doses of both virus and lipofectamine were not proportional to the increase in surface
area from the 12-well plates (3.8 cm? vs. 28 cm?), and the lipofectamine dose was re-

optimized to 18 pg/well. Virus concentration was optimized to approximately 150
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PFU/cell, and the number of cells was estimated based on a doubling time of 16 hours
during exposure to growth media (Dodds et al., 1999). Lipofectamine was incubated
with the virus in serum-free media for 45 minutes prior to infection. Cells were serum-
starved during and for 6-8 hours following the infection, at which point horse serum was
added to the media to a final concentration of 2%. Cultures were exposed to virus-
containing media for 15-20 hours before differentiation media was changed, and media
was subsequently changed every two days for the duration of the experiment. In some
cases, the media changes included treatment with 0.2 mM AICAR.

Although CAR overexpression appeared somewhat successful, the Lipofectamine
addition to normal C2C12 cells proved to be more effective in eliciting a strong infection.
Therefore, Lipofectamine was chosen as the method of infection for all remaining

experiments.

2.2 Protein Expression Analysis

2.2.1 Harvesting: Whole Cell Lysate

Cells were rinsed twice with cold phosphate buffered saline (PBS, pH 7.4) before
a lysis buffer was applied. The buffer consisted of 20 mM Tris/HCI, pH 7.4 at 4°C (Bio-
Rad Laboratories; Mississauga, ON, Canada), 50 mM sodium chloride (Fisher Scientific),
50 mM sodium fluoride (Fisher Scientific), 5 mM sodium pyrophosphate (Anachemia,
Edmonton, AB, Canada), 5 mM sucrose (ACP, Toronto, ON, Canada), 1% Triton-X 100
(Sigma-Aldrich), | mM DTT (ICN Biomedicals, Irvine, CA, USA), 5 mg/ml protease
inhibitor cocktail (Roche, Laval, PQ, Canada), and 1% phosphatase inhibitor cocktail
(Sigma-Aldrich). Approximately 400 pl of cold buffer was applied to each plate on ice
and subsequently rocked over the cells for ~60 seconds prior to scraping. The
homogenate was incubated on ice for 15 minutes followed by centrifugation at 1,000 x g
for 5 minutes at 4°C. Following this, the supernatant was isolated, frozen in liquid
nitrogen and stored at -70°C. Prior to the Western blot, protein levels were measured
using the Bradford total protein assay (Bio-Rad Laboratories); all samples were

subsequently diluted in lysis buffer to a final concentration of 2.2 mg/ml.
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2.2.2 Harvesting: Nuclear Extract Enhancement

To obtain lysate enhanced with nuclear proteins, cells were disrupted with
hypotonic lysis followed by a high-salt extraction of nuclear proteins (Andrews & Faller,
1991). Initially, cells were scraped into cold PBS buffer, with two plates pooled in a total
of 1.5 ml PBS. Cells were spun at 2,000 x g for 30 seconds, and the pellet was gently
resuspended in 400 pl cold Buffer A, consisting of 10 mM HEPES-KOH (Fisher
Scientific), pH 7.9 at 4°C, 1.5 mM magnesium chloride (BDH, Toronto, ON, Canada), 10
mM potassium chloride (ACP), 0.5 mM DTT (ICN Biomedicals), 0.2 mM EDTA
(Sigma-Aldrich), and protease inhibitor cocktail diluted 1:1000 (Sigma-Aldrich). Cells
were then permitted to swell on ice for 10 minutes, followed by a 10-second vortex to
complete the lysis procedure. Solid material was again pelleted at 2,000 x g for 30
seconds to spin down the nuclei, the supernatant was discarded once again and the pellet
was resuspended in 30 pl of cold Buffer B, consisting of 20 mM HEPES-KOH (Fisher
Scientific), pH 7.9 at 4°C, 25% glycerol (Invitrogen), 420 mM sodium chloride (Fisher
Scientific), 1.5 mM magnesium chloride (BDH), 0.2 mM EDTA (Sigma-Aldrich), 0.5
mM DTT (ICN Biomedicals), and protease inhibitor cocktail diluted 1:1000 (Sigma-
Aldrich). This was followed by a 20-minute on-ice incubation serving as the high-salt
extraction. Finally, cells were centrifuged at 2,000 x g for 2 minutes at 4°C, and the
supernatant fraction was isolated and stored at —70°C. Prior to the Western blot, protein
levels were measured by a Bradford total protein assay, and samples were diluted in

Buffer B to a final concentration of 2.2 mg/ml.

2.2.3  SDS-PAGE and Western Blotting

Cell extracts were combined with a sample buffer consisting of 40 mM Tris-HCl
(Fisher Scientific), pH 6.8, 2% sodium dodecyl sulfate (SDS; Bio Rad Laboratories),
10% glycerol (Invitrogen), 5 mg/ml protease inhibitor cocktail (Roche) and 1% B-
mercaptoethanol (Bio Shop, Gaithersburg, MD, USA), and 22 micrograms of protein per
lane were run on a polyacrylamide gel. The concentration of acrylamide and running

voltage depended on the proteins being isolated; see Table 2.1 for further details.
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Table 2.1: Western blotting conditions for various antibodies.

Antibody Running Conditions | Blocking Solution Dilution
Phospho-ACC (Upstate Biotech, Waltham, MA, USA) 7.5% gel, 16 mA 5% milk, TBS-T 1:1000
ACC (Upstate Biotech) 7.5% gel, 16 mA 5% milk/1%BSA 1:500
Phospho-AMPK (Cell Signalling Technology, Beverly, USA) 10% gel, 110V 5% BSA, TBS-T 1:500
AMPK pan o (Upstate Biotech) 10% gel, 110V 3% milk, TBS-T 1:500
Citrate Synthase (Dr. B. Robinson, University of Toronto) 10% gel, 110V 5% milk, TBS-T 1:2000
GAPDH (Novus Biologicals, Littleton, CO, USA) 10% gel, 110 V 5% milk, TBS-T 1:2000
PGC-1a (Calbiochem, Mississaga, ON, Canada) 10% gel, 110V 5% milk, TBS-T 1:500
B-actin (Abcam, Cambrige, MA, USA) 10% gel, 110V 5% milk, TBS-T 1:2000
MyoD (Santa Cruz Biotechnology, Santa Cruz, CA, USA) 12% gel, 110V 5% milk, TBS-T 1:500
Myogenin (Santa Cruz Biotechnology) 12% gel, 110V 5% milk, TBS-T 1:500
CAR (Santa Cruz Biotechnology) 10% gel, 110 V 5% milk, TBS-T 1:500
Peroxidase-labelled streptavidin (Kirkegaard & Perry) 5% milk, TBS-T 1:500
Biotinylated goat-anti-rabbit IgG (Vector Laboratories, Burlington, ON, Canada) 5% milk, TBS-T 1:2000
Peroxidase-labelled goat-anti-rabbit IgG (Vector Laboratories) 5% milk, TBS-T 1:2000

Proteins were then blotted onto a nitrocellulose membrane, blocked in their appropriate
solution of fat-free milk powder and/or bovine serum albumin (BSA) dissolved in Tris-

buffered saline, pH 7.6, with 0.1 % Tween 20 detergent (Caledon; Georgetown, ON,

Canada) (TBS-T) (Table 2.1), and incubated with the appropriate primary antibody

overnight at 4°C. All primary antibodies were polyclonal and had been produced in

rabbit. The following day, the membrane was washed in TBS-T and incubated with the

appropriate horseradish peroxidase conjugated secondary anti-rabbit antibody, made in

goat (1:2000) for 1 hour at room temperature in the appropriate blocking solution (Table

2.1). Weaker primary antibodies were instead hybridized with a biotinylated secondary

antibody, washed thoroughly in TBS-T, and incubated for one hour with peroxidase-

labelled streptavidin (Kirkegaard and Perry, Gaithersburg, MD, USA). Following either
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peroxidase-labelled secondary or streptavidin incubation, membrane-bound antibodies
were washed extensively in both TBS-T and TBS, and visualized with enhanced
chemiluminscence (Amersham Biosciences, Piscataway, NJ, USA) using the Syngene
ChemiGenius apparatus and GeneSnap software. Densitometry of the protein bands was
analyzed using GeneTools software (Syngene, Frederick, MD, USA). Membranes were
stripped in buffer containing 62.5 mM Tris-HCI (Fisher Scientific), pH 6.7, 2% SDS (Bio
Rad Laboratories), and 100 mM B-mercaptoethanol (Bio Shop), and re-probed to a
maximum of four additional times for other proteins. -actin was used as a loading
control for all membranes except for those probed for phosphorylated proteins, in which
case the total protein (i.e. both phosphorylated and dephosphorylated) was used as a

loading reference.

The ratio between the protein of interest and B-actin on the same membrane was
obtained, and results were expressed as a fold-difference relative to the control condition.
Certain membranes were also stained with Ponceau S (Sigma-Aldrich) for 15 minutes
and destained in distilled water and TBS-T prior to blocking to ensure equal loading.

Unless otherwise indicated, Western blotting results reflect a sample size of n=8.

2.3 Real-Time RT-PCR

2.3.1 RNA Isolation and Preparation

C2C12 cells were lysed in cold Trizol Reagent (Invitrogen) at 1 ml/ 60mm plate
and homogenized via several passages through a syringe. Following homogenization,
solid material was removed from samples using centrifugation at 12,000 x g for 10
minutes at 4°C. Phase separation was performed using 0.2 ml chloroform (Fisher
Scientific) followed by incubations at 4°C for 15 minutes, room temperature for another
15 minutes, and finally centrifugation at 12,000 x g for 15 minutes at 4°C. The aqueous
upper phase was isolated (~0.5 ml), combined with an additional 0.5 ml of cold
isopropanol (Fisher Scientific), and RNA was allowed to precipitate overnight at —20°C.

The following day, samples were spun at 12,000 x g for 60 minutes at 4°C, the
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supernatant discarded and pellet washed with cold 75% ethanol. After a final spin at
12,000 x g for 10 minutes at 4°C, the supernatant was again discarded and the RNA
pellet resuspended in 10 pl diethyl pyrocarbonate-treated water (DEPC H,O, BIO 101
Systems, Carlsbad, CA, USA).

RNA was quantified by assessing the absorbance and purity of diluted RNA at
260 nm and 280 nm with a spectrophotometer (Okamoto and Okabe, 2000). RNA was
diluted to 1 pg/pl in DEPC H,0O and stored at —70°C.

2.3.2 Reverse Transcription of RNA to cDNA

cDNA synthesis was performed using 1 pg total RNA per reaction, forming a
total volume of 7.5 pl. The reaction mixture also consisted of 20 units RNase OUT, 1X
First Strand Buffer diluted from 5X stock (250 mM Tris-HCI pH 8.3, 375 mM potassium
chloride, 15mM magnesium chloride), | mM dNTP mixture, 10 mM DTT, 0.5 pg oligo
(dT)12-18, 150 units Moloney Murine Leukemia Virus reverse transcriptase, and 1l
DEPC H,0 (BIO 101 Systems). All reagents used were obtained from Invitrogen unless
otherwise indicated. Reverse transcription was conducted at 37°C for 60 minutes in a
thermal cycler (Techne Genius, Burlington, NJ, USA), and the cDNA product was stored
at 4°C.

2.3.3 Synthesis of Primers and Probes

Oligonucleotide sequences for citrate synthase, ALA synthase, PGC-1, p300 and
cyclophilin were derived from DNA sequences published on the National Center for
Biotechnology Information GenBank website'. Primers and fluorescent-labelled probes
were synthesized by ABI PRISM Assay-by-Design (Applied Biosystems, Streetsville,
ON, Canada). Cyclophilin was labelled with a 5°-VIC fluorescent probe, while the
remaining primers were labelled with 5°-FAM. Primer sequences can be found in Table

2.2.

'http://www.ncbi.nlm.nih.gov/Genbank/index.html
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2.3.4 Real-Time Polymerase Chain Reaction

Reactions were carried out in standard 96-well optical plates (Applied

Biosystems). In each well, 2 pl of reverse transcript was combined with 1X TagMan

Universal PCR Master Mix diluted from 2X stock (AmpliTaq Gold® DNA Polymerase,

dNTPs with dUTP, Passive Reference 1, and optimized buffer components; Applied

Biosystems/Roche), 1 X primet/probe mix diluted from 20X stock (Applied Biosystems),
and DEPC H,0 (BIO 101 Systems) to a final volume of 25 ul/well.

The PCR reaction was analyzed in real-time using the ABI Prism 7700 Sequence

Detector thermal cycler (Perkin Elmer, Woodbridge, ON, Canada) and ABI Prism

Sequence Detection Systems v.1.7a software (Applied Biosystems). Thermal cycler

Table 2.2: DNA sequences for real-time RT-PCR primers and probes.

Gene Accession ID | Primer Sequence
Forward | CCT GCC TCG TCC TTG CT
CS NT 081856 | Reverse | CTG CTC CTT AGG TAT CAG ATT GCT
Probe FAM-CTT CTT CCA CGA ATT TGA
Forward | CTC GAA CCC TGT CCA CAT CAG
ALAS NT 039477 | Reverse | CCT TGG CAG TTT TCT CTT TCT CAT T
Probe FAM-CAG GGT CAA AGA AAC CC
Forward | GCA GCC AAG ACT CTG TAT GGA
PGC-1 NT 039340 | Reverse | TTC AGG AAG ATC TGG GCA AAG AG
Probe FAM-CAG AGC AGC ACA CTC TA
Forward | CAT CTC CGG CCC TCT CG
p300 NT 081922 | Reverse | TCA TGT TCC AGG TCA AAC AGT GAA
Probe FAM-ATG GCA CAG ATT TTG G
Forward | TCT CCT TCG AGC TGT TTG CA
Cyclophilin | NT 039515 | Reverse | CAG TGC TCA GAG CTC GAA AGT TT
Probe VIC-ACA AAG TTC CAA AGA CAG CAG
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conditions were as follows: 50.0°C for 2:00 minutes, 95.0°C for 10:00 min, followed by a
cycle of 95.0°C for 0:15 min and 60.0°C for 1:00 min for 40 repetitions. Each sample
was run in duplicate for both the gene of interest and cyclophilin, which served as the
housekeeping gene. The AACr value, described above, was calculated for each sample at

each time point of harvest, with n=6.

2.4 Statistical Analysis

All values are expressed as mean * standard error. Analysis was run using
Statistica software, and comparisons of various conditions were conducted at individual
time points using a one-way ANOVA with planned comparisons between groups. The
presence of an effect in the housekeeping gene or loading control was tested by
regression analysis. Outliers were assessed as any data points beyond two standard
deviations of the mean, and such results were discarded. Results were considered

significant at p<0.05.
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CHAPTER III: RESULTS

3.1 Model Efficiency

3.1.1 InVitro System

Within 24 hours of plating, cells attached to the ECM as a monolayer and divided
until nearly confluent while developing longitudinal extensions characteristic of
myoblasts (Figure 3.1). After differentiation was induced by serum withdrawal, cells
began to migrate and fuse end-to-end into elongated myotubes as expected. Fusion was
evident by day 2 following serum withdrawal, and continued until day 6 at which point

treatment was administered (Figure 3.1).

During the differentiation period, a small sample of cells were harvested at 2-day
intervals and assayed for expression of myoD and myogenin, two key factors involved in
determination of myogenic lineage and subsequent protein expression. While the sample
size was too small to draw conclusions from and statistical analysis was not performed,
these preliminary results were taken into account along with other evidence to determine
the proper day of treatment post-differentiation. MyoD was evident in myoblasts, and its
expression levels gradually increased until reaching a plateau on day 6 post-
differentiation at a level approximately 4-fold higher than that of myoblasts. Myogenin,
meanwhile, was present in relatively low levels in myoblasts, while its expression
increased dramatically upon serum withdrawal to 5-fold higher than that of myoblasts by
day 4 and decreased thereafter to near-myoblast levels once again by day 6. It should be
noted that Ponceau S was used to confirm equal loading for these two membranes instead
of normalizing to B-actin, as actin’s expression is known to change during early stages of
differentiation (Shimokawa et al., 1998). Regression analysis of B-actin protein
expression during differentiation produced a significant correlation of r = -0.92 (p<0.01),
confirming such previous reports. Overall, the above results combined with
morphological observations and previous reports indicated that differentiation was well-

established by day 6 (Leary ef al., 1998; Moyes et al., 1997), allowing treatment with
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either dru0gs or adenovirus to proceed without the effects of differentiation influencing

subsequent results.

Preliminary tests of myoD and myogenin expression post-treatment permitted
further scrutiny of the model. Cells treated with pharmacological agents were harvested
4 days post-treatment and blotted for these markers (Figures 3.2 and 3.3). MyoD
expression was not significantly different in either condition at this point in time.
Myogenin expression, in contrast, was significantly increased by AICAR treatment
(p<0.01). These findings indicate that AICAR treatment may be accelerating cell
differentiation as myogenin is a marker of this process. Cells treated with virus construct
+ AICAR also displayed significant changes in myogenin expression while no changes
were observable in myoD protein levels (Figures 3.4 and 3.5). Interestingly, although the
a2DN + AICAR condition produced a significant myogenin protein increase, the GFP +
AICAR condition failed to do the same. This could indicate that AICAR’s effects on cell
differentiation are independent of o,,-AMPK, as they occurred despite the inhibition of

this kinase.

3.1.2 Pharmacological Treatment

Cells were treated with a variety of doses of both AICAR and metformin, and
were initially judged based on their morphology as compared to controls, while their
post-extraction protein concentration served as a second indicator of their viability and
therefore suitability for experimentation. Optimal doses were chosen as the highest
possible concentrations before marked physical effects became visible over a course of
three or more days (Figures 3.6 and 3.7). Based on primarily qualitative observations and
protein assay results, 0.5 mM metformin and 0.2 mM AICAR were chosen as the best

doses for treatment.

Following the determination of optimal doses based on cell morphology,
conditions were further tested for their ability to activate AMPK. Western blotting of

samples harvested two days post-treatment was performed using phospho-specific
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antibodies directed against both ACC and AMPK, as shown in Figures 3.8 and 3.9.
Phosphorylation of ACC was significantly elevated approximately 1.5-fold by both
metformin (p<0.05) and AICAR (p<0.01) treatment, while phosphorylation of AMPK
was only significantly elevated in metformin-treated samples (p<0.05). This may reflect
the different mechanism of action of the two treatments, but nevertheless results

demonstrate that AMPK is activated to some extent by both conditions.

3.1.3 Virus Treatment

3.1.3.1 Infection Enhancement

Following retroviral expression of CAR, various clones were grown on 60 mm
plates, harvested upon reaching confluency and blotted for CAR expression (Figure
3.10). Based on Western blotting results, clones 2-4 and 3-1 were chosen to have their
infection efficiencies tested and were treated with various doses of adenovirus in 12-well
plates. In separate dishes, cells were treated with various combinations of Lipofectamine
and virus. Infection efficiency of both was assessed by GFP fluorescence, which peaks
on day 2 and 3 post-infection, as well as the general appearance of the cells over a course
of three or more days. Comparisons between clone 3-1 and virus + Lipofectamine treated
wells, both treated with 50 PFU/cell of adenovirus, can be seen in Figure 3.11. In
general, fluorescence was brighter and more widespread in dishes treated with virus +
Lipofectamine rather than those infected with the CAR retrovirus, and as such
Lipofectamine was used for all subsequent experiments. In addition, as some reports
have suggested that the extracellular matrix may impede adenoviral infection as it impairs
access to portions of the cell surface (Cao et al., 2002), cells plated with or without the
ECM layer present were simultaneously infected and monitored together. GFP
fluorescence results, shown in Figure 3.12, indicated no obvious infection differences

between the two conditions.
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3.1.3.2 Infection Efficiency

Once the method of infection was determined, infection efficiency was further
assessed using myc expression to indicate whether or not the AMPK construct itself was
being expressed alongside the GFP reporter. Fixed cells were treated with a TRITC-
labelled primary antibody for the myc protein, and visualized under the appropriate
wavelength of light as seen in Figure 3.13. As expected, no myc fluorescence was visible
in samples treated with GFP control adenovirus, whereas adenovirus encoding myc-
tagged AMPK constructs proved effective in infecting and expressing these proteins

inside the C2C12 cells.

3.1.3.3 Activation and Inhibition of AMPK

Finally, the effectiveness of the experimental model was demonstrated by its
ability to activate and inhibit AMPK, assessed again via Western blotting for phospho-
ACC and -AMPK (Figures 3.14 and 3.15). Phosphorylation of ACC was significantly
higher in samples treated with the GFP + AICAR combination as compared with control
samples infected with the GFP construct and no drug (p<0.01). Meanwhile, samples
treated with the a,-dominant negative virus, either with or without AICAR treatment in
addition, had approximately 50% less ACC phosphorylation than the control (p<0.01).
There were no significant differences between the a,DN conditions with or without
AICAR, indicating that the o, DN construct was capable of blocking the AMPK -
activating properties of AICAR. Similar results were seen with the phospho-AMPK
antibodies, as AMPK phosphorylation of the GFP/AICAR treatment was significantly
elevated above GFP/control (p<0.05), whereas both o;DN conditions were significantly
lower (p<0.01) but not significantly different from each other. «;DN conditions were
normalized to both total AMPK and f-actin to prevent skewing of the results by AMPK

construct overexpression.
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3.2 Experimental Results: Protein Expression

3.2.1 Metabolic Enzymes

Expression of both mitochondrial citrate synthase and cytosolic glyceraldehyde-3-
phosphate dehydrogenase was assessed by Western blotting after four days of
pharmacological treatment and/or five days of virus treatment. Citrate synthase
expression was significantly increased nearly two-fold by both AICAR and metformin
treatment (p<0.05) as compared to an untreated control (Figure 3.16), however samples
treated with AICAR in addition to the GFP adenovirus construct showed no such increase
(Figure 3.19). Meanwhile, both a;DN adenovirus conditions failed to produce any effect
on CS expression (Figure 3.17). It is interesting to note that while citrate synthase is
theoretically composed of four identical subunits, our blotting results produced what
appeared to be a doublet at the correct molecular weight (~50 kDa). The polyclonal
antibody used to recognize this protein, a gift from Dr. B. Robinson, is the same as that
used by Jankov et al. (2003). In this paper, the citrate synthase Western blot produced a
very thick band that appeared to be a doublet in certain conditions, thus the densitometry

of both bands in the current study was used to evaluate citrate sythase expression.

Expression of GAPDH, a glycolytic enzyme, was also significantly upregulated
nearly two-fold by metformin (p<0.01) and AICAR (p<0.05) as compared to an untreated
control (Figure 3.18). As with citrate synthase, however, the GFP + AICAR condition
failed to increase GAPDH expression (Figure 3.19). Interestingly, the c,;DN + control
condition also did not affect GAPDH expression, while the a;DN + AICAR condition
caused a small but significant upregulation of expression (p<0.05). These results are
highly unexpected, and may indicate that although blotting results for phospho-ACC and
phospho-AMPK indicated that the ;DN construct was able to effectively inhibit AICAR

actions, the block is perhaps not entirely complete.
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3.2.2 Transcription Factors

PGC-1a was the only transcription factor successfully detected by Western
blotting. Initial attempts to enhance the extract with nuclear proteins using hypotonic
lysis and high-salt extraction failed to improve PGC-1a detection, as whole cell lysates
produced a much stronger blotting result for this transcription factor and were used for all

subsequent blotting experiments (Figure 3.20).

Blotting results of pharmacologically treated samples had large variability, yet
metformin treatment was capable of significantly increasing PGC-1a protein expression
by approximately 2.5-fold (p<0.01) (Figure 3.21). Conversely, however, all virus-
containing conditions failed to elicit any significant increase or decrease in PGC-1a

expression (Figure 3.22).

3.3 Experimental Results: mRNA Expression

3.3.1 Mitochondrial mRNA

Despite significant increases in citrate synthase protein expression visible on day
4 following drug treatment, the only noteworthy changes in mRNA expression was
detected with real-time RT-PCR at 6h post-metformin treatment (p<0.05) (Figure 3.23).
Furthermore, no changes were visible with any virus treatment, reflecting results seen at

the protein level (Figure 3.24).

In addition to CS, ALA synthase mRNA expression was assayed at similar points
post-treatment. ALAS mRNA was also significantly increased after 6h of metformin
treatment (p<0.05), while AICAR alone or in combination with the adenovirus constructs
failed to cause a significant change at this or any other time point (Figures 3.25 and 3.26).
Surprisingly, the a;DN + control condition produced a significant upregulation of ALA
synthase mRNA at 6h post-treatment, which corresponds to approximately 24 hours

following infection (Figure 3.26).
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3.3.2 Transcription Factor mRNA

PGC-1a exhibited more changes at the mRNA level following virus treatment
than were visible by Western blotting as described above. At 6h, mRNA was
surprisingly elevated in the a,DN + control condition as compared to GFP + control
condition (p<0.01), while a,DN + AICAR failed to produce a similarly significant
elevation (Figure 3.28). Meanwhile, none of the pharmacological conditions alone were
able to produce a significant effect at this time point (Figure 3.27). Further changes were
visible at 48h, where metformin-treated cells exhibited a significant decrease in PGC-1a
mRNA expression (p<0.05), while the o, DN + AICAR condition alone produced a
significant increase (p<0.05). To further complicate matters, Sd mRNA results indicated
no change with drug treatment alone, however the GFP + AICAR (p<0.01) and ;DN +
control (p<0.05) conditions both produced significant increases in mRNA expression

(Figure 3.28).

Finally, p300 expression was also assessed at the transcriptional level. The only
significant change was seen at 5d following metformin treatment, which caused a small
but significant increase in mRNA expression (p<0.05) (Figure 3.29), while no differences

were apparent following virus treatment (Figure 3.30).
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Figure 3.1: Myoblast differentiation and myotube formation on (A) day 0, (B) day 1,
(C) day 4, and (D) day 6 following serum withdrawal. Cells were plated in growth
media containing 10% fetal calf serum, and switching to a media containing 2% horse
serum induced differentiation. As differentiation proceeded, myoblasts aligned and
fused into myotubes, which are capable of contraction in vitro.
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Figure 3.2: Pharmacological treatment does not affect myoD protein expression, as
indicated in samples harvested on day 4 post-treatment (n=4). Whole-cell lysates
were separated electrophoretically, blotted onto nitrocellulose membranes, and
probed with a polyclonal myoD antibody. Membranes were subsequently stripped
and reprobed with a polyclonal 3-actin antibody, and the ratio of myoD to B-actin was
used for statistical comparison.
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Figure 3.3: AICAR treatment, but not metformin, results in an elevation in myogenin
protein expression, as indicated in samples harvested on day 4 post-treatment (n=4).
Whole-cell lysates were separated electrophoretically, blotted onto nitrocellulose
membranes, and probed with a polyclonal myogenin antibody. Membranes were
subsequently stripped and reprobed with a polyclonal 3-actin antibody, and the ratio of
myogenin to B-actin was used for statistical comparison. ** = p<0.01
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Figure 3.4: Adenovirus treatment does not affect myoD protein expression, as
indicated in cells harvested 5 days following infection (n=4). Whole-cell lysates
were separated electrophoretically, blotted onto nitrocellulose membranes, and
probed with a polyclonal myoD antibody. Membranes were subsequently stripped
and reprobed with a polyclonal B-actin antibody, and the ratio of myoD to B-actin
was used for statistical comparison.
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Figure 3.5: a2DN adenovirus and AICAR, but not AICAR and the control
adenovirus, result in an elevation in myogenin protein expression, as indicated in
samples harvested on day 5 post-infection (n=4). Whole-cell lysates were
separated electrophoretically, blotted onto nitrocellulose membranes, and probed
with a polyclonal myogenin antibody. Membranes were subsequently stripped and
reprobed with a polyclonal B-actin antibody, and the ratio of myogenin to pB-actin
was used for statistical comparison. * = p<0.05
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Figure 3.6: Treatment effects on cell morphology: appearance of cells following
pharmacological treatment on (a) day 1 and (b) day 3 post-treatment. At
optimized doses, metformin and AICAR had little effect on morphology.

AICAR 0.2mM AICAR 0.5mM

Figure 3.7: Variable cell death at different doses of AICAR. At 0.5 mM, cell death
was prevalent following 2 days of treatment, while cells administered 0.2 mM
were able to retain a normal appearance and morphology for the duration of

treatment.
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Figure 3.8: Both AICAR and metformin result in increases in ACC phosphorylation,
providing evidence of increased AMPK activity in cells harvested day 4 post-treatment
(n=5). Whole-cell lysates were separated electrophoretically, blotted onto nitrocellulose
membranes, and probed with a polyclonal phospho-ACC antibody. Membranes were
subsequently stripped and reprobed with a polyclonal ACC antibody, and the ratio of
phospho-ACC to total ACC was used for statistical comparison. * = p<0.05,

** = p<0.01
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Figure 3.9: Metformin, but not AICAR, results in increases in AMPK phosphorylation,
providing evidence of increased AMPK activity on day 4 post-treatment (n=5).
Whole-cell lysates were separated electrophoretically, blotted onto nitrocellulose
membranes, and probed with a polyclonal phospho-AMPK antibody. Membranes
were subsequently stripped and reprobed with a polyclonal AMPK antibody, and the
ratio of phospho-AMPK to total AMPK was used for statistical comparison.

* = p<0.05

68

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1-1 31 3-2 1-3 23 14 2-4 c10 control

Figure 3.10: CAR protein expression in various retrovirally-infected C2C12
clones. Certain clones, such as 3-1 and 2-4, expressed large quantities of
CAR as compared to both the control cells and other infected clones.

clone 3-1 lipofectamine

Figure 3.11: Lipofectamine treatment produced a more efficient infection
than the CAR-overexpressing clones, as assessed by GFP expression.
Both conditions were infected at 50 PFU/cell.
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Figure 3.12: The presence of an extracellular matrix gel in vitro does not

appear to affect infection efficiency.
GFP fluorescence TRITC fluorescence

hase contrast
) ---
; - - -

Figure 3.13: Further evidence of efficient infection. Expression of (A) GFP-
encoding and (B) AMPK-encoding adenoviral constructs in cells fixed and
treated with a TRITC-labelled myc-tag antibody and visualized for GFP
fluorescence.
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Figure 3.14: ACC phosphorylation following AICAR treatment is not inhibited in
the presence of a control adenovirus, however phosphorylation with or without
AICAR treatment is inhibited by the presence of an a2-dominant negative
AMPK construct in cells harvested day 5 post-infection (n=5). Whole-cell
lysates were separated electrophoretically, blotted onto nitrocellulose
membranes, and probed with a polyclonal phospho-ACC antibody. Membranes
were subsequently stripped and reprobed with a polyclonal ACC antibody, and
the ratio of phospho-ACC to total ACC was used for statistical comparison.

** = p<0.01
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Figure 3.15: AMPK phosphorylation following AICAR treatment is not inhibited in the
presence of a control adenovirus, however phosphorylation with or without AICAR
treatment is inhibited by the presence of an a2-dominant negative AMPK construct in
cells harvested day 5 post-infection (n=5). Whole-cell lysates were separated
electrophoretically, blotted onto nitrocellulose membranes, and probed with a
polyclonal phospho-ACC antibody. Membranes were subsequently stripped and
reprobed with a polyclonal AMPK antibody, and the ratio of phospho-AMPK to total
AMPK was used for statistical comparison. Membranes were also stripped and
reprobed for B-actin as another loading control. * = p<0.05, ** = p<0.01
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Figure 3.16: Both AICAR and metformin treatment result in increases in citrate
synthase expression, providing evidence of mitochondrial biogenesis on day 4 post-
treatment (n=8). Whole-cell lysates were separated electrophoretically, blotted onto
nitrocellulose membranes, and probed with a polyclonal citrate synthase antibody.
Membranes were subsequently stripped and reprobed with a polyclonal B-actin
antibody, and the ratio of citrate synthase to p-actin was used for statistical

comparison. * = p<0.05
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Figure 3.17: No changes in citrate synthase expression were visible for any
adenovirus-treated condition, providing no evidence of mitochondrial biogenesis on
day 5 post-infection (n=8). Whole-cell lysates were separated electrophoretically,
blotted onto nitrocellulose membranes, and probed with a polyclonal citrate
synthase antibody. Membranes were subsequently stripped and reprobed with a
polyclonal B-actin antibody, and the ratio of citrate synthase to p-actin was used for

statistical comparison.
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Figure 3.18: Both AICAR and metformin treatment result in increases in
GAPDH expression, providing evidence of increased glycolytic flux on day 4
post-treatment (n=8). Whole-cell lysates were separated electrophoretically,
blotted onto nitrocellulose membranes, and probed with a polyclonal
GAPDH antibody. Membranes were subsequently stripped and reprobed
with a polyclonal B-actin antibody, and the ratio of citrate synthase to p-actin
was used for statistical comparison. * = p<0.05, ** = p<0.01
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Figure 3.19: a2DN + AICAR results in a small but significant increase in
GAPDH expression, indicating an increase in glycotyic flux on day 5 post-
infection (n=8). Whole-cell lysates were separated electrophoretically,
blotted onto nitrocellulose membranes, and probed with a polyclonal
GAPDH antibody. Membranes were subsequently stripped and reprobed
with a polyclonal B-actin antibody, and the ratio of citrate synthase to -actin
was used for statistical comparison. * = p<0.05
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Figure 3.20: Whole-cell (W) and nuclear-enhanced extracts (N) treated with
various pharmacological conditions, blotted for PGC-1a. PGC-1a. expression
was much stronger for whole-cell lysates and adult tissue than the nuclear-

enhanced extracts.
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Figure 3.21: Metformin treatment, but not AICAR, results in nearly a 3-fold
increase in PGC-1a expression, providing evidence of PGC-1a. signalling
during mitochondrial biogenesis on day 4 post-treatment (n=8). Whole-cell
lysates were separated electrophoretically, blotted onto nitrocellulose
membranes, and probed with a polyclonal PGC-1a antibody. Membranes
were subsequently stripped and reprobed with a polyclonal B-actin antibody,
and the ratio of PGC-1a to 3-actin was used for statistical comparison.

** = p<0.01
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Figure 3.22: No changes in PGC-1a expression visible for any adenovirus-
treated condition, providing no evidence of PGC-1a signalling during
mitochondrial biogenesis on day 5 post-infection (n=8). Whole-cell lysates
were separated electrophoretically, blotted onto nitrocellulose membranes,
and probed with a polyclonal PGC-1a antibody. Membranes were
subsequently stripped and reprobed with a polyclonal B-actin antibody, and
the ratio of PGC-1a to B-actin was used for statistical comparison.
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Figure 3.23: Citrate synthase mRNA expression at various time points following
pharmacological treatment (n=6). The early 6h increase in citrate synthase
transcription following metformin treatment provides evidence of mitochondrial
biogenesis. mMRNA was extracted from cells, reverse-transcribed into cDNA, and
assayed using real-time PCR for gene expression relative to the control
condition. Cyclophilin was used as a housekeeping gene. * = p<0.05
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Figure 3.24: Citrate synthase mRNA expression at various time points following
adenovirus infection (n=6). No evidence of changes in citrate synthase mRNA
expression was apparent. mMRNA was extracted from cells, reverse-transcribed
into cDNA, and assayed using real-time PCR for gene expression relative to the
GFP/control condition. Cyclophilin was used as a housekeeping gene.
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Figure 3.25: ALA synthase mRNA expression at various time points following
pharmacological treatment (n=6). The early 6h increase in ALA synthase
transcription following metformin treatment provides evidence of mitochondrial
biogenesis. mMRNA was extracted from cells, reverse-transcribed into cDNA, and
assayed using real-time PCR for gene expression relative to the control
condition. Cyclophilin was used as a housekeeping gene. ** = p<0.01
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Figure 3.26: ALA synthase mRNA expression at various time points following
adenovirus infection (n=6). Early increase in ALA synthase transcription
following a,DN adenovirus treatment provides evidence of mitochondrial
biogenesis. mMRNA was extracted from cells, reverse-transcribed into cDNA, and
assayed using real-time PCR for gene expression relative to the control
condition. Cyclophilin was used as a housekeeping gene. * = p<0.05
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Figure 3.27: PGC-1a mRNA expression at various time points following
pharmacological treatment (n=6). Decreases in PGC-1a transcription 48 hours
following metformin treatment fails to explain the large increase in protein
expression visible on day 4 (Figure 3.21). mRNA was extracted from cells,
reverse-transcribed into cDNA, and assayed using real-time PCR for gene
expression relative to the control condition.  Cyclophilin was used as a
housekeeping gene. * = p<0.05
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Figure 3.28: PGC-10 mRNA expression at various time points following
adenovirus infection (n=6). Increases in PGC-1a transcription following o,DN
adenovirus treatment at 6 hours, 48 hours and 5 days post-treatment refute the
hypothesis of PGC-1a downregulation in response to AMPK inhibition. The
increase in PGC-1a mRNA following 5d of AICAR treatment does support the
hypothesis of PGC-1a upregulation in response to AMPK activation. mRNA was
extracted from cells, reverse-transcribed into cDNA, and assayed using real-
time PCR for gene expression relative to the control condition. Cyclophilin was
used as a housekeeping gene. * = p<0.05, ** = p<0.01
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Figure 3.29: p300 mRNA expression at various time points following
pharmacological treatment (n=6). Increase in p300 transcription 5 days following
metformin indicates potential long-term transcriptional regulation of p300
expression by AMPK. mRNA was extracted from cells, reverse-transcribed into
cDNA, and assayed using real-time PCR for gene expression relative to the
control condition. Cyclophilin was used as a housekeeping gene. * = p<0.05
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Figure 3.30: p300 mRNA expression at various time points following adenovirus
infection (n=6). No evidence of changes in p300 mRNA expression were
present, supporting the experimental hypothesis. mRNA was extracted from
cells, reverse-transcribed into cDNA, and assayed using real-time PCR for gene
expression relative to the GFP/control condition. Cyclophilin was used as a
housekeeping gene.
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CHAPTER IV: DISCUSSION

4.1 Evaluation of Experimental Model

4.1.1 Differentiation of Cells

Appropriate cellular differentiation is important for studies of mitochondrial
biogenesis, as previous work has indicated that undifferentiated C2C12 myoblasts rely
primarily on glycolysis for their energy production, yet slowly shift towards oxidative
metabolism as they differentiate into myotubes (Moyes et al., 1997). Researchers have
assayed numerous glycolytic and mitochondrial enzymes over a time course following
C2C12 cell differentiation, finding that mitochondrial matrix enzyme activity increased
almost linearly over a 16-day period following serum withdrawal and achieving a four-
fold increase overall (Moyes et al., 1997). Metabolic studies in the same cells have
indicated that while myoblasts derive ~30% of their energy production from oxidative
phosphorylation, this fraction reaches ~60% following 12 days of differentiation with
concomitant decreases in glycolytic metabolism (Leary ef al., 1998). Based on
observations from preliminary experiments in which cells were infected only one day
post-differentiation, untreated cells often appeared to reach a more advanced state in their
differentiation program than infected cells. Therefore, one can speculate that the
combined treatment of adenovirus and Lipofectamine, which can disrupt various cellular
membranes, could potentially inhibit differentiation. As a result, cells are somewhat
suspended at an early state of developmenf before the majority of endogenous
mitochondrial biogenesis has taken place, while control cells that receive no treatment are
able to differentiate normally. Conclusions from preliminary experiments indicated that
cells should be permitted to differentiate for a longer period of time prior to infection,
allowing them to become more naturally oxidative before manipulating their aerobic

capacity via AMPK.

One means used to verify the extent of differentiation within our cells was protein

expression of myoD, a marker of myogenic induction, and myogenin, a marker of
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differentiation, over a time course of differentiation. As mentioned above, these results
were drawn from a very small sample size and therefore definitive conclusions could not
be made, however they were able to provide some evidence of the appropriate period
required for cell differentiation. As earlier studies have indicated that myoD expression
remains fairly constant both at the protein and mRNA level throughout C2C12
differentiation (Dedieu et al., 2002; Shen et al., 2003; Shimokawa et al., 1998), our
results demonstrating a small increase and plateau at day 6 were somewhat surprising.
This may be explained in part by the varying differentiation rates of different cells in
culture. For example, by day 12 post-differentiation, there are many large and branched
myotubes resulting from fusion of numerous cells, yet several myoblasts remain present
as well. Indeed, Dedieu and coworkers (Dedieu et al., 2002) found that C2C12 fusion
plateaued on day 8, at which point 60% of cell nuclei were in myotubes and therefore
40% remained as unfused myoblasts. Regardless of this potential variability, the myoD
plateau achieved by day 6 indicated this was a suitable time in which to treat cells as the
stability of myoD expression demonstrated the minimal contribution of differentiation
processes on subsequent results. Myogenin expression behaved as expected (Dedieu et
al., 2002; Shimokawa ef al., 1998), providing further evidence that the majority of

differentiation was complete by day 6 following serum withdrawal.

Following treatment, myoD and myogenin protein expression was again assessed
to indicate if the experimental conditions affected C2C12 differentiation, and if such
effects may be influencing the results. Unfortunately, results did highlight one of the
inherent weaknesses of the model. More specifically, there were changes evident in
myogenic marker expression resulting from treatment, as AICAR led to an increase in
myogenin protein levels when used alone or in combination with the «;DN AMPK
construct. This indicated that AICAR was accelerating the cellular differentiation state
through a means independent of a2-AMPK; either via a1-AMPK or a different pathway
altogether. Regardless of the mechanism, results indicated that the treatments involving
AICAR might still be affecting differentiation even after allowing six days for
development following serum withdrawal, which may have influenced expression of

mitochondrial proteins independent of AMPK-induced biogenesis.
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4.1.2 Efficiency of AMPK Activation and Inhibition

Treatment with metformin and AICAR alone produced an average 1.5-fold
increase in phospho-ACC expression, while a similar significant increase in AMPK
phosphorylation was produced following metformin treatment only. This may be in part
due to the different mechanisms of action of the two treatments, as AICAR is known to
convert into an allosteric activator of AMPK while metformin does not directly bind the
kinase (Zhou et al., 2001). Metformin, as mentioned earlier, has been suggested to
promote AMPK phosphorylation via upstream kinases, explaining the significant increase
in phospho-AMPXK expression. AICAR, or its active form ZMP, may not have as great of
an effect on upstream kinases as was previously hypothesized (Hardie & Carling, 1997),

and perhaps a higher dose is required before such actions can occur.

All cells tested for AMPK activation were harvested 2 days post-treatment, as
other studies have indicated that while significant increases in phospho-ACC could be
seen after 6h in metformin-treated H4IIE cells, blotting results demonstrated very
obvious changes after 48 hours of treatment (Hawley e al., 2002). This study also found
large changes in phospho-ACC were concomitant with less robust increases in phospho-
AMPK, indicating that perhaps only small changes in AMPK activity are required to
produce large downstream effects (Hawley ef al., 2002). This may also, however, result
from differences in substrate affinity of the two different phospho-specific antibodies.
Meanwhile, the optimized pharmacological doses were fairly similar to other in vitro
studies using various types of cells (Hawley ef al., 2002; Leclerc et al., 2004; Zhou et al.,
2001), and in experiments in which much larger doses were used, the incubation time was
usually less than 24 hours (Fryer et al., 2002; Hawley et al., 2002). While C2C12 cells
were able to withstand larger doses of treatment for 24-48 hours, such high
concentrations proved unsuitable for 4-day incubations and impeded normal cell

morphology.

In the case of the combined virus and drug conditions, the model appeared to

work very well. Significant increases in both phospho-ACC and phospho-AMPK
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expression in samples treated with GFP + AICAR, as compared to GFP + control,
indicated the virus treatment did not inhibit the ability of AICAR to activate AMPK. In
addition, cells treated with the o;DN virus with or without AICAR both showed
significantly reduced phospho-ACC and phospho-AMPK expression as compared to the
GFP control. Not only does this indicate that the dominant-negative virus is an effective
AMPK inhibitor, but also shows that the actions of AICAR are indeed mediated through
AMPK as the addition of AICAR failed to produce a significant increase in activity for
o, DN-treated cells.

For virus-treated conditions, cells were assayed for AMPK activity markers on
day 3 post-infection, which was therefore day 2 post-AICAR treatment for the particular
cells treated with this drug. The added day allowed adequate time for the infection to
occur and the appropriate proteins to be translated, all of which must occur prior to any
downstream effects taking place on AMPK and its subsequent effectors. As a further
indicator, GFP fluorescence reached its peak expression days 2 and 3 post-infection,
showing again that the virus constructs require an approximate 1-day lag prior to
achieving their full activity. Furthermore, harvesting 2 days post-AICAR or -no drug
treatment maintained consistency between these conditions and the metformin- and

AICAR-treated conditions discussed above.

Compared to other in vifro models, the dose of 150 PFU/cell used in this study
was high. This is due in part to the low expression of CAR, which was overcome
somewhat by the addition of Lipofectamine but nevertheless required a generous dose of
adenovirus in order to work effectively. In other work dealing with C2C12 cells, an
efficient infection was achieved using an MOI of 250 with virus alone, but could be
improved to 50 when aided by a polycationic lipid (Dodds et al., 1999). Preliminary
experiments were able to produce an efficient infection at a similar virus dose in
myoblasts (Figure 3.11), however myotubes proved even more resistant to infection and
as a result the dose was tripled. This could be due to the more mature state of myotubes
compared with myoblasts, as skeletal muscle mRNA expression of CAR in vivo rapidly

diminishes between postnatal days 3 and 10 in mice and is completely undetectable in the
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adult (Nalbantoglu et al., 1999). In addition, myotube fusion would logically lead to a
decrease in the surface area to volume ratio of the muscle cells, which may decrease the

proportion of CAR available for a similar volume of intracellular space.

4.1.3 Limitations of the Experimental Model

The most obvious problem with this particular model is its inability to sustain
itself for a long duration of time. The study of mitochondrial biogenesis, and other long-
term effects of AMPK activation/inhibition for that matter, may require more longevity
built into the design in order to obtain consistent and accurate results. As mentioned
earlier, mitochondrial biogenesis is apparent in vivo after approximately six weeks of
training, although some mitochondrial proteins have a half-life of 7 days (Hood, 2001).
Fortunately, other proteins such as ALA synthase do turn over much faster (Baar et al.,
2002), allowing some utility for this model but still preventing one from obtaining a
complete understanding of all events that transpire. In addition, indications that the cell
differentiation may still be somewhat affected by the pharmacological treatments, as
indicated by changes in myogenin expression, caused further compromises to be made
regarding length of treatment. This model is ideal for examining very short-term
changes, thus is more ideally designed to assay changes in mRNA expression rather than

protein expression and activity.

Another difficulty experienced during the development of this system was the low
tolerance of the cells to pharmacological treatment over a period of 3 days or more.
While higher doses of either AICAR or metformin sufficed for 24-48 hours, the
appearance of thin, ragged myotubes and accompanying cell death ensued beyond this
time. Media changes were made more often, which did circumvent the problem
somewhat, but eventually doses were lowered to a more acceptable level. After 48 hours
of treatment, cells given higher doses showed obvious increases in phospho-ACC and
phospho-AMPX levels above cells given the lower long-term doses. Although the lower
doses did produce significant increases in expression of these phospho-proteins, changes

are at best 1.5-fold higher than controls. Perhaps the lack of a robust AMPK activation
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prevented more significant downstream changes from transpiring at levels detectable by
our assay methods. Another potential source of error was the potential variation in drug
concentration in between treatments. As it was unclear how quickly the cells
metabolized either drug, treatment was administered once every 48 hours. To eliminate
the potential of a short-term, pulsatile response to drug treatment, cells were harvested for

mRNA expression on days 3 and 5, both only 24 hours following their last treatment.

Ironically, while drug doses may have been too low to produce a substantial effect
on AMPK activity, the required doses of virus were unusually high. As well, the addition
of Lipofectamine, which can be disruptive to all cellular membranes, may have
contributed to the induction of other signalling systems within the cell. These may have
been involved in cell cycle regulation, induction of apoptosis, and other pathways that
ultimately may have influenced results. As very few significant effects were seen
following virus treatment in any of the mitochondrial proteins, this may indicate
adenoviral infection is not as clean acting as previously believed. In fact, upregulation of
numerous signalling pathways has been shown to result from adenovirus infection,
including that of Akt (Zhang et al., 2004) and MAP kinase (Bhat & Fan, 2002). Both
pathways have implications in skeletal muscle, as Akt activation can inhibit muscle
glucose transport (Sowers, 2004) and activate glycogen synthesis (Yeaman et al., 2001).
Simultaneously, these two effects would decrease muscle glucose stores, thus less
glucose would be available for glycolysis and subsequent oxidative phosphorylation. The
MAP kinase signalling cascade is implicated in numerous transcriptional changes, and
this pathway is normally upregulated in parallel with AMPK following exercise (Hawley
& Zierath, 2004). This could explain that while the ;DN virus was able to abolish
~50% of the cellular AMPK activity, the virus failed to significantly downregulate any
mitochondrial enzymes as perhaps MAP kinase signalling was counteracting such

changes.
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4.2 Evaluation of Mitochondrial Biogenesis

Metabolic enzymes of the glycolytic and citric acid cycle were assayed for
changes in expression following AMPK activation or inhibition via the two experimental
models. Interestingly, discrepancies in results produced by the two models, and between
protein and mRNA expression, were quite prevalent. Citrate synthase protein expression,
for example, was upregulated almost two-fold by metformin and AICAR administration
as seen 4 days post-treatment. At the mRNA level, however, the only significant
upregulation was seen 6h following metformin treatment, and was absent at all following
time points. This implies almost a 4-day lag period exists between transcription and
translation of citrate synthase to detectable levels, and although this is possible it is also
somewhat unexpected. AICAR, meanwhile, failed to produce any significant effect on
mRNA expression. Using the virus model, no significant changes were produced at the
protein or mRNA level in any of the conditions. This again points to potential problems
the virus and Lipofectamine combination may have on normal cell function, or it could
indicate that the downstream effects of AMPK inhibition may not always perfectly
oppose those of AMPK activation.

A similar trend was evident with regards to GAPDH expression. Protein levels
were also significantly elevated, again almost two-fold, by metformin and AICAR
treatment alone. However, while this was an expected response of citrate synthase as
stated in the hypothesis, it was assumed GAPDH would remain unaltered by treatment.
As an enzyme catalyzing the 5th reaction of glycolysis in which glyceraldehyde-3-
phosphate is converted to 1,3-bisphosphoglycerate, GAPDH is not a flux-generating or
rate-limiting step such as the phosphofructokinase (PFK) or hexokinase (HK) reactions.
In addition, GAPDH is often used as a loading control or housekeeping gene based on its
consistency, although this procedure has been somewhat questioned as of late (Rondinelli
et al., 1997). Particularly in studies where metabolic phenotype may be affected by
experimental conditions, any step in these pathways cannot be assumed unchanged as
reinforced by the findings of this study. Unfortunately, virus-treated conditions failed to
produce a parallel increase in GAPDH expression following AICAR treatment of the
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GFP control condition. In fact, the only significant increase following adenovirus
treatment was produced by the a,DN + AICAR condition, but not by the a;DN virus
alone. As these two conditions did not appear to affect AMPK activation differently, the
reason for their different effects on GAPDH expression is difficult to explain. Further
complicating the matter, the «;DN condition was expected to have the opposite effect of
the AMPK-activating drug treatments and inhibit GAPDH expression. It is possible, of
course, that AMPK activation may indeed be able to induce expression of citrate synthase
and GAPDH, but when AMPK is inhibited other redundant pathways maintain a basal
level of enzyme expression preventing an obvious change from the control condition.
AICAR, meanwhile, may also affect one of these other pathways in addition to AMPK,
thus causing GAPDH expression to increase enough to reach significance. If this were
true, however, one would also expect the GFP virus + AICAR condition to produce a

significant increase, which is clearly not the case.

Unlike citrate synthase, the mitochondrial matrix enzyme ALA synthase has a
half-life of approximately 14 hours in skeletal muscle (Hood, 2001), thus changes can be
detected much more quickly. Although ALA synthase is not involved in the aerobic
respiration pathway, it is a mitochondrial enzyme and therefore its expression levels will
reflect overall mitochondrial volume. At the mRNA level, metformin treatment led to a
two-fold increase in expression 6 hours following treatment. While mRNA expression
appeared elevated at other time points, this was the only significant increase using the
pharmacological model. The short half-life of ALA synthase allows it to adapt quickly to
changes in metabolic demand (Holloszy & Winder, 1979), therefore the early change in
gene expression was not surprising. Virus treatment, on the other hand, produced
unexpected mRNA results. AICAR was unable to increase AL A synthase expression
when combined with the GFP control virus, however the 0,DN virus alone did produce a
small but significant increase in mRNA expression at the 6h time point. This would
imply that perhaps AICAR is inhibiting AL A synthase expression through another
pathway, although this inhibition was not significant when GFP control cells were treated

with AICAR.
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Finally, besides outright expression levels of various mitochondrial proteins,
biogenesis may also be influenced by mRNA stability and mitochondrial protein import
from the cytosol (Hood, 2001). Contraction has shown to elevate both mMTFA mRNA
levels, as well as import of the protein into the mitochondria (Hood, 2001). While it
could be argued that import is governed primarily by the cytosolic concentration of
various proteins, regulation at numerous stages is quite common in molecular physiology

and rate of import may indeed be one level of control.

4.3 Evaluation of Transcription Factor Expression

p300 mRNA expression, as expected, was largely unaffected by the various
experimental conditions. As p300 isa downstream target of AMPK, it is possible that
even over the long-term this transcriptional co-activator will only fluctuate between more
active and less active phosphorylation states rather than undergo overall changes in
expression. Future experiments should examine changes in p300 phosphorylation and
DNA binding as opposed to expression levels, as this will likely be the more telling story
regarding p300’s role in the AMPK pathway. It should be noted, however, that p300
mRNA levels were significantly increased on day 5 following metformin treatment. This
could perhaps imply that long-term activation, or in this case inhibition, of p300 may
produce enough negative feedback to result in long-term expressional changes. Again,
however, further experiments will be required to determine whether or not this is the

case.

Like many of the mitochondrial proteins mentioned above, the transcription factor
PGC-1a produced some very conflicting and surprising results not anticipated by the
hypothesis. PGC-1a expression was significantly increased over 2.5-fold by metformin,
yet no significant changes were produced by AICAR alone or in combination with any of
the virus conditions. Earlier studies in which AICAR was incubated with rat
epitrochlearis muscle, however, were able to produce a 3-fold increase in PGC-1a.
mRNA expression after 18 hours (Terada er al., 2002). While our cell culture results did
not confirm this result, it may be due to the higher AICAR dose (0.5 mM) used in the
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short-term experiment, and perhaps shorter incubations with higher AICAR doses in this
study would have more accurately reflected other findings in the literature. In addition,
the short-term study used a more mature model as compared with our C2C12 cell line,
thus basal PGC-1a expression may have been elevated causing any changes to be much
easier to detect. Meanwhile, however, more unusual results are apparent at the mRNA
level. At 48h following metformin treatment, PGC-1ae mRNA is actually decreased to
60% of the control value. Although it recovers to control levels on day 3 and day 5, there
is no means to explain the large increase in protein expression on day 4 revealed by
Western blotting, and may indicate the influence of post-transcriptional and/or
-translational processing on PGC-1a protein levels. Meanwhile, this unexpected trend
also occurs in the virus-treated samples, as conditions meant to inhibit AMPK with the
a2DN virus led to an increase in PGC-1a mRNA at 6h, 48h and 5d post-treatment.
Strangely enough, the o;DN + control and o;DN + AICAR conditions never caused
simultaneous mRNA elevation, always just one or the other. Finally, to further confuse
the situation, PGC-1a mRNA is also elevated by the GFP + AICAR condition 5 days
post-treatment. While this last result is one of the few actually anticipated by the
hypothesis, the others are quite difficult to explain. As mentioned earlier, adenovirus
infection is thought to activate other pathways within the cell such as Akt and MAP
kinase. In addition, Lipofectamine treatment has visible effects on cellular membrane
integrity that are visible under a phase-contrast microscope. This has the potential to
upset calcium balance within the cells, which may activate further downstream pathways
involving CaM kinase IV and calcineurin. CaMKIV expression is upregulated by B-GPA
treatment in mice, however transgenics that lack muscle AMPK do not experience any
upregulation (Zong et al., 2002). This implies that CaMKIV is activated downstream of
AMPK, yet if intracellular calcium levels are elevated as a result of Lipofectamine
treatment, this pathway may be activated regardless of AMPK status. CAMKIV, a
protein kinase, and calcineurin, a protein phosphatase, act synergistically to mediate
many of the structural and metabolic adaptations to exercise in skeletal muscle (Wu et al.,
2002). In addition, the PGC-1a promoter appears to be controlled by both CAMKIV and
calcineurin A (Handschin et al., 2003). As the hypothesized changes in PGC-1ao mRNA

expression did not manifest until day 5, the long latency period may reflect the duration
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of time required for the cell membranes to recover from Lipofectamine treatment and for

calcium balance to return to normal.

It should be noted that, although significant, many of the observed changes in
PGC-1a protein and mRNA expression were accompanied with relatively large standard
error. If the probability of committing a type I error, a, is made more stringent to
compensate and significance is only granted when p<0.01, results make somewhat more

S€nse.

4.4 Implications of Altering AMPK Activity

As AMPK’s widespread role in various tissues is further revealed, it should not be
surprising that very minor changes or unexpected results appear as a consequence of
AMPK activation or inhibition. While skeletal muscle is a highly adaptable tissue, the
mammalian system is quite homeostatic in nature. AMPK’s short-term actions on fatty
acid metabolism, for example, are a good illustration of the body’s ability to counteract
an acute energy deficit. Meanwhile, when AMPK is activated or inhibited, there are
likely numerous other signalling pathways that are affected in addition which may also

influence the few markers chosen to indicate downstream effects of AMPK.

For example, during muscle contraction, the increase in cytosolic calcium is
sufficient to elicit signalling through the calcium-calmodulin pathway, specifically via
the kinase CaMK and the phosphatase calcineurin (Wu et al., 2002). Both of these
second messengers have been implicated in fast-to-slow muscle fibre type transformation
(Wu et al., 2000), while CaMKIV has also been implicated in mitochondrial biogenesis
(Wu et al., 2002). In fact, CaMKIV appears capable of inducing PGC-1a via activation
of various transcription factors, including cAMP responsive element-binding protein
(CREB) and myocyte-specific enhancer factor (MEF2) (Bito et al., 1996, McKinsey et
al., 2000; Passier et al., 2000). Moreover, PGC-1a protein has shown evidence of
feeding back and enhancing the transcriptional activity of MEF2C and 2D to further

upregulate its own transcription (Handschin et al., 2003). There is strong evidence that
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the AMPK pathway may interact with that of calcium, as the upstream kinases of both
CaMK and AMPK are capable of phosphorylating one another’s substrates (Hawley et
al., 1995). Further studies have indicated that CaMKIV signalling may be downstream of
AMPK, as B-GPA was capable of increasing both CaMKIV and PGC-1a. expression in
mice with, but not without, functional muscle AMPK (Zong ef al., 2002).

Another pathway that may act alone or in conjunction with AMPK during
mitochondrial biogenesis is that of MAP kinase. MAPK and intermediates in its
signalling pathways are activated by acute muscle contraction, as mentioned in Chapter I
(Connor et al., 2001). In addition, MAPK is known to be activated by numerous
consequences of muscle contraction, including increases in cytosolic calcium and
mechanical stress (Hawley & Zierath, 2004). Downstream substrates of the MAP kinase
pathway, such as histone H3, can alter the chromatin state of certain genes, thus

influencing their transcriptional regulation (Hawley & Zierath, 2004).

Finally, as AMPK is known to have inhibitory actions on protein synthesis, this
further complicates its ability to regulate expression. As mitochondrial biogenesis
involves the transcription and translation of numerous proteins, the extent to which
AMPK may non-specifically inhibit the production of proteins that it may be specifically

inducing at the same time is unknown.

4.5 Future Directions for Research

As the extent of AMPK’s actions across a broad range of tissues under numerous
conditions is further elucidated, the potential for interactions and redundancy with other
signalling pathways grows exponentially. While it remains likely that AMPK does exert
some sort of influence over skeletal muscle mitochondrial biogenesis, the extent of its
involvement, as well as its interaction with other well-defined signalling pathways, will

obviously require further investigation.

100

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



While this study had many limitations, it also produced some very useful results.
The elaboration of a novel in vitro model and discovery of the appropriate time points for
changes in protein and mRNA expression will undoubtedly assist future studies in this
area. Experiments examining other transcription factors, such as NRF-1 and mTFA, will
likely contribute further to skeletal muscle research and help to explain the behaviour of
PGC-1a expression in this set of experiments. Future experiments could also explore
interactions between AMPK and other pathways implicated in mitochondrial biogenesis,
indicating the signalling hierarchy and elucidating any possible redundancies that may

have compensated for AMPK downregulation in this study.

In regards to the model, the short-term duration of the in vitro experimental model
may not be optimal to fully assess mitochondrial biogenesis-related changes in protein
expression. Alterations in mitochondrial enzyme activity and expression should be
reserved for in vivo models, which can sustain treatment for numerous weeks. In
particular, the recent generation of a; and a; knockout mice may be particularly useful to
further elucidate the role of AMPK in this biogenic process. The combination of
knockout mice and pharmacological AMPK activators may also provide further evidence
of the action mechanism of these compounds. The in vitro model, meanwhile, is most
useful for examination of short-term changes, such as mRNA expression levels and
transcription factor DNA-binding. To minimize the activation of non-specific pathways
following adenovirus infection, CAR-overexpressing C2C12 clones could be used for
future experiments, bypassing the need for Lipofectamine. Furthermore, combinations of
the AMPK adenovirus constructs and metformin should also be tested, as this treatment
activates AMPK through a different mechanism than that of AICAR and often was the
only one of the two pharmacological treatments able to produce significant downstream
effects on protein and mRNA expression of other substances. Unlike AICAR, metformin
also failed to affect myogenin expression and thus cell differentiation to a significant
degree, preventing the possibility of changes in the cell differentiation state from

influencing downstream results.
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