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ABSTRACT

The first three studies outlined in this thesis were intended to enhance our
knowledge about the effects of palmitate-, troglitazone-, and AICAR-induced AMPK
activation on various aspects of glucose and fatty acid (FA) metabolism in skeletal
muscle. Our results provide novel evidence that FAs autoregulate their metabolic fate in
skeletal muscle cells by directly promoting the phosphorylation and activation of AMPK
and ACC in a dose dependant manner. From these data we hypothesized that by
upregulating the AMPK/ACC signaling cascade, high circulating FA levels saturate the
ability of this pathway to respond to exogenous AMPK agonists. To overcome this,
thiazolidinediones (TZDs) are a class of drugs that reduce circulating FA levels by
promoting expression of lipid storage genes in adipose tissue. In addition, they have also
been demonstrated to activate the AMPK system. Treatment of L6 cells with the TZD
troglitazone reduces FA uptake and increases FA oxidation, effects that are partially
mediated by AMPK activation. Additionally, troglitazone also promotes an increase in
insulin stimulated glucose uptake, and shifts glucose metabolism away from glycogen
synthesis and towards an increase in lactate production. Since skeletal muscle glycogen
synthesis is an important process that accounts for the majority of glucose disposal in the
body, we wanted to test whether the results obtained in skeletal muscle cells are
representative of intact isolated muscles. Indeed, this seems to be the case, as soleus
muscles (oxidative) treated with AICAR exhibited a similar shift in glucose metabolism
away from glycogen synthesis in favour of increased lactate production. This effect,

‘however, appears to be fiber type specific as isolated epitrochlearis muscles (glycolytic)
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do not experience this metabolic shift. The final study was intended to provide an
integrated look at the effects of 2-week AICAR injections on whole-body glucose and FA
homeostasis in the rat. The results of this investigation confirm that this drug shifts
whole-body glucose metabolism in favour of lactate production. We also demonstrate
that in week 1 FA utilization is upregulated even though whole-body energy expenditure
is reduced by AICAR. In week 2, treated animals adapted to the drug, as any initial
disturbances in substrate utilization observed in week 1 returned to normal with the
exception of spontaneous physical activity which was increased. Collectively, these

effects led to a reduction in whole-body adiposity at the end of the study.
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1. INTRODUCTION

Evolution has allowed many organisms, including mammals, to develop complex
mechanisms that enable them to cope with irregular food availability by maintaining
energy homoeostasis. When resources are abundant, mammals take in excess fuel
substrates which are stored in the form of fat, whereas during times of famine, they
reduce energy expenditure and rely on the fat reserves to survive (1). The energy that is
constantly taken in, as well as stored within the body, serves as a source for the
generation of adenosine triphosphate (ATP) at the cellular level. ATP in turn can be
broken down to yield adenosine diphosphate (ADP), P, and energy, the latter of which is
utilized to drive various cellular processes (2).

In the last two decades the concept of energy homeostasis has evolved through the
discovery of the cytosolic enzyme adenosine monophosphate (AMP)-activated protein
kinase (AMPK), which is activated by a rise in the AMP:ATP ratio in the cell. When
activated, it shuts down ATP consuming anabolic pathways and promotes catabolism of
energy substrates in an attempt to restore the intracellular AMP:ATP ratio back to normal
(3). Extensive research has demonstrated that AMPK is a key enzyme involved in the
control of carbohydrate and lipid metabolism in many mammalian tissues including:
skeletal muscle (4-7), adipose tissue (8-10), liver (11, 12), heart (13), and brain (14, 15).
Of these tissues, the effects of AMPK activation on substrate partitioning in skeletal
muscle have been most extensively studied due to the implications this tissue has for
treating metabolic disorders such as obesity and type 2 diabetes mellitus (T2DM). These

disorders are characterized by abnormal metabolism of glucose and fatty acids, due to the



inability of tissues to respond properly to the hormone insulin (insulin resistance) (16).
Skeletal muscle accounts for the majority of insulin-stimulated glucose disposal in the
body, and is also a major site of the development of insulin resistance (17). Since AMPK
has been demonstrated to control glucése disposal via insulin-independent mechanisms
(18), it comes as no surprise that that a large part of the AMPK based research has
focused on the regulation of this enzyme in skeletal muscle.

Currently, many pharmacological and nutritional based approaches are being
utilized to explore the role of AMPK activation on substrate partitioning in muscle. More
importantly, drugs that have previously been utilized in the treatment of T2DM have
recently been reported to also activate the AMPK pathway; however, their effects on
substrate partitioning in muscle are largely unknown and controversial. Therefore, the
experiments outlined in this thesis were designed to elucidate the effects of various
AMPK activating agents (AICAR, troglitazone) and nutrients (palmitate) on different
aspects of glucose and fatty acid metabolism, and insulin signalling in skeletal muscle. In
addition, several experiments have been conducted to give a broader understanding of the
implication of whole-body AMPK activation and the outcome this has on energy

metabolism and body composition in rats.



2. LITERATURE REVIEW
2.1 AMP-activate protein kinase

Although AMPK was not officially discovered until 1987 by Carling et al (19),
repbrts of a nucleotide responsive enzyme involved in lipid metabolism began to surface
in 1973. The first of these reports demonstrated that partially purified rat liver acetyl-
coenzyme A carboxylase (ACC) activity was modulated by ATP (20), which led the
authors to speculate that ACC activity was regulated by an upstream ATP-dependent
kinase. In a similar fashion, the second of these reports demonstrated that 3-hydroxy-3-
methyl-glutaryl-CoA (HMG-COA) reductase activity was reduced in the presence of ATP
(21). Unknowing of the fact that regulation of ACC and HMG-CoA reductase was in fact
achieved by the same enzyme, researchers named these upstream regulators ACC kinasé
and HMG-CoA reductase kinase, respectively. Subsequent investigations demonstrated
that both ACC kinase (22) and HMG-CoA reductase kinase (23) were stimulated by 5°-
AMP, which later gave rise to the name AMP-activated protein kinase (AMPK) (24).
When AMPK was eventually sequenced, it was found to be a homolog of the budding
yeast (Saccharomyces cerevisiae) protein kinase sucrose non-fermenting-1 (SNF-1) (25).

Similar to SNF-1 in yeast, AMPK is a heterotrimeric enzyme that has been
proposed to function as a sensor of cellular energy status (2). It is comprised of a
catalytic subunit (o) and two regulatory subunits (B and v), which are widely distributed
in a variety of tissues in the body including skeletal muscle, heart, brain, adipose tissue,

pancreas, and liver (26). There are 2 or 3 genes that encode each subunit which can



result in 12 different combinations, with splice variants adding even more diversity (2,
18).

The o subunit can be found in two isoforms, namely al and a2, both of which are
encoded by two distinct genes (PRKAA1 and PRKAA?2, respectively) with the enzyme
kinase domain being located in the N-terminal region (2) (Figure 1). In addition, this
region of the a-subunit also contains a threonine residue (Thr-172) which is
phosphorylated by upstream kinases and is an important regulatory site for activation of
AMPK. On the other hand, The C-terminal region of the a subunit contains an
autoinhibitory sequence (AILS) that represses kinase activity (Figure 1). This is evident
from bacterial constructs that exhibit greater than 10-fold reduction in activity when the
AIS is expressed (27). The C-terminal region of the a-subunit is also important for
forming an active complex with the B and y subunits. Even though the two o isoforms
appear to have similar substrate specificity, the al is primarily found in the cytoplasm,
whereas the 02 isoform is enriched in the nucleus of different cell lines including skeletal
muscle (28), pancreatic j cells (29), and neurones (30).

Similar to the o subunits, the B subunits (1 and B2) are also encoded by two
separate genes (PRKAB1 and PRKAB2) (2, 18). These subunits contain two conserved
regions in the C-terminal domain which are required to form a functional afy complex
regulated by AMP and are therefore regarded as protein ‘scaffolds’ on which the AMPK
complex is assembled (2). The central region of the B subunits contains a glycogen
binding domain (GBD) that allows the AMPK complex to associate with glycogen in

intact cells (18) (Figure 1). This domain is related to non-catalytic domains found in



enzymes that metabolize the al-6 linkages found in starch and glycogen. While the
current physiological function for this domain remains unclear, it is believed that it may
be important to localize the AMPK complex close to glycogen synthase (GS) which is a
substrate of AMPK (2, 18). Bringing these two enzymes in close proximity to each other
may be a way to accelerate the deactivation of GS and promote glycogenolysis thereby
increasing cellular ATP levels (2). In support of this, recent evidence has shown that the
B-subunit interacts with glycogen debraﬁching enzyme, which may be an additional level
of control that helps increase the rate of glycogen breakdown under conditions of cellular
energy depravation (31).

Similar to the a and B subunits, the y subunits (y1, y2, and y3) are also encoded by
three distinct genes (PRKAG1, PRKAG?2 and PRKAG3) (2) (Figure 1). The y2 and y3
isoforms contain N-terminal extensions (y2 and y3 long isoforms) which can be truncated
by RNA splicing to form y2 and y3 short isoforms. The current function of the latter two
isoforms has not been established and requires future investigation. Immediately adjacent
to the N-terminal extension on the C-terminal side are short, conserved regions that serve
as the site of interaction with the B-subunit (Figure 1). This region is followed by 4
tandem repeat domains that were first discovered by Bateman in the enzyme
cystathionine B-synthase (CBS) and are accordingly called CBS sequences (2, 18, 32).
Collectively these 4 sequences form a pair of Bateman domains responsible for
nucleotide binding and allosteric activation of AMPK (2, 18, 25). It has previously been
demonstrated that each of these domains is capable of binding either AMP or ATP,

although the former binds with a higher affinity than the latter (18). However, recent



investigations have revealed that site B of the Bateman domains is also capable of

binding ADP, although the importance of this still remains to be revealed (33). |
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Figure 1. AMPK subunits and various domains. The mammalian al/a2 and $1/B2 are
similar in size (indicated by the number of amino acids (AA) in brackets) and sequence
and therefore, a generalized example is shown for each. The a subunits contain the N-
terminal kinase domain which can be phosphorylated on Thr-172 by upstream kinases.
The phosphorylation is critical for enzyme activity. The C-terminal contains an AIS that
is important in repressing kinase domain activity and a p-binding domain that forms a
complex with the B-subunit. The B-subunits are considerably smaller in size than a-
subunits and contain an N-terminal GBD and a C-terminal o/y binding domain. The y-
subunits contain a small region on the C-terminal side immediately adjacent to the N-
terminal side which is important for § binding. This region is flanked by 4 tandem CBS
domain repeats which form a pair of Bateman domains. Bateman domain A binds AMP
and ATP, while domain B also binds ADP. The CBS2 domain also contains a
pseudosubstrate sequence (PSS) which plays a role in inhibiting kinase activity in the
absence of AMP (2, 18).



2.2 Regulation of AMPK by AMP and Calcium

The binding of AMP to the y subunit of AMPK leads to allosteric activation of the
enzyme by up to 5-fold (19). Until recently, the mechanisms by which activation of the
AMPK complex by AMP took place were unclear; however, work by Scott et al (34)
established the presence of a pseudosubstrate sequence (PSS) within the CBS2 domain of
the y-subunit, which resembles the recognition motif for AMPK substrates (Figure 1). It
was later proposed by Hardie et al (2) that in the absence of AMP, the PSS interacts with
the substrate binding region on the kinase domain, which inhibits kinase activity. In turn,
the binding of AMP to the y-subunit prevents the interaction of the kinase domain with
the PSS and leads to activation of the enzyme (2).

Aside from allosterically activating AMPK, AMP also promotes its
phosphorylation by upstream kinases on Thr-172 of the a subunit. One of these upstream
kinases has been identified as the tumor suppressor protein LKBI1, which forms a
complex with two accessory subunits termed Sterile 20-related adaptor protein (STRAD)
and mouse protein 25 (MO25) (35). The LKBI1 complex is thought to be constitutively
active, therefore, AMP does not activate it, but instead makes AMPK a better substrate
for phosphorylation (Figure 2). In addition, AMP also makes AMPK a worse substrate
for protein phosphatases that dephosphorylate AMPK on Thr-172 (36). In contrast to
allosteric activation, phosphorylation of AMPK increases its activity by up to 100-fold
(37). However, even though AMP induces AMPK activation on a number of different
levels, these effects are antagonized by high concentrations of ATP (18). Therefore, one

of the most important factors that regulates AMPK activity is the AMP:ATP ratio in the



cell. In skeletal muscle, ATP concentrations in the basal state are approximately SmM,
whereas AMP levels are approximately 0.2mM (38). During exercise, ATP is broken
down to ADP, and subsequently the adenylate kinase reaction catalyses the conversion of
2ADP molecules to one ATP and one AMP molecule (39). As aresult the ATP levels are
reduced by approximately 20% and the AMP levels increase by as much as 300% (38),
making the AMP:ATP ratio a very sensitive indicator of cellular energy status. In this
context, any metabolic stress that either inhibits ATP production or stimulates ATP
consumption is, in theory, capable of inducing AMPK activation. For example, 2-
deoxyglucose, a nonmetabolizable glucose analog depletes cellular ATP stores, and has
therefore, the capacity to activate AMPK (40). Other agents that activate AMPK by
depleting ATP levels include poisons that inhibit oxidative phosphorylation and consist
of potassium cyanide (KCN), arsenite, and azide (18). Ischemia and hypoxia are also two
stressors that can alter the AMP:ATP ratio and can, therefore activate AMPK (41).
However, activation of AMPK is not always dependent on LKB1 as other upstream
enzymes have also been identified to play a role in this process.

In HeLa cells, a cell line that lacks LKBI1, as well as embryonic fibroblasts
isolated from LKB1 knockout animals, there is still some level of basal AMPK
phosphorylation (35, 42). Interestingly, the addition of the calcium ionophore, inomycin,
to these cells increases phosphorylation of AMPK on Thr-172 and also its activity (42).
The enzyme responsible for performing this action has been identified as
Ca”*/calmodulin-dependent protein kinase kinase (CaMKK) (43, 44). This protein is

primarily expressed in the brain but can also be found in the testis, thymus, and T cells



(18, 45).  Any treatment that increases Ca’" influx in these cell types creates an
immediate demand for ATP, as these ions are pumped out of the cytoplasm by ATP-
dependant pumps in the plasma membrane and endoplasmic reticulum (18). Towler et al
(18) speculate that activation of AMPK under these conditions is a way for the cell to
anticipate the need for ATP created by Ca”" entry into the cell. However, due to the
limited tissue distribution of CaMKKs, it is unlikely that this mechanism for AMPK

activation is present in skeletal muscle (18).
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Figure 2. Depiction of AMPK activation by AMP. Panel A: Normal ATP levels in the
cell maintain AMPK in its inactive state making it difficult for upstream kinases to
phosphorylate the a-subunit. Panel B: Various cellular stresses that deplete ATP levels



and promote the formation of AMP lead to the activation of AMPK. As the AMP:ATP
ratio increases, AMP molecules bind to the y-subunit, allosterically activating the enzyme
and allowing AMPK to change conformation in such a way that it becomes a better
substrate for upstream kinases like LKB1 (46).
2.3 Pharmacological activation of AMPK
2.3.1 Activation of AMPK by AICAR

The compound 5-aminoimidazole-4-carboxamide-1-B-p-ribofuranoside (AICAR)
is perhaps one of the most frequently utilized pharmacological agents to induce AMPK
activation. This adenosine analog is rapidly taken up by adenosine transporters located on
the plasma membrane and is phosphorylated by adenosine kinase to form the nucleotide
5-aminoimidazole-4-carboxamide- 1-f-p-ribofuranosil-5’-monophosphate, also known as
zeatin riboside-5-monophosphate (ZMP) (47, 48). Originally, this drug was first utilized
nearly 30 years ago to improve the recovery following myocardial ischemia and heart
attacks (49, 50). At the time, researchers were not aware of the presence of AMPK and
therefore, alternate mechanisms by which AICAR elicited its beneficial effects were
proposed. The principles as to why AICAR improved recovery following myocardial
ischemia were centred on the fact that adenine nucleotide depletion takes place during
reperfusion (51-53). ATP is converted to ADP and AMP when high energy phosphates
are utilized for myocardial contraction. Oxygen deprivation impairs mitochondrial
rephosphorylation of AMP resulting in a rise in tissue AMP levels (52). Plasma
membrane nondiffusable AMP is further degraded to adenosine, inosine, and
hypoxanthine, all of which diffuse easily through cell membranes. During reperfusion,

these extracellular adenine metabolites are, to a large degree, washed away resulting in
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depleted tissue adenine nucleotide levels leading to AMP values that are far below
preischemia levels (52). The reduced AMP levels were believed to be responsible for
impaired ATP recovery, even following prolonged reperfusion after ischemia. Since ZMP
is an intermediate in the synthesis of ATP and guanosine triphosphate (GTP), it was
proposed fhat AICAR might have beneficial effects by replacing, via de novo synthesis,
the depleted levels of these nucleotides caused by ischemia and reperfusion (54) (Figure
3). However, at the time it was not realized that ZMP also mimics the effects of AMP on

the yet unknown AMPK pathway (46).
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Figure 3. Previously believed theory regarding the effects of AICAR on nucleotide
replenishment in ischemic and reperfused cardiac muscle. Under ischemic conditions
the breakdown of AMP into adenosine, inosine, and hypoxanthine accounts for a large
part of AMP loss, which limits ATP recovery during reperfusion. It was believed that
AICAR elicits its beneficial effects in ischemic heart muscle by replenishing the AMP
pool, and by doing so was preventing nucleotide loss. Currently, we know this not to be
the case, but instead AICAR delivers its beneficial effects by activating the AMPK
pathway (51). ‘
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2.3.2vActivation of AMPK by Thiazolidinediones (TZDs)

Thiazolidinediones (TZDs) are a common class of drugs used for treatment of
T2DM. These oral antidiabetic agents, such as troglitazone, pioglitazone, and
rosiglitazone, improve insulin sensitivity and glucose homeostasis in both humans (55)
and animals (56-58). It is widely accepted that the molecular target of TZDs is the
peroxisome proliferator activated receptor-y (PPAR-y), a transcription factor that belongs
to the nuclear.receptor family and is predominantly expressed in adipose tissue (59).
Activation of PPAR-y by TZDs increases the transcription of genes involved in fatty acid
synthesis and storage causing a reduction of plasma non-esterified fatty acid (NEFA)
levels (60, 61).

Although a large body of evidence supports the importance of TZD-mediated
PPAR-y activation on the improvement of insulin sensitivity, it appears that TZDs also
exert metabolic effects that are independent of the activation of this transcription factor.
In fact, it has been reported that after 10 to 20min of infusing troglitazone in rats in vivo,
bloovd glucose levels were significantly reduced (62). However, it was not clear whethef
this acute in vivo glucose lowering effect was primarily due to actions of troglitazone on
fat tissue or by also affecting other tissues that may contribute to glucose disposal.
Interestingly, lipoatrophic (fatléss) mice treated with TZDs had improved insulin
sensitivity, suggesting non-adipocyte targets for these drugs (63). More recently, it was
observed that incubating rat extensor digitorum longus (EDL) muscles with either
troglitazpne or rosiglitazone for 30min increased glucose uptake and fatty acid oxidation

in this tissue (64). Due to the short exposure to TZDs and also because muscle expresses
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very low levels of PPAR-y (59), these acute effects of TZDs were unlikely dependent on
activation of this transcription factor. In fact, the authors of the study presented evidence
that TZDs exert direct effects on glucose and lipid metabolism in skeletal muscle, an
effect that was attributed to phosphorylation/activation of AMPK (64). Along these lines,
several studies have reported that TZDs cause rapid activation of AMPK in L6 (65), H-
2K® muscle cells (66), and in isolated rat EDL muscles (64). However, the metabolic
implications of TZD-induced AMPK activation in skeletal muscle, especially regarding
long-chain fatty acid (LCFA) oxidation and substrate partitioning, have been
controversial and not clearly established. Previous short (90min) and long-term (up to
25h) studies have reported that TZDs inhibit complex I respiration and suppress glucose
and palmitate oxidation in isolated rat skeletal muscles (67). This scenario seems clearly
at odds with the hypothesis that AMPK activation by TZDs would increase LCFA
oxidation and exert an anti-lipotoxic effect in skeletal muscles. It could be argued that the
effects of TZDs on AMPK activation leading to oxidation of LCFAs are overridden by
other more powerful direct inhibitory effects of these drugs on crucial steps of the
respiratory chain. However, in opposition to this idea are the recent findings that
troglitazone and pioglitazone rapidly induce phosphorylation/activation of AMPK and
cause a significant increase in palmitate oxidation in isolated rat EDL muscles (64).
Currently, there is no consensus regarding the regulation of the AMPK/ACC system by
TZDs and its effects on lipid metabolism and substrate partitioning in skeletal muscles.
Furthermore, it may be possible that by promoting AMPK activity and acutely altering

glucose and lipid partitioning in muscle cells, TZDs may also affect other metabolic
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pathways such as fatty acid uptake and lipogenesis in muscle cells. These alterations
could mediate potential insulin sensitizing effects of TZDs in skeletal muscle cells. In
fact, evidence has been provided that in isolated muscle incubations ranging from 30min
to 25h (64, 65, 67), TZDs improve glucose uptake in this tissue. Some of these studies
indicate that AMPK activation seems to be responsible for these acute effects of TZDs in
skeletal muscle (64, 65). However, it still remains to be determined whether TZDs exert
acute insulin sénsitizing effects exclusively by activating AMPK or by also
independently affecting crucial steps of the insulin signaling pathway. In this context, a
recent investigation has reported that acute treatment of L6 muscle cells with troglitazone
does not alter basal phosphatidylinositol 3-kinase (PI3-K) activity or Akt/protein kinase
B (PKB) phosphorylation in the insulin signaling pathway (65). Surprisingly, this study
did not provide data regarding the effect of combining insulin and troglitazone on insulin
signaling and on glucose uptake and metabolism. This is particularly important since in in
vivo conditions TZDs and insulin are simultaneously present. Therefore, analysis of
potential interactions between glucose and lipid' metabolism under conditions where
insulin and TZDs are cémbined is of great physiological relevance and require further
clarification. A series of experiments in this thesis have been designed to clarify these
issues.
2.4 Pharmacological inhibition of AMPK

Since the discovery of AMPK in 1987 by Carling et al (19), a number of
pharmacological inhibitors have been utilized to investigate the effects of this enzyme in

various cells. Idotubercidin and adenine 9-B-D-arabinofuranoside (ara-A) are two
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compounds that have been demonstrated to inhibit AMPK activity (68). However,
neither of these compounds were specifically designed to inhibit activity of AMPK, but
instead have been utilized to investigate activity of other enzymes as well. In this
respect, ara-A is an inhibitor of DNA synthesis and has been utilized for many years in
the treatment of chronic hepatitis B (69). It reduces the serum levels of virus DNA-
polymerase leading to a loss of infectivity and an overall improvement in liver disease
(70). In addition, ara-A has also been utilized as an adenylate cyclase inhibitor (71). Ina
similar fashion, idotubercidin was utilized for other purposes prior to being employed in
studies necessitating inhibition of AMPK. In this context, this chemical compound is an
adenosine kinase inhibitor (72), an enzyme that catalyses the phosphorylation of
adenosine to AMP, utilizing ATP in the process. Since such a reaction amplifies an
increase in the AMP:ATP ratio leading to AMPK activation, then inhibition of adenosine
kinase would prevent this from occurring. Taken as a whole, these data demonstrate that
both idotubercidin and ara-A are non-specific inhibitors of AMPK and have the
capability of influencing various other ceﬂular processes as well. To address this
problem in 2001, Zhou et al (12) created a small molecule specifically designed to inhibit
AMPK in a more selective manner. The authors demonstrated that the agent 6-[4-(2-
Piperidin-1-yl-ethoxy)-phenyl)]-3-pyridin-4-yl-pyrrazolo[1,5-a]-pyrimidine  (compound
C) is competitive with ATP for ATP binding sites on AMPK. In addition, in in vitro
assays, compound C did not show significant iﬁhibition of several kinases, including
zeta-associated protein kinase, spleen tyrosine kinase, protein kinase C 6, protein kinase

A (PKA), and janus kinase 3. Zhou et al (12) also established that compound C is able to

15



block AICAR-induced AMPK activation in hepatocytes. The conclusions that can be
drawn from these experiments are that compound C is a better suited pharmacological
agent to inhibit AMPK as opposed to idotubercidin and ara-A.

2.5 Control of different metabolic pathways by AMPK in muscle

2.5.1 Fatty Acid Metabolism

2.5.1.1 Regulation of fatty acid uptake (general overview)

Since intramuscular lipids are limited energy sources, skeletal muscle has to rely
on a steady fatty acid (FA) supply from adipose tissue. Prior to lipid oxidation taking
place inside the muscle, FAs first have to gain access to the oxidative machinery by
crossing the plasma membrane. This is a process that happens in one of two ways: 1)
free fatty acids (FFAs) freely diffuse across the plasma membrane, and 2) they are taken
up by proteins present on the membrane. Generally, it is believed that LCFA transport
into the mitochondria by the mitochondrial membrane enzyme carnitine pamitoyl
transferase (CPT)-1 is the rate-limiting step in the oxidation process. However, in recent
years evidence 'has been accumulating suggesting that plasma membrane protein-
mediated FA uptake into the cell 1s also a highly regulated process.

An important component of FA uptake into any cell is the level of FFA available
for transport. In the plasma, the majority of circulating FAs are bound to the carrier
protein albumin, with only a very small fraction circulating in a completely free, unbound
form. It is only the albumin unbound form of fatty acids that can be taken up by cells
and metabolized. Most manuscripts refer to the levels FFAs in serum to range between

200 and 600pM under normal conditions (73). However, these values include the
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albumin bound form as well as the unbound form of FA. In reality the levels of FFA that
are not bound to albumin, and therefore available for transport into cells are in a much
lower range of approximately 7.5 + 2.5nM in healthy humans (74). These levels of
albumin unbound FA are determined by the FA:albumin molar ratio in the plasma, which
in healthy humans is approximately 1 (73, 74). Interestingly, this ratio is a crucial
determinant of FA availability for transport as an increase in it from 1 to 4 results in a 19-
fold increase in the unbound FFAs from approximately 8 to 151nM (74).

It was believed that entry of the unbound FFAs into cells occurs via diffusion
across the plasma membrane; however, several proteins have been identified in the past
century, which have now been implicated to participate in this process (75, 76). Of the
different proteins involved in this process, the 88kDa fatty acid translocase (FAT/CD36)
has received the most attention. Its involvement in LCFA uptake was first discovered in
1993 in studies utilizing reactive sulpho-N-succinimidyl FA esters, a compound that
inhibits FA uptake in isolated adipocytes (77). Unlike other fatty acid transporters, one of
the most interesting characteristics of FAT/CD36 is that it can be found both on the
plasma membrane and in intracellular compartments (78). The role of these intracellular
pools was clarified in studies that used both exercise and insulin as treatment protocols
and found that both increase the recruitment of this transporter from intracellular
compartments to the plasma membrane (79). In this context, it has been demonstrated
that exercise-induced translocation of FAT/CD36 involves activation of AMPK (80). On
the other hand, in the case of insulin it has been established by the use of the selective

PI3-K inhibitors wortmannin and LY-294002 that PI3-K activation is necessary for
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insulin-stimulated translocation of FAT/CD36 (80-82). Currently, it is not clear which
downstream targets to PI3-K and AMPK are involved in FAT/CD36 translocation.
However, it is believed that similar mechanisms leading to Glut-4 translocation to the
| membrane may alsob be responsible for FAT/CD36 recruitment (75, 80).

In addition to its role in FA uptake into the cell, FAT/CD36 has been implicated
in the control on FA uptake into the mitochondria (83). The first indication that
FAT/CD36 may be involved in regulating FA uptake into the mitochondria came from
immunopricipitation studies, which established the co-localization of these transporters
with CPT-1 (83) (Figure 4). Interestingly, the addition of the FAT/CD36 inhibitor sulfo-
N-succinimidyl oleate to isolated muscle mitochondria reduced palmitate oxidation by
approximately 85%, a finding that implies an important role for these proteins in
mitochondrial FA metabolism (83). Recent experiments conducted in isolated
mitochondria from human skeletal muscle have suggested that the role of these
transporters is to shuttle acylcarnitine formed by CPT-1 from the outer to the inner
mitochondrial membrane where it is translocated into the matrix by carnitine
acylcarnitine translocase (CACT) (84) (Figure 4). The conclusions that can be drawn
from these investigations are that FAT/CD36 is a crucial player in the control of FA
uptake into skeletal muscle and also mitochondria for oxidation. Currently, it still
remains to be determined whether these proteins have additional functions in skeletal
muscle.

A second integral membrane protein with an apparent role in fatty acid uptake

into skeletal muscle is the 63 kDa FA transport protein (FATP). Thus far, six isoforms of
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this protein have been identified with tissue specific dirstribution (76). While FATP1 is
predominantly expressed in adipose tissue, heart and skeletal muscle, it is absent in the
liver, a tissue that almost exclusively expresses the FATPS isoform. FATP4 on the other
hand is the only FATP transporter expressed in enterocytes, and is therefore believed to
play a crucial role in intestinal fatty acid transport (76). Interestingly, it has been
demonstrated that insulin, similar to FAT/CD36 translocation, also induces FATPI1
translocation to the plasma membrane from perinuclear compartments in adipocytes (85).
However, more work is necessary to determine if the other members of this family follow
a similar pattern in other tissues.

The third candidate FA transporter that has been implicated in FA transport into
cells is the 40 kDa protein termed plasma membrane FA binding protein (FABPyp),
which is bound to the outer surface of the plasma membrane (86). Evidence fpr its
involvement in FA uptake stems from observations that FABP,, is induced d?uring
differentiation of 3T3-L1 fibroblasts into adipocytes (87). Additional studies havé also
shown that application of an antibody raised against FABP,y, inhibits FA uptake in
different cell lines including hepatocytes, cardiomyocytes and adipocytes (86).

An impoftant area of study that has evolved from the discovery of these different
FA transports is the roles they play in different physiological and pathological condi%tions.
In this context, it has been demonstrated that endurance training increases the céllular
content of both FAT/CD36 (88) and FABP, (89). In addition, short-term fasting also
results in increased abundanceé of FABP,, (90). These adaptations most likely takeiplace

due to an increased reliance on FAs as an energy substrate during either endurance
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exercise or fasting. Interestingly, findings in pathological states like obesity indicate that
this process is also upregulated in individuals and animal models affected by this
condition (91, 92). It has been reported that skeletal muscle of obese subjects has higher
levels of FABP,m (93). In line with these findings, Bonen et al (94) reported that LCFA
transport is upregulated by approximately 4-fold in muscle of obese individuals, a finding
which coincided with increased levels of FAT/CD36. As a result of the increase in FA
uptake and reduced capacity to oxidize these FAs in these individuals, lipid metabolism
byproducts such as diacylglycerol and ceramides accumulate in muscle and can léad to
insulin resistance. Taken together, these findings represent an area of theraf)eutic
intervention in obesity which could potentially be geared towards reducing FA uptake
and storage in skeletal muscle, thus aiding in the improvement of wholeLbody
metabolism.
2.5.1.2 Effect of AMPK activation on fatty acid uptake in muscle

The first reports that AMPK may be involved in skeletal muscle FA uptake Began
surfacing in the year 2000. Bonen et al (95) demonstrated that in vitro eleétrical
stimulation of skeletal muscle giant sarcolemmal vesicles induces translocation of
FAT/CD36 to fhe plasma membrane from intracellular pools. In addition, the authprs of
this study also demonstrated a rapid increase in palmitate uptake into these vesicles
which was blocked by sulpho-N-succinimidyl oleate, a specific inhibitor of FAT/CD36
(95). Subsequent studies demonstrated that AICAR stimulates LCFA uptake in a non-
additive manner to electrical stimulation in cardiac myocytes (80). Furthermore, 1n the

presence of idotubercidin, the AICAR-induced increase in LCFA uptake was abolished,
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indicating that the formation of ZMP by adenosine kinase 1s necessary for these effects to
occur (80). From an energy balance perspective, it makes perfect sense that since AMPK
activation induces an increase in FA oxidation in skeletal muscle, it should
simultaneously also increase availability of this substrate by promoting its uptake.

2.5.1.3 Mitochondrial uptake and oxidation of fatty acids (general overview)

Once LCFAs translocate across the plasma membrane, they have to be activated
by the addition of a CoA-SH group to the molecule. This reaction is catalyzed by the
enzyme fatty acyl-CoA synthetase and requirés ATP (39). The activation process ajllows
FAs to be utilized in various cellular reactions including esterification into TG poo%ls, or
oxidation by the mitochondria. The importance of FA activation prior to utilization in
various cellular processes is highlighted by the association of fatty acyl-CoA synthetase
with a number of different organelles including: the plasma membrane, éouter
mitochondrial membrane, endoplasmic reticulum, and lipid droplets in adipocytes‘ (73).
FAs taken up from the extracellular fluid are activated in this way by the plasma
membrane bound form of fatty acyl-CoA synthetase, whereas FAs released froﬁa the
intracellular TG pool are activated either by the lipid droplet or the mitochondrial
membrane-bound form of this enzyme (73) (Figure 4). In skeletal muscle, activated FAs
are primarily utilized by the mitochondria for oxidation, as the lipid storage capac:ity of
these cells is limited.

One of the highly regulated processes in skeletal muscle fatty acid metabolism is
the translocation of LCFA-CoA molecules across the outer mitochondrial membrape by

the rate-limiting enzyme CPT-1. This enzyme imports LCFA-CoA into the
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mitochondrial intermembrane space and in the process it also catalyses the revejrsible
esterification of carnitine with LCFA-CoA to form long-chain acyl;:amitine (96) (Figure
4). Recent evidence suggests that acylcarnitine is shuttled from the outer mitochor}drial
membrane to the inner membrane by FAT/CD36 (84). Subsequently, acylcamitine is
transported from the intermembrane space into the mitochondrial matrix in a
simultaneous 1:1 exchange ratio with matrix-derived free carnitine via CACT, ldcated
within the inner mitochondrial membrane (Figure 4). Inside the matrix, CPT-2 located
on the matrix side of the inner mitochondrial membrane transesterifies acylcarnitinef back
to free carnitine and LCFA-COA (96). The intramitochondrial LCFA-CoA is now }ready
to enter the B-oxidation pathway where it is broken down into two-carbon acetylj—CoA
molecules to be utilized in the Krebs cycle. In this system, it is important to note that
CPT-1 is the rate-limiting enzyme for LCFA entry into the mitochondria. However,
inhibition of CPT-1 only prevents the oxidation of FAs with a carbon chain length gfeater
than eight (97). ‘Octanoate, a medium chain FA composed of eight carbons bypasses the
site of CPT-1 inhibition by diffusing directly into the matrix where medium-chain fatty
. aéyl-CoA synthetase forms octanoyl-CoA which can then be oxidized (97).
Nevertheless, the metabolism of LCFAs by the CPT system is an important pathway by
which lipids gain access to the oxidative machinery in the mitochondria. Interest?ingly,
data from obese individuals demonstrating an elevated respiratory quotient (RQ) suggests
that this process is impaired in this population (98). In this context, Simoneau et a%l (93)
demonstrated that indeed, CPT-1 activity is significantly depressed in skeletal muscle

obtained from obese individuals compared to lean subjects. Therefore, understandiflg the
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factors that control this pathway may represent an important therapeutic aspect toWards

improving the metabolic phenotype in obese populations.
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Figure 4. Import of LCFA into the mitochondria for B-oxidation by the CPT system.
LCFA are activated by fatty acyl-CoA synthetase located on the outer mitochondrial
membrane. The product of the reaction, fatty acyl-CoA is esterified with carnitine by
CPT-1 and simultaneously translocated to the intermembrane space. CoASH is liberated
in the reaction to be reused in other reactions. Acylcarnitine is shutteled across the
intermembrane space by FAT/CD36 which is associated with CPT-1 on the inner surface
of the outer mitochondrial membrane. Once it reaches the inner mitochondrial membrane,
acylcarnitine is transported into the matrix in a simultaneous 1:1 exchange ration with
free carnitine from the matrix. Inside the matrix acylcarnitine is transesterified back to
free carnitine and fatty acyl-CoA in a reaction catalyzed by CPT-2, which is 51tuated on
the matrix side of the inner mitochondrial membrane (96, 97).
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2.5.1.4 Effects of AMPK activation on fatty acid oxidation

One of the well established pathways controlled by AMPK is the import of FAs
into the mitochondria. In its active state, AMPK phosphorylates and deactivates its éiirect
substrate ACC. When ACC is inactive, it fails to convert acetyl-CoA to malonyl-iCoA, :
thus resulting in a fall in intracellular malonyl-CoA levels (Figure 5). This disinjhibits
CPT-1 and increases mitochondrial import and oxidation of LCFAs in skeletal (99,; 100)
and heart muscle (101-103). Therefore, the AMPK/ACC pathway is thought to glay a

central role in the regulation of cellular lipid homeostasis (Figure 5).
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Figure 5. Effect of AMPK activation on LCFA import into the mitochondria. When
AMPK is activated either allosterically or by phosphorylation by upstream kinases, it
phosphorylates and inactivates ACC. Under these conditions, the malonyl-CoA levels in
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the cytoplasm begin to drop leading to increased activation of CPT-1 and the impbrt of
LCFAs into the mitochondria for oxidation.
2.5.1.5 Regulation of AMPK by fatty acids

In skeletal muscle, the activity of AMPK has been reported to be regulated by the
intracellular creatine:phosphocreatine ratio (104, 105) and glycogen content (106, 107),
both directly related to the energy charge of muscle cells. Fatty acids, another fnajor
cellular energy source may also regulate AMPK activity in skeletal muscle; however, no
data for this have been published. It .has been reported that in perfused rat ca?rdiac
muscle, palmitate (250 and 500uM) and oleate (500uM) significantly increased AMPK
activity without causing any significant alterations in the AMP/ATP ratio (108). Aﬁother
study has reported that exposure to 150uM acetate, octanoate, or palmitate caused a
significant increase in the AMP/ATP ratio followed by a significant increase in AMPK
activity in primary rat hepatocytes (109). In contrast to these observations are réports
that long-chain acyl-CoA esters inhibit activity and phosphorylation of AMPK by the
upstream LKB1/STRAD/MO25 complex (110). Currently, there is no conéensus
regarding the regulation of the AMPK/ACC system by FAs. However, it is hypothesized
that LCFAs could increase AMPK and ACC phosphorylation by 1) ATP utilizatic)n for
LCFA activation (109) and 2) directly regulating ACC phosphorylation, because 1n the
presence of exogenous FAs the de novo lipid synthesis pathway would be suppressed
(111). In rat skeletal muscle, refeeding after a fast increases malonyl-CoA and decreases
FA oxidation, which has been attributed to a decrease in FAs releasing the allosteric

inhibition of ACC (112). In order to clarify these issues some experiments in this ;.thesis
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have been designed to shed some light on the role that FAs play on activation of the
AMPK/ACC system in muscle cells.
2.5.2 Glucose Metabolism

Once glucose enters the muscle cell via the glucose transporter (Glut)-4 or élut—l
transporters it can be diverted to a number of different metabolic pathways inchilding
glycogen synthesis, glycolysis, lactate production, oxidation, or conversion into 1ipids

(Figure 6).
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Figure 6. Pathways of glucose metabolism. Glucose enters the muscle cell via Glut-4
transporters. Upon entry, it is rapidly converted into glucose-6P, a molecule that serves
as a precursor for glycolysis and glycogen synthesis. In post-prandial or post-exercise
conditions, glucose-6P is almost exclusively diverted towards glycogen synthesis with
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only a small quantity committed towards the glycolytic pathway. Under conditions of
stress, such as exercise, glucose-6P generated by the breakdown of glycogen and the
entry of glucose from the extracellular space is diverted towards glycolysis where it is
processed to form pyruvate. Pyruvate can then undergo one of two fates: 1) It can be
converted to lactate under conditions where the production of pyruvate exceeds its
removal by the mitochondria (i.e. intense exercise), or 2) it is taken up by the
mitochondria where it is oxidized to form acetyl-CoA. Acetyl-CoA condenses: with
oxaloacetate (OAA) to form citrate, which can either be processed in the TCA or Krebs
cycle or it can exit the mitochondria. In the cytoplasm citrate can be cleaved back into
OAA and acetyl-CoA. Of the two molecules, the latter is an important precursor for the
formation of malonyl-CoA. In lipogenic tissues such as the liver and adipose tissue,
malonyl-CoA serves as the building block for the formation of long-chain fatty acids.

2.5.2.1 Insulin signalling and glucose transport in muscle (general overview)

Insulin initiates its actions by binding to the insulin receptor which belongé to a
family of growth factor receptors, all with protein tyrosine kinase activity (113). This
receptor is widely distributed and can be found in virtually all mammalian tissues at
different concentrations ranging, from as few as 40 receptors in erythrocytes to as @any
as 200,000 in adipocytes and hepatocytes (114). The insulin receptor is a
heterotetrameric glycoprotein structure consisting of two a-subunits and two B-subunits
bound together by disulfide bonds (114). The a-subunits are entirely extracellulai and
contain the insulin binding site, whereas the B-subunits are transmembrane proteins and
are responsible for intracellular signalling (114) (Figure 7). The binding of insulin _ito the
o-subunit of the receptor leads to its auto-phosphorylation on multiple tyrosine %_sites,
which creates a recognition motif for insulin receptor substrate-1 (IRS-1). Asa resuit, the
insulin receptor phosphorylates IRS-1 on multiple tyrosine residues which recruits and
catalyzes the interaction with the regulatory (p85) subunit of PI3-K (115). In its activated

state, the p85 subunit of PI3-K activates the catalytic (p110) subunit of the enzyrrfe and
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targets it towards the plasma membrane localized substrate phosphatidylinositoi 4,5-
bisphosphate (PI(4,5)P;). The p110 subunit then phosphorylates PI(4,5)P; at position 3
of the inositol ring and produces the membrane bound lipid product PI 3,4,5-tﬁphosj3hate
(PI(3,4,5,)P3) which binds both Akt/PKB and phosphoinositide-dependent kinase 1
(PDK-1) (39). The binding of both of these proteins by PI(3,4,5)Ps; enables PDK-1,
which is constitutively active to phosphorylate Akt/PKB on Thr308 thereby activatiﬂg the
enzyme (Figure 7). However, full activation of Akt/PKB is not achieved until the Sér473
residue is phosphorylated by what is believed to be PDK2 (115, 116). Until recently, the
events that occurred between Akt/PKB activation and Glut-4 translocétion to the pjasma
membrane were not fully clear. It was speculated that Akt/PKB phosphorylated and
activated one or several proteins which ultimately led to Glut-4 translocation. Recently, a
new Akt substrate has been identified and shown to participate in Glut-4 vjcsicle
movement towards the plasma membrane (117). This novel protein was terme;:l Akt
substrate of 160 kilo Daltons (AS160), and contains six consensus Akt phosphowiation
sites as well as a Rab GTPase activating protein (GAP) domain (115). Rab proteiljns are
small G-proteins which cycle between a GDP-bound and GTP-bound state and regulate
several processes associated with membrane vesicle transport and trafficking ini cells
(118). Interestingly, the Rab proteins 2A, 8A, 10 and 14 appear to be substra?es of
AS160 and are also associated with insulin-responsive Glut-4 vesicles (119). Under
basal, non-insulin stimulated conditions ASl60 associates with Glut-4 vesicle§ and
maintains Rab proteins in their GDP-complexed inactive form. Upon insulin stimuiation,

AS160 is phosphorylated by Akt, which inhibits its GAP activity towards Rab prbteins
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leading to an active Rab-GTP complex. This results in increased Glut-4 vesicle
translocation to the plasma membrane (119). Interestingly, muscle contraction also
increases AS160 phosphorylation and Glut-4 translocation, a finding that now shc?ws a
convergence of signals derived by two different stimuli onto the same protein (115, 120).
While Glut-4 is one of 13 sugar transporters encoded by the human genome j(Glut
1-12, and myo-inositol transporter (HMIT)), it has the unique characteristics of being
located mostly in the intracellular compartments with only a very limited numﬁer of
transporters located on the cell surface in non-insulin stimulated conditions (121). IFS Kn
is approximately SmM for glucose; however as the density of plasma memzbrane
transporters increases in the presence of insulin, the maximal velocity (Vmax) for glﬁcose
uptake increases (122). Under low circulating insulin conditions it is mainly the Glut-l
transporters that are responsible for glucose transport across the plasma membrane (122).
This transporter is constitutively located on the plasma membrane and does not néed to

be translocated from intracellular pools like Glut-4s.
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Figure 7: The insulin signalling pathway and the control of glucose uptake and
glycogen synthesis. Insulin binds to the insulin receptor on the plasma membrane
resulting in autophosphorylation of tyrosine residues. Subsequently, IRS-1 is
phosphorylated by the insulin receptor leading to the activation of PI3-kinase, which
phosphorylates PIP, and converts it to PIP; in the plasma membrane. PIP; attracts both
Akt/PKB and PDK-1 to the surface bringing them in close proximity to each other, thus
allowing for the phosphorylation/activation of Akt/PKB by PDK-1. In its active state,
Akt/PKB phosphorylates AS160, inactivating the enzyme in the process. This lifts the
inhibitory effects of this enzyme on Glut-4 translocation from intracellular pools to the
plasma membrane ultimately resulting in an increase in glucose uptake. The glucose that
has now entered is diverted either to glycolysis or glycogen synthesis. Akt/PKB also
plays an important role in activating the glycogen synthesis pathway. When activated,
Akt/PKB phosphorylates/inactivates GSK-3, which then fails to phosphorylate/inactivate
GS thus maintaining it in an active state. The glucose that has now entered the cell via
Glut-4 transporters is synthesized by GS into glycogen. i
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2.5.2.2 Effect of AMPK activation on glucose uptake in skeletal muscle

Besides playing a crucial role in lipid metabolism, AMPK has also been shown to
promote carbohydrate metabolism in skeletal muscle. Since this tissue accounts for the
majority of glucose disposal in the body, it is only natural that a large amount of reséarch
has been conducted to better understand the underlying mechanisms that regulate this
process in this tissue. Studies performed by Hutber et al (123) provided evidenc¢ that
glucose uptake was increased in isolated skeletal muscle in response to contraction.? This
suggested that the intracellular energy deficiency caused by contraction was partly
accountable for an increase in glucose uptake in order to provide metabolic fuel forg ATP
generation (123). In addition, the fact that AMPK is activated by a change in the
AMP:ATP ratio, was making this enzyme a potential candidate for the contraction
induced increases in glucose uptake. Subsequent investigations demonstrated that AICAR
also increaées glucose uptake in skeletal muscle (124). In addition, it was observe?d that
the addition of wortmanin, a PI3-K inhibitor, completely blocked the effects of insulin on
glucose uptake but did not affect either the AICAR or contraction induced increase in this
variable (124). In this context, several studies have demonstrated that either exercise or
AICAR-‘induced AMPK activation increases glucosé uptake by increasing élut—4
translocation to the plasma membrane in an insulin-independent manner (125, ?126).
These data prove that AMPK-induced glucose uptake is not reliant on the insulin-induced
signalling cascade but instead represents an alternate pathway that culminates in Glut-4

recruitment to the membrane (Figure 8).
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One of the candidate enzymes that has been hypothesized to be responsible for the
AMPK-induce increase in glucose uptake is AS160. Recent experiments revealed that
wortmanin was able to completely block insulin mediated phosphorylation of AS160 by
Akt/PKB, but it did not effect contraction induced phosphorylation of this enzyme (120).
Taken as a whole, these experiments demonstrate that both AMPK and insulin signalling
converge onto the same target enzyme (AS160) to stimulate glucose uptake in skeletal
muscle via Glut-4 translocation (Figure 8). However, due to the fact that AMPK
heterotrimeric subunit combinations vary in different skeletal muscle fiber types (_127),
the effects of AMPK activation on glucose uptake in this tissue are not as simple as they
may appear. Several investigations provided evidence of an apparent differenee in
glucose uptake between skeletal muscles composed of different fiber types (28, 128,
129). Interestingly, when these muscles were incubated with AICAR ranging from 0 to
4mM, the soleus, a primarily oxidative muscle was the only one that did not inerease
glucose uptake at any of the AICAR concentrations (28). On the other hanel, the
epitrochlearis and flexor digitorum brevis (FDB) muscles (primarily glycolytic) increased
glucose uptake at AICAR concentrations as low as 0.5mM (28). These results are not
surprising given the fact that AICAR did not increase AMPK activity in the soleus
muscle similar to the way it did in the epitrochlearis and FDB in this study. HQv%ever,
while AICAR did not affect glucose uptake in the soleus, contractions led to an
approximately 3-fold increase in this variable under both fed and fasted conditions
similar to the effects observed in epitrochlearis and FDB muscles (28). This great degree

of variability with respect to the response to AICAR may be due to the different fiber
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type expression patterns of AMPK a subunits. In this context, Ai et al (28) showed that
the soleus muscle expresses a higher amount of AMPK 02 versus al, epitrochlearis
muscles expresses a similar amount of ol and o2, and the FDB expresses a higher
amount of al than a2. It may be possible that these different AMPKa subunit
expression patterns are important in determining the response to AICAR but may ﬁot be
crucial in the contraction induced response as that does not appear to be affected 1n the
soleus. The introduction of transgenic and genetic knockout mouse models to study
AMPK  action has enhanced our understanding of AMPK signalling and has help;cd to
shed more light on both contraction and AICAR induced glucose uptake. It hasgbeen
demonstrated that ablation of skeletal muscle a2 subunit impairs the AICAR-induced
glucose uptake response, but not the contraction mediated response on this variable (130,
131). Similarly, overexpression of an a2 kinase-dead subunit abolished AICAR, bl;ilt not
contraction-stimulated glucose uptake (126). From these data it is clear that differéntial
AMPK subunit expression in skeletal muscle plays an important role in the AICAR
induced glucose uptake response.

In addition to increasing glucose uptake, AMPK also promotes activation of the
glycolytic pathway (132). From a physiological perspective, it would be expected that if
the availability of glucose is increased, at least some of this glucose would be di\;erted
towards the glycolytic pathway. In the heart, hypoxia leads to impaired mitochoﬁdrial
ATP production via oxidative phosphorylation and as a result ATP levels have to be
maintained by other pathways (132). In this respect, Marsin et al (132) demonstrat(%d that

hypoxia-induced AMPK activation led to phosphorylation and activation of
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phosphofructokinase-2 (PFK-2) and subsequent activation of the lecolytic pathw?ay in
perfused hearts. In these circumstances, the increased activity of the glycolytic pathvéfay is
a mechanism for cardiac cells to compensate for reduced mitochondrial ATP produ;ction.
More importantly, this effect occurs concomitantly with an increase in glucose uétake,

therefore providing the necessary substrate for this pathway.
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Figure 8. Effects of AMPK activation on glucose uptake in skeletal muscle. An
increase in the AMP:ATP ratio allosterically activates AMPK and changes its
conformation in such a way that it becomes a better substrate for phosphorylation by the
upstream enzyme LKB1. In its active state, AMPK increases glucose uptake by directly
phosphorylating and inactivating AS160. This promotes GLUT-4 vesicle translocation to
the plasma membrane thereby increasing glucose uptake. PDC = Pyruvate
dehydrogenase complex. '
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2.5.2.3 Glycogen synthesis in skeletal muscle (general overview)

The process of glycogen synthesis involves the conversion of individual glucose
molecules into a highly branched polysaccharide structure bound together by al-4 and
al-6 linkages in the glucose carbon ring (39). The purpose of this process in skéletal
muscle is to store readily available energy that can be quickly mobilized duringi high
intensity physical activity or during periods of stress such as the fight-or-flight resgonse.
On average, a 70-kg person stores approximately 400g of muscle glycogen under ‘t;)asal,
non-fasted and non-stressed conditions which has an energy potential of 1600 kcal (133).
Even though the role of glycogen is to provide readily available energy for muscle jcells,
the process of glycogen synthesis has a crucial function in maintaining whole-body
glucose homeostasis. It has been demonstrated that synthesis of muscle gly¢ogen
accounts for most of the whole-body glucose uptake, and virtually the entire nonoxidative
glucose metabolism in both normal and diabetic subjects (134). More importantlzy, the
incorporation of glucose into glycogen is approximately 50% lower in type 2 diébetic
subjects compared to normal individuals (134), and therefore, understanding this process
may provide critical insights into improving glycemic control in these diseased
populations.

In the postprandial state when blood glucose levels are increased, circuiating
insulin binds to the insulin receptor on the muscle cell plasma membrane and triggers a
cascade of events that simultaneously promote Glut-4 translocation to the membrane and
activation of key enzymes involved in glycogen synthesis (Figure 7). Upon entry into the

cell, glucose is phosphorylated by hexokinase to form glucose 6-phosphate (G6P); This

35



product, if it is not processed rapidly enough either by the glycogen synthesis pathwhy or
the glycolytic pathway, can exert negative feedback inhibition on hexokinase acﬁvity,
thereby reducing glucose uptake (135). G6P also acts as an allosteric activatoi for
glycogen synthase (GS), which determines the rate of glucose incorporation into
glycogen and is the rate-limiting enzymes in this process (136). GS activity can algso be
regulated covalently by phosphorylation and dephosphorylation leading to inactivation
and activation of the enzyme, respectively (136), a process that is regulated by insulin.
Briefly, insulin increases Akt activation, which in turn phosphorylates, and inactivatf%:s the
downstream enzyme glycogen synthase kinase-3 (GSK-3) (136, 137) (Figure 7). G§SK-3
exists in two isoforms, namely GSK-30 and GSK-3p, both of which are phosphorylated
by Akt on Ser21 and Ser9, respectively (138). In its inactive state, GSK-3 fails to
phosphorylate GS, thereby allowing it to remain in an active form that promotes the
incorporation of uridine diphosphate (UDP) glucose into glycogen (39). GS cém‘be
phosphorylated on nine or more sites (137). Of these sites, phosphorylation of sites 2 and
2a, which correspond to Ser7 and 10 and sites 3a and 3b which correspond to Ser64b and
Ser644, respectively, decrease activity of GS more than phosphorylation on the iother
sites (139). Phosphorylation on site 2 is catalyzed by PKA and AMPK, whereas
phosphorylation of site 3a and 3b is achieved by GSK-3 (137).

Besides regulation by upstream enzymes, GS activity is also inversely regulated
by skeletal muscle glycogen content. It has been demonstrated that depletion of Iﬂuscle
glycogen during exercise activates GS (136, 137), and this activation becomes greajter as

muscle glycogen stores become lower (140). This adaptation results in a faster rhte of
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glycogen resynthesis in the early post-exercise period.. Further support that glycogen
levels control GS activation comes from patients with McArdle’s disease, a condiﬁon in
which glycogen can not be broken down due to a deficiency in glycogen phosphoﬁylase
(GP), the key enzyme involved in glycogen breakdown. In these patients, GS i%s not
activated after exercise in contrast to a control group that experienced signiﬁcant
activation of this enzyme (141). The mechanisms by which this occurs are currently not
known; however, it is hypothesized that changes in the glycogen levels alte} the
localization of GS within the cell and lead to its activation by protein phosphatase 1
(PP1) (136, 137). It is speculated that both GS and PP1 are bound to glycogen, and ;When
glycogen content is decreased, both enzymes are released and PPl can now
dephosphorylate GS and activate it (136, 142, 143).
2.5.2.4 Effect of AMPK activation on glycogen metabolism

Although the involvement of AMPK in glucose metabolism has been? well
documented, its role in glycogen metabolism is a lot less clear. Because AMPK is
activated under conditions of cellular stress to promote ATP synthesis and »restor:e the
AMP:ATP ratio, it is expected that energy consuming processes, such as glycogen
synthesis, would be shut down by activation of AMPK in skeletal muscle (144). In
support of this hypothesis, Carling et al (145) provided evidence that AMPK
phosphorylates isolated and purified GS, therefore decreasing its activity. HoWever,
subsequent in vitro and in vivo studies provide conflicting results regarding the role of
AMPK activation in skeletal muscle glycogen metabolism. It has been demonstratqd that

incubation of isolated FDB and epitrochlearis muscles (fast twitch muscles) with AiCAR
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does not alter either GS or glycogen phosphorylase activity (146). Glyéogen
phosphorylase, which catalyses the degradation of glycogen to glucose—l—phosphate,j is an
important determinant of the rate of glycogenolysis. Activation of glycogen
phosphorylase by AMPK is expected to lead to a reduction in glycogen conte?nt in
skeletal muscle. In this context, Young er al (147) demonstrated that either basal or
insulin-stimulated glycogen synthesis was unaffected by AICAR treatment in sbleus
muscles (primarily slow twitch), eveh though glycogen phosphorylase activity and léctate
production were increased. However, in this previous in vitro study reporting that ;acute
AICAR treatment induced an increase in glycogen phosphorylase activity, glyéogen
content in skeletal muscle was not measured (147). To complicate this matter further, it
has been demonstrated that rats chronically treated (5-28 days) with AICAR have
increased (up to 2-fold) muscle glycogen content (5, 6, 148). Interestingly, whit%a fast
twitch muscles elicit the most pronounced increases in glycogen éontent after cﬁronic
AICAR treatment (6, 148), suggesting important fiber type differences regarding th%: role
of AMPK activation in muscle glycogen metabolism. Even though these in vivo sﬁdieé
provide relevant information regarding the metabolic responses to AICAR-induced
AMPK activation, they do not allow for separation of direct from systemic effe%:ts of
AICAR on skeletal muscle glycogen metabolism. |
Another aspect that remains poorly explored is the role of AMPK activation in
insulin-stimulated skeletal muscle glycogen synthesis and the impact on whole-body
insulin-stimulated glucose homeostasis. This is particularly important given the fact that

insulin-stimulated muscle glycogen synthesis has been demonstrated to account for the
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majority of whole-body glucose uptake, and virtually the entire non-oxidative glucose
metabolism in both normal and diabetic subjects (17). In this context, it has been
demonstrated that AICAR-induced AMPK activation causes phosphorylation of IRS-1 on
Ser-789 residues in C,C), myotubes, suggesting crosstalk between AMPK and early ;steps
of insulin signaling that could have important implications for glycogen metab(j)lism
(149). Importantly, there is evidence that serine-phosphorylated forms of IRS-1 fﬁil to
associate with an active PI3-K, resulting in decreased translocation of glucose
transporters and other associated downstream events related to glucose metabolism (150).
From a glycogen synthesis perspective, it is hypothesized that AMPK activation %c’ould
cause IRS-1 phosphorylation on serine residues, impair downstream insulin signaling
events that depend on PI3-K activation, reduce phosphorylation and inactivation of
glycogen synthase kinase-3 (GSK-3), and cause inactivation of GS in skeletal muscle.
However, no data supporting this hypothesis have been published thus far and theréefore,
this will be addressed by experiments outlined in this thesis.
2.5.2.5 Metabolism of glucose and glycogen to lactate

Under conditions that demand a high energy output by skeletal muscles such as
intense exercise, glycogen is rapidly broken down to yield G6P molecules. These,
together with G6P molecules generated by the phosphorylation of glucose, entér the
glycolytic pathway (38, 39). Subsequently, the G6P molecules are converted to frﬁctose
6-phosphate, an intermediary product that acts as a substrate for the rate limiting
glycolytic enzyme PFK-1. PFK-1 is an allosterically regulated enzyme and poséesses

binding sites for ATP, citrate and AMP. Under basal conditions, when cellular e?nergy
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stores are high, ATP binds to the PFK-1 allosteric site and inhibits the enzyme, lirﬁiting
the flux of glucose through this pathway (38). Under conditions where the levels of fatty
acid oxidation are increased, high cytoplasmic citrate levels also inhibit PFK-ll by
binding to the allosteric citrate site. On the other hand, as the ATP stores are deléleted
newly formed AMP molecules bind to the AMP allosteric site of PFK-1 and inérease
affinity of the enzyme for fructose 6-phosphate (38). The formation fructosej 1,6-
bisphosphate by PFK-1 consumes one ATP molecule and is generally considered to be
the first committed step in glycolysis due to its kinetically irreversible nature?(38).
Subsequently, fructose 1,6-bisphosphate is broken apart into two 3 carbon molecule§s that
get processed through a series of reactions in the glycolytic pathway to yield 4‘ ATP
molecules, 2 NADH + H" molecules, and 2 pyruvate molecules (39). During iﬁtense
exercise, when the rapid activation of this pathway produces pyruvate at a faster rate than
it can be taken up by the mitochondria for oxidation, it is rapidly converted to lactié acid
by lactate dehydrdgenase (LDH) (151). The lactate ions which are formed this way can
then exit the muscle cell and can be metabolized by different tissues.
2.5.2.6 Effects of AMPK activation on lactate production

A number of different investigations have ﬁrovided evidence that the AMPK
activating drug AICAR increases systemic lactate concentrations in animals (5, 146) and
humans (152). In these investigations, however, it is difficult to determine where this
lactate is being produced, since most tissues in the body are affected by this drug
Additional studies have shown that isolated soleus muscles are one of the tissues that

respond to AICAR by increasing lactate production (147). Currently, the mechanisins by
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which this takes place in muscle are not fully clear. The possibility that LDH activity
may be augmented by AICAR was ruled out in a study conducted by Winder et al (148).
This investigation demonstrated that four weeks of AICAR injections does not alter jLDH
activity in white and red quadriceps, and soleus muscles (148). Therefore, it méy be
possible that AICAR is increasing lactate production by promoting an acceleration cj>f the
glycolytic pathway driven by changes in the activity of enzymes located upstream of
LDH. This would lead to the production of pyruvate at a higher rate than the ability of
mitochondria to oxidize this substrate, thus favouring its conversion to lactate. In support
of this, an investigation conducted by Bergeron et al (153) showed that 75 minuées of
AICAR treatment in rats increases calf muscle pyruvate concentrations by approximately
30%, whereas lactate concentrations were increased by approximately 3-fold. Taken as a
whole, these data suggest that AICAR accelerates the glycolytic pathway and promotes
lactate formation in skeletal muscle, effects that are independent of the activity of 1élctate
dehydrogenase.
2.5.2.7 Metabolism of lactate by different tissues

Lactate production in skeletal muscle is determined by the balance betweén the
activities of glycogen phosphorylase/PFK-1 and the activity of the pyruvate
dehydrogenase complex (PDC) in the mitéchondria (151, 154). The PDC determinés the
rate of pyruvate oxidation and conversion to acetyl-CoA, which is then further proéessed
in the Krebs cycle. If glycogen phosphorylase/PFK-1 are operating at a higher rate than
the PDC, then pyruvate accumulates and shifts the overall equilibrium in favour of 1actate

production (151, 154). As the intramuscular lactate concentrations increase, some of the
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lactate ions are released into the circulation where they are utilized by different tissues as
a metabolic carbon source, whereas some are utilized by adjacent muscle fibers (151). In
the liver, the process of gluconeogenesis can convert lactate back into glucose ;to be
released into the circulation, or it can be used to restore liver glycogen stores folloiwing
exercise-induced depletion. In the heart, adipose tissue, and even neural tissue léctate
released by skeletal muscles can be converted back to pyruvate and oxidized in the Krebs
cycle (39, 151). Lactate can also be oxidized by skeletal muscles or it can be us%ed to
restore muscle glycogen levels during the recovery from exercise (154, 155). In facf, it is
believed that due to its large mass and metabolic capacity, skeletal muscle, asidejfrom
being the largest producer of lactate, is probably also the major tissue in the body that
uptakes and utilizes this ion (156). It has been demonstrated that during recovery from
short term exercise, or even during continued prolonged exercise there is a net lactate
uptake from the blood by resting muscles or by other muscles that are exercising at a low
intensity (155, 157, 158). During moderate to high intensity exercise, glycolytic muscle

fibres are likely producing lactate, whereas neighbouring oxidative fibres are oxidizing it
(157, 159, 160).

In addition to lactate representing a carbon source for metabolic breakdown in
different tissues, its accumulation in skeletal muscle has also been implicated 1n the
development of insulin resistance (161). In this context, Choi et al (161) demonsfrated
that infusion of lactate in rats led to a reduction in glucose disposal duﬁng a
hyperinsulinemic-euglycemic clamp, an effect that was associated to a reduction in PI3-K

and Akt/PKB activation. Interestingly, anti-diabetic drugs such as trogliteizone,
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rosiglitazone, pioglitazone, metformin, and AICAR all improve skeletal muscle iﬂsulin
sensitivity, while at the same time increasing lactate production (146, 162-164). Cléarly,
in these cases, the increase in lactate production is not enough to overpower the iQSulin
sensitizing effects of these drugs; however, inhibition of lactate production m the
presence of these pharmacoiogical agents may be a’ method to further improve iﬁsulin
sensitivity in skeletal muscle. |
2.5.2.8 The pyruvate dehydrogenase complex (PDC) and glucose oxidation

Pyruvate, the end product of glycolysis is a rather important molecule With a
number of different fates in skeletal muscle. As discussed above, it can be convertea into
lactate, or it can enter the mitochondria where the PDC catalyses the irreve:rsiblc:
oxidative decarboxylation of pyruvate to acetyl-CoA (165). The PDC thereby prdvides
the link between the glycoglytic pathway and the oxidative machinery in the
mitochondria, and in doing so it also generates acetyl-CoA, the necessary preéursor
molecule for lipid biosynthesis (165).

The PDC is comprised of three different enzymes (pyruvate dehydrogénase
(PDH), dihydrolipoyl transacetylase, and dihydrolipoyl dehydrogenase) and requireé five
different coenzymes (thiamine pyrophosphate (TPP), flavin adenine dinucleotide (EAD),
coenzyme A (CoA), nicotinamide adenine dinucleotide (NAD), and lipoate) (166). In the
first reaction of the PDC, pyruvate reacts with TPP bound to pyruvate dehydrogenase
undergoing decarboxylation to form CO, (Figure 9). Next, dihidrolipoyl transacetylase

catalyzes the formation of acetyl-CoA, which is now ready to enter the Kerbs cycle. The

43



third group of reactions involves the utilization of FAD and NAD leading té the
formation of NADH + H" by the enzyme dihidrolipoyl dehydrogenase (166).

The regulation of the PDC is determined by various nutritional and horn;lonal
states and for the most part, is regulated by the enzymes PDH kinase and PDH
phospahtase. These proteins regulate the PDC either by phosphorylatiofl or
dephosphorylation of PDH, a process that deactivates and activates the corriplex,
respectively (167) (Figure 9). For example, inactivation of PDC by PDH kingse is
important for glucose conservation during times of starvation (168). Under ;these
circumstances, PDH Kkinase is activated by increases in the mitochondrial a(;;etyl-
CoA/CoA and NADH/NAD" ratios that result due to the increased rates of fatty acid
oxidation (167). Furthermore, in conditions of prolonged caloric restriction circulating
insulin concentrations are low, thus failing to stimulate PDH phosphataseii and
maintaining the PDC in a less active state. PDH phosphatase is important foir the
reactivation of the PDC after starvation, and also for increasing PDC activity under
conditions where the acetyl-CoA requirement is increased, such as during peﬁods of
exercise (168). In this context, it has been demonstrated that muscle contraction induiced-
Ca®" release stimulates PDH phospatase and in doing so, activates the PDC (169) (ﬁigme
9). PDH phosphatase is also activated in lipogenic tissues under conditiorzls of
carbohydrate surplus and promotes the formation of acetyl-CoA which is utilized in TG
synthesis. Under these conditions, it has been shown that pyruv.ate inhibits PDH kinase,
therefore promoting PDC activity and its own entry into the mitochondria (170) (F igure

9).
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The formation of acetyl-CoA from pyruvate by the PDC is the first major step in
the glucose oxidation process. Subsequently, citrate synthase catalyzes the formation of
citrate from acetyl-CoA and oxaloacetate. The product of this reaction can then undergo
two different fates: 1) It will be utilized in the Krebs cycle to form the electron tranisport
chain substrates NADH and FADH, releasing CO, in the process (39); and 2) It caﬁ exit
the mitochondria via a tricarboxylate carrier and can be converted back to acetyl-CoA

which is utilized for lipid synthesis in the cytoplasm (39).

Acetyl-CoA
NADH
CO0O-
¢=0 @
| CoA
CH, 4@. { NAD*
pyruvate
NAD* + CoASH pyruvate

ATP ADP

NADH + CO,

& &) <[insulin

acetyl-CoA

Figure 9. Regulation of pyruvate dehydrogenase complex (PDC) by PDH kinase and
PDH phosphatase. In the first reaction, the PDC catalyzes the decarboxylation of
pyruvate on carbon 1 producing CO, in the process. In the second reaction, the PDC
promotes the transesterification of the decarboxylated pyruvate molecule with CoASH to
form acetyl-CoA. In the third group of reactions, the PDC converts NAD" to NADH +
H". Within the PDC, PDH is the ratelimiting enzyme. It is deactivated by
phosphorylation by PDH kinase. In turn, PDH kinase is activated by an increase in the
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acetyl-CoA/CoA and NADH/NAD" ratio and conversely is inactivated by a reduction in
these ratios as well as pyruvate. On the other hand, PDH is activated by
dephosphorylation by PDH phosphatase which is activated by Ca®" and insulin (167,
168). '
2.5.2.9 The PDC and AMPK

Although the PDC and AMPK never come in direct contact with one another as
they are compartmentally separated by the mitochondrial membranes, a rjecenf
investigation conducted by Smith et al (7) demonstrated that acute (60 minute) incubation
of isolated soleus muscle with AICAR does increase PDC activation. In an attempt to
explain the mechanisms responsible for this, the authors measured pyruvate
concentrations in the muscles, since this molecule can inhibit PDH kinase and inérease
PDC activity. They were not able to find any difference in the concentrations of this
molecule between muscles treated with and without AICAR, which led them to speéulate
that PDC may be a direct target of AMPK. In support of this, a subsequent investiéation
showed that PDC activity of AMPKa2-knockout mice is elevated under resting and
exercise conditions compared to wild-type littermates (171). This indicates that
AMPKo02 may act as cellular break, to keep the activity of the PDC in check. However,
more work is necessary to fully establish a strong link betwéen AMPK and the PDC.
2.5.2.10 Glucose incorporation into lipids ‘

The lipid storage capacity of skeletal muscle is limited in nature, and thejre‘fore
only a small fraction of glucose contributes to lipid product formation in this tissue. As
described above, pyruvate enters the mitochondria where it is converted to citrat@ in a

series of reactions involving the PDC and citrate synthase. Citrate then exi;ts the

mitochondria via a tricarboxylate carrier and is cleaved in the cytoplasm by ATP-@itrate
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lyase to form oxaloacetate and acetyl-CoA (96). The latter of the two molecules is

considered to be a short-chain fatty acid, and can be transferred into the mitochondriia for
oxidation by the CPT-1 isozyme acetylcarnitine transferase (38). In the cytosoi, the
enzyme ACC converts the two carbon acetyl-CoA molecule into a three carbon mal;)nyl-
CoA product, which acts as a building block for lipids in lipogenic tissues such és the
liver and adipose tissue. In addition, malonyl-CoA also promotes lipid storage by
inhibiting LCFA entry into the mitochondria where oxidation takes place (172). Thé next
step in lipid synthesis is catalyzed by the enzyme fatty acid synthase (FAS), and is a
process that is primarily operating in liver and adipose tissue, since skeletal musclei does
not express this enzyme. In those tissues, FAS initiates the elongation of the fatty aéid by
the condensation of a malonyl-CoA molecule with an acetyl-CoA molecule, a reéction
that releases CO; in the process (39). The resulting four carbon molecule can nojw be
continuously elongated by the addition of other malonyl-CoA molecules to formé fatty
acids of different carbon chain lengths, which can now be esterified with glycerol-3
phosphate to form a TG (39). However, it is important to note that the majority of TGs
present in skeletal muscle are not a result of the de novo lipid synthesis pathwasl, but
rather due to increased circulating fatty acid levels in the plasma (173).
2.5.2.11 The glucose-fatty acid cycle

In 1963 Randle et al (174) published data describing a glucose-fatty acid cycle
which has traditionally been used to explain the mechanisms behind FA-induced sﬁeletal
muscle insulin resistance. The basis of the model proposed by Randle et al (174) is

centred on the fact that in conditions like obesity an increase in FA delivery to rﬁuscle
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leads to increased FA oxidation resulting in elevated acetyl-CoA/CoA and NADH/NAD
ratios that inhibit PDC activity. Because the PDC is an important site controlling
substrate entry into the mitochondria, its inhibition results in reduced pyruvate conve;sion
int.o acetyl-CoA. In addition, high levels of lipid oxidation also lead to increased ATP and
citrate production which inhibit PFK-1 in the glycolytic pathway. As a result, Go6P
accumulates and inhibits hexokinase activity ultimately reducing the rate of glﬁcose
uptake into the cell. To date, a considerable amount of evidence has been gatherf:d to
support the involvement of }the Randle cycle in the impairment of glucose utilizatibn in
individuals with T2DM (175, 176). However, it is important to note that this is nét the
only mechanism that impairs glucose uptake in muscle of individuals afflicted bSI this
disease. Recent evidence has revealed that a significant amount of impairment exiéts in
the insulin signalling pathway of individuals with T2DM, an outcome that has been, at
least in part, attributed to the accﬁmulation of lipid metabolism by-products withijn the
cell (17, 116). In fact, it is hypothesized that the defects in insulin signalling are the
primary causes of insulin resistance rather than a competition between oxidativeifuels
proposed by Randle et al (134, 174).
2.6 Effect of AMPK activation in different tissues
2.6.1 Effect of AMPK activation in the Liver

The liver is an important organ that plays a crucial role in glucose homeostasis in |
the body. Plasma glucose is maintained by a balance between hepatic glucose production
and glucose disposal in other peripheral tissues. Its inability to regulate glucose output

adequately is exemplified in pathological states such as T2DM in which an elévated
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glucose production by the liver is one of the major causes of fasting hyperglycemia (177).
Insulin is one of the primary hormons that suppresses hepatic glucose productidn by
inhibiting the expression of the gluconeogenic enzymes, phosphoenolpyrﬁvate
carboxykinase (PEPCK) and glucose-6 phosphatase (G6Pase) (11). PEPCK is a cytésolic
enzyme that regulates the conversion of oxaioacetate to phosphoenolpyruvate utilizing
GTP and releasing CO, in the process. G6Pase is an enzyme in the gluconeogenic
pathway located downstream of PEPCK and is associated with the endoplasmic reticulum
(39). This enzyme catalyses the conversion of glucose 6-phosphate to glucose, which is
then released into the circulation via the insulin independent Glut-2 transp?orter.
Interestingly, activation of AMPK mimics the effects of insulin by repressing PEPCK
and G6Pase gene transcription in hepatoma cells (11). Thes¢ findings are supported by
results demonstrating that systemic infusion of AICAR in normal and insulin-res{istant
obese rats leads to inhibition of hepatic glucose production (178). Furthermor;c, the
antidiabetic drug metformin, which also activates AMPK in liver, reduces gﬁlcose
production in primary cultured hepatocytes similar to the effects of AICAR (12).: The
mechanism by which AMPK induces these effects has been linked to the transcripfional
| coactivator, transducer of regulated CREB activity 2 (TORC2) (179). In response to
fasting TORC?2 translocates to the nucleus and associates with CREB transcription factor
increasing PPAR-y coactivator-1a. (PGC-1a) expression. PGC-lo in turn promotés the
transcription of the gluconeogenic enzymes PEPCK and G6Pase, thereby increasing
glucose output by the liver. AMPK activation by either AICAR or metformin prévents

TORC2 from translocating to the nucleus and inducing PGC-la expression tﬁereby
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inhibiting activation of the gluconeogenic pathway (179). However, a study condljlcted
by Pencek et al (180) provided conflicting results with respect to the AICAR induced
suppression of gluconeogenesis. The infusion of AICAR into the portal vein of jdogs
suppressed net hepatic glucose uptake in the presence of elevated insulin and glﬁcose
levels. In fact, under these conditions, AICAR not only suppressed hepatic glucose
uptake, but actually increased glucose output. Interestingly, the authors of this study did
not establish whether the increase in glucose output by the liver was mediated by AMPK
or was an AMPK independent effect of AICAR. In this context, a subsequent study by
Guigas et al (181) demonstrated that both AICAR and metformin inhibit gbilcose
phosphorylation by glucokinase in rat hepatocytes independently of AMPK activation.
Since the liver only expresses the high K, Glut-2 transporter and lacks Glut-4
transporters, glucose uptake is regulated by the activity of glucokinase (Hexokinase IV)
rather than by Glut recruitment to the plasma membrane. It has been propose& that
glucokinase activators may be important tools to stimulate glucose uptake by the; liver
and reduce hyperglycemia in T2DM patients (182). Despite these conflicting ﬁn&ings,
the implication of AMPK in the suppression of gluconeogenesis has been firmly
established as a primary mechanism for the plasma glucose lowering effects of
metformin.

In addition to gluconeogenesis, AMPK activation in the liver also controls several
pathways associated to lipid metabolism including: lipogenesis, lipid oxidation, and
cholesterol synthesis. AMPK activation suppresses lipogenesis associated genes sqch as

fatty acid synthase (183), ACC, and pyruvate kinase (184), which are all imp;jortant
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regulators of the de novo lipid synthesis pathway. Similar to the effects in muscle, Jn rat
primary hepatocytes, activation of AMPK by AICAR or metformin increases FA
oxidation by inhibition of ACC (12). Furthermore, rats treated with metf?min
experience reduced blood TG levels indicating that AMPK activation in the liver h?as an
importantllipid lowering property. Taken together, these investigations provide crucial
evidence that highlights the importance of AMPK activation in the control of glucose and
lipid metabolism by the liver.
2.6.2 Effect of AMPK activation in adipose tissue

Traditionally it was thought that the only role of adipose tissue was to store e%tcess
calories in the form of TGs in times of energy surplus and to release FAs in times of
energy deficit for use by other tissues. Work over the past decade has revealed that
adipose tissue plays an important role in controlling whole-body glucose homeostasis in
both normal and diseased states (185). In T2DM, which is often associated with oBesity,
high circulating lipbid levels released by adipose tissue have been linked to ectopic fat
accumulation in skeletal muscle and liver leading to lipotoxicity and ultimately imﬁaired
glucose metabolism (185). Since AMPK is an enzyme associated with increased energy
dissipation, interests have been sparked to investigate the role of this enzyme in ac_iipose
tissue in hopes of transforming the fat cell from an energy storage to an energy bu%rning
compartment. Salt et al (10) demonstrated that AICAR-induced AMPK activation led to
an ~40% reduction in insulin stimulated glucose uptake in 3T3-L1 cultured adipocytes. A
subsequent investigation conducted in isolated primary adipocytes confirmed the findings

that acute (1 hour) AICAR treatment does indeed inhibit insulin-stimulated glucose
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uptake (8). In addition, it also demonstrated that several other pathways relatéd to
glucose metabolism including, glucose oxidétion, lactate production, and glucose
incorporation into lipids (lipogenesis) are also inhibited by acute AICAR-induced AMPK
activation (8, 186). Fmthermore, it was observed that both palmitate and oleate oxi(iation
and uptake were reduced in the presence of AICAR. However, a more recent jstudy
demonstrated that incubation of primary adipocytes for 15 hours with AICAR increases
palmitate oxidation by ~2-fold, an effect that was attributed to increased expressibn of
oxidative genes and enzymes (9). From these data it is clear that the effects of AICAR—
induced AMPK activation on fatty acid oxidation in adipose tissue depend on the tiime of
exposure to the drug.
2.6.3 Effect of AMPK activation in the brain

The control of food intake is a tightly regulated process that is controlled by the
communication of signals originating in the periphery to the feeding centre m the
hypothalamus. Since AMPK functions as a “fuel gauge”, it is logical to assum;e that
activation of this enzyme in the hypothalamic region of the brain by different hormonal
and nutrient signals may affect food intake. A link between various honnonél and
nutrient signals and hypothalamic AMPK was established by Minokoshi et al (14) in
2004. It was shown that both intraperitoneal (i.p.) leptin and intracerebrovascular Ci.c.v.)
leptin or insulin administration had potent effects on inhibiting AMPK activity. In
addition, the authors demonstrated that either i.p or i.c.v. glucose administration also
leads to a reduction in AMPK activity in the hypothalamus. In opposition toi these

effects, the orexigenic peptides ghrelin and agouti related protein increase AMPK a&tivity

52



in the hypothalamus (14, 187). To determine the significance of AMPK inhibition in this
region of the brain, Minokoshi et al (14) expressed either a constitutively active (CA) or
dominant negative (DN) form of AMPK via adenovirus injection in the hypothalamus of
mice. Indeed, the DN-AMPK mice showed a reduction in 24 hour food intake, as w;.ell as
a reduction in body weight shortly after adenovirus administration. On the other hand,
the CA-AMPK mice displayed a sustained increase in food intake which led to a
significant difference in body weight. Additional support that AMPK activation ih the
hypothalamus causes an increase in food intake comes from studies utilizing AICAR in
their experiments. It was demonstrated that i.c.v. administration of this drug toémice
causes an increase in AMPK (188) and ACC (189) phosphorylation which was associated
with an increase in food intake. Interestingly, C75, a pharmacological agent utilized to
inhibit the lipogenic enzyme fatty acid synthase also inhibits AMPK phosphorylation in
the hypothalamus and reduces food intake whereas AICAR reverses these effects (188).
The conclusions that can be drawn from these investigations are that hypothalamic
AMPK activity may be a key factor involved in translating peripheral homonél and
nutritional signals into either increased or decreased food intake.

Aside from its role in controlling food intake, hypothalamic AMPK has alsd been
demonstrated to exert significant control over AMPK activity in peripheral tiésues.
Studies in mice showed that intrahypothalamic injections of leptin increased the aétivity
of AMPK in soleus muscles only one hour after administration (15). More importantly,
this effect was sustained for up to 6 hours following leptin administration in'these

animals. In support of these findings a more recent investigation demonstrated that i.c.v.
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infusion of C75 led to an increase in skeletal muscle ACC phosphorylation, Which
accordingly was accompaniéd by a reduction in malonyl-CoA concentrations and an
increase in FA oxidation in this tissue (190). These peripheral effects appear to be
mediated, at least in part by activation of sympathetic pathways in the body. In this
respect, administration of a blocker phenotolamine 1 hour before C75 i.c.v. inﬁlsion.
significantly reduced the capacity of skeletal muscle to oxidize FAs (190). While ithese
data indicate that the sympafhetic nervous system is involved in communicating sfgnals
originating in the hypothalamus to effects observed in skeletal muscle, it is importént to
note that other, yet unknown factors may also be involved in this process. ‘

2.7 Effects of whole-body AMPK activation: What is the end result?

It has been well documented that AMPK activation can affect several pathways of
substrate utilization including glucose and FA metabolism in a number of different
tissues. In skeletal muscle AICAR has been shown to increase glucose uptake (28,? 124,
153, 191), glucose oxidation (7), lactate production (147), and FA uptake and oxidation
(164). In addition, several in vivo studies have demonstrated that either acute or cﬁronic
AICAR administration leads to an increase in skeletal muscle glucose disposal in he}althy
men (4) and normal and ZDF rats (192). Data from isolated primary adipocytes, 3T3L1
cultured adipocytes and liver shows that acute AICAR-induced AMPK activatiorél can
antagonize the effects observed in skeletal muscle. One-hour AICAR treatment in
adipocytes leads to a reduction in glucose uptake, glucose oxidation, lactate production,
palmitate and oleate uptake, and palmitate oxidation (8, 10). Similarly, in livelj data

obtained from dogs shows that acute portal venous AICAR infusion potently suppfesses
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net hepatic glucose uptake, and acutely causes insulin resistance (180). To complicate the
matter further, in addition to its peripheral effects, AMPK activation in the brain hasfbeen
shown to regulate food intake and whole-body energy dissipation (14). In this contéxt, it
has been demonstrated that leptin has potent anorectic properties by inhibiting AMPK
activation in the hypothalamus (14). Interestingly, intrahypothalamic injection of leptin
increases skeletal muscle AMPK activity, only 60 minutes after administration (153). In
opposition to the effects of leptin, AICAR-induced AMPK activation m the
hypothalamus also modulates energy expenditure by increasing food drive (188, 189).
From these data it is clear that AMPK activation can regulate energy balance in the?body
by acting either through the central nervous system or directly in peripheral tissues to
modulate substrate partitioning and energy expenditure. However, since AMPK
activation in different tissues has the potential to yield opposing results, and in light of
the fact that its activation in the hypothalamus can also influence peripheral AMPK
activity (Figure 10), it is difficult to speculate which of these effects would prevaii in a
whole-body, in-vivo setting. |

Due to the recent technological advances in small laboratory animal moni‘goring
systems it is possible to answer these questions with relative ease. At any givenjtime,
various tissues in the body utilize a combination of carbon sources for ATP produgction,
which are provided in terms of FAs, carbohydrates (CHO), and to a lesser extent, protein.
The energy supplied by the oxidative system is relatively easy to determine. The
techniques of indirect calorimetry with measurements of oxygen uptake (VO2) and

carbon dioxide production (VCO,) have been standard practice in humans for ?many
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years. The combination of VO, and RQ provides a relatively accurate measure of v?zhole
body aerobic production of ATP. By utilizing a comprehensive laboratory animal
monitoring system (CLAMS) it is possible to treat animals with AMPK activating agents
and assess the effects on whole-body substrate metabolism in a non-invasive manner
Several experiments in this thesis have been carried out using the CLAMS in an atéempt

to resolve unanswered questions with respect to the effects of whole-body AMPK

activation.
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{Glucose uptake
t Glucose oxidation { Fatty acid oxidation
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Figure 10. Effect of AMPK activation in skeletal muscle, liver, adipose tissue, and
brain on substrate metabolism.
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3. OBJECTIVES AND HYPOTHESES

AMPK has been demonstrated to play a major role in skeletal muscle ehergy
homeostasis by controlling various aspects of glucose and fatty acid metabélism.
Although a large body of research has been centered on understanding the mechanisms
that regulate AMPK in this tissue, there are still experimental gaps that réquire
understanding. 'fherefore, the general aims of the first three investigations undertaken in
this thesis were to elucidate the effects of nutrient (palmitate)- and pharmacolcj)gical
(AICAR and troglitazone)-induced AMPK activation on various aspects of glucosg: and
fatty acid metabolism in skeletal muscle. ‘
3.1 Specific objectives and hypotheses
3.1.1 Study 1: Regulation of AMPK and ACC phosphorylation by palmitate in
skeletal muscle cells |
Objectives:
1) To determine if physiological concentrations of LCFAs can acutely regulate AMPK
and ACC phosphorylation in skeletal muscle cells.
2) To establish if LCFAs can stimulate their own oxidation by activating the
AMPK/ACC pathway.
3) To determine if the mechanisms for increasing FA oxidation in the presence of LCF As
are solely dependent on AMPK activation.
Hypotheses:
1) Exposure of L6 muscle cells to various concentrations of fatty acids will inciicrease

AMPK and ACC phosphorylation.
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2) This will lead to an increase in the rate of LCFA oxidation.

3) Exposure to LCFAs will regulate ACC phosphorylation by AMPK dependent and
independent mechanisms.

3.1.2 Study 2: Acute effects of troglitazone in muscle cells

Objectives:

1) To characterize the acute effects of troglitazone-induced AMPK activation on Vérious
aspects of glucose and fatty acid metabolism including: glucose uptake, glyéogen
synthesis, glucose oxidation, lactate production, fatty acid oxidation and uptake}, and
CPT-1 activity in L6 muscle cells. |

2) To determine the acute effects of troglitazone on the phosphorylation of inajor
enzymes in the insulin signalling cascade.

Hypotheses:

1) Troglitazone will have antilipotoxic effects by promoting an increase in CPT-1 aétivity
aﬁd fatty acid oxidation. |

2) This will augment various aspects of glucose metabolism including: glucose u;ptake
and oxidation, and glycogen synthesis. |

3) The improvements in glucose metabolism will be linked to the troglitazone-ingiuced

increase in AMPK activation.
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3.1.3 Study 3: Effects of AICAR-induced AMPK activation on glycogen synthesis in
isolated skeletal muscle |
Objectives:

1) To determine the effects of acute AICAR-induced AMPK activation on the réte of
insulin-stimulated glycogen synthesis in isolated soleus and epitrochlearis muscles. 3

2) To elucidate the effects of AICAR-induced AMPK activation on major intracéllular
insulin-signalling events relevant to the regulation of glycogen synthesis in these
muscles.

Hypotheses:

1) AICAR will impair the rate of insulin-stimulated glycogen synthesis in isolated soleus
and epitrochlearis muscles. |

2) AICAR will reduce the activation of key enzymes involved in the synthesis of
glycogen in these muscles. |

3.1.4 Study 4: Effects of 2-week AICAR injections on whole-body energy
homeostasis ‘

To date, many investigations have studied the effects of chronic AMPK acti{/ation
in various animal models, and the effect this has on glucose or fatty acid metabolism in
select tissues. However, no investigations have provided data related to the effeicts of
chronic AMPK activation on whole-body substrate homeostasis and energy balance.
Objectives:

1) The main objective on this investigation was to determine the effects of 2;fweek

AICAR injections on whole-body energy homeostasis in the rat, by measuring-VO;';, RQ,
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energy expenditure, the relative contribution of carbohydrates and fatty acids to total
energy expenditure, and activity patterns in rats.

2) To determine the effects of 2-week AICAR injections on whole-body adiposity.

3). To determine the effects of 2-week AICAR injection; on the phosphorylatién of

AMPK in various tissues including: skeletal muscle, liver, adipose tissue, and heart

tissue.

Hypotheses:

1) AICAR will reduce the RQ, and promote a shift in metabolism towards increaseq fatty
acid oxidation, which will reduce whole-body adiposity in animals receiving this drug

2) These effects will be driven by increased activation of AMPK in skeletal muscle, liver,

adipose tissue and heart tissue.
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4. MATERIALS AND METHODS

4.1 Study 1: Regulation of AMPK and ACC phosphorylation by palmitate in

skeletal muscle cells

4.1.1 Reagents

Alpha-minimum Eagle’s medium (a-MEM) and fetal bovine serum (FBS) gwere
purchased from Wisent (Quebec, Canada). AICAR was purchased from Toronto
Research Chemicals, Inc. (Toronto, Ontario, Canada). “Compound C”, a sel@ctive
AMPK inhibitor, was provided by MERCK Research Laboratories. Faﬁy-acid-free
albumin, palmitic acid, and phenylethylamine were from Sigma (St Louis, MO, QSA).
[1-'*C]Palmitic acid was purchased from American Radiolabeled Chemicals, Inc. (St.
Louis, MO). Specific antibodies against P~-AMPK and P-ACC were from Cell Sigﬁaling
Technology (Beverly, MA) and Upstate Biotechnology (Charlottesville, ;VA),
respectively. All other chemicals were of the highest grade available.

4.1.2 Cell Culture and Treatment

Stock cultures of rat L6 skeletal muscle cells were obtained from the Amc%rican
Type Culture Collection and grown in a-MEM medium containing 10% (v/v) F BS, 100
U/ml penicillin, 100 pg/ml streptomycin (growth medium), and antimycoticj in a
humidified atmosphere of 95% air and 5% CO; at 37°C. For experimental proceélures,
stocks were trypsinized and reseeded in 6-well plates or 35 x. 10 mm Petri dishes at a
density of 4000 cells/cm®. After 24 h (~80% confluence) the medium was changed to a-
MEM containing 2% (v/v) FBS and antibiotic/antimycotic as described above

(differentiation medium) that was replaced after 2, 4, and 6 days of culture. After 7:1days‘,
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myotube differentiation was complete, and experimental procedures were initiated. In all
experiments, L6 myotubes were serum-starved for 4h prior to the exposure to fatty acids,
AICAR and/or Compound C. All controls were incubated with equal amounts o;f the
vehicles used for AICAR, Compound C, and the respectiVe concentrations of fa;-free
aibumin as present in palmitate-treated cells. |
4.1.3 Cell viability testing, trypan blue exclusion

Cells were treated with AICAR (2mM), palmitate (1 — 800uM), and Compmjmd C
(10 and 40uM). Subsequently, cells were rinsed with PBS, trypsinized, washedi with
medium, centrifuged, and resuspended in PBS. Next, cells were mixed with the gsame
volume of 0.25% trypan blue and transferred to a slide for 3 mih. A total of 300 cells
were microscopically counted using a hemocytometer to determine the dead cell (stained
blue) rate. The experiments were performed in triplicate. Compared to control (cellis not
exposed to either AICAR, palmitate or Compound C), no significant differenceszwere
detected for cell viability after exposing the cells for 1h to all different treatment
conditions.
4.1.4 Production of '*CO; from [1-"*C]palmitic acid

Palmitafe was conjugated with essentially fatty acid-free BSA to generate a ;stock
solution of 25% (w/v) BSA and 6mM fatty acid in serum-free medium as previ%ously
described (193). After conjugation with albumin, the concentration of fatty acids in the
solution was measured by using a NEFA kit (Wako Chemicals Inc., Richmond, USA).

The stock solution was diluted into the final culture medium to obtain concentratiqns of

1, 10, 50, 100, 200, 400, 600, and 800uM fatty acid. Palmitate oxidation was medsured
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by the production of 10O, from [1-"*C]palmitic acid as previously described (105)1‘ with
a few modifications. Briefly, cells were incubated for 1h in 35 x 15 mm Petri dishes with
medium containing 0.2 nCi/ml of [1-'*C]palmitic acid and non-labeled Palmitate (}, 10,
50, 100, 200, 400, 600, and 800uM) in the presence or absence of Compound C as
indicated. Each Petri dish was sealed with parafilm which had a piece of Whatman paper
taped facing the inside of the Petri dish. After 1h of incubation, the Whatman pape;r was
wetted with 100ul of phenylethylamine—methanol (1:1) to trap the CO; produced (iuring
the incubation period. Subsequently, 200ul of H,SO, (4M) was added to the cells, \jvvhich
were then incubated for one additional hour at 37°C (105). Finally, the piecies of
Whatman paper were carefully removed and transferred to scintillation vials for
radioactivity counting.
4.1.5 Western blot determination of P~-AMPK and P-ACC

Cells were grown in 6-well plates and incubated for 60 min in the presence or
absence of palmitic acid (1, 10, 50, 100, 200, 400, 600, and 800uM) and Compoﬁnd C
(40uM) as indicated. Experiments conducted using variable concentrations of ATP
revealed that Compound C is a potent reversible small-molecule AMPK inhibitor that is
competitive with ATP (12). In in vitro assays, Compound C did not exhibit signiﬁcant
inhibition of several kinases including Zeta-associated Protein Kinase, Spleen Tﬁosine
Kinase, Protein Kinase C 0, Protein Kinase A, and Janus Kinase 3 (12). AICAR (2mM,
60 min) was used as a positive control for AMPK and ACC phosphorylation and also to
test the effectiveness of Compound C to inhibit AMPK phosphorylation and activaﬁion in

L6 myotubes. Since ACC is a substrate for AMPK (111, 194), the determination of ACC
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phosphorylation also served as an indicator of AMPK activity. Immediately aftér all
treatments, cells were lysed in buffer containing 135mM NaCl, ImM MgCl,, 2.?7mM
KCl, 20mM Tris pH 8.0, Triton 1%, glycerol 10%, and protease and phosphatase
inhibitors (0.5mM Na;VO,, 10mM NaF, 1uM leupeptin, 1uM pepstatin, 1uM oﬁadaic
acid, and 0.2mM PMSF), heated (65°C, 5min), and passed through a 25-gauge syringe
five times. An aliquot of the cell lysates was used to determine the protein concentration
in each sample by the Bradford method. Prior to loading onto SDS-PAGE gels the
samples were diluted 1:1 (v/v) with 2x Laemmli sample buffer (62.5mM Tris-H¢1 pH
6.8, 2% w/v SDS, 50mM DTT, 0.01% w/v bromophenol blue). Aliquots of cell l;sates
containing 30ug of protein were then subjected to SDS-PAGE (12% and 7.5% resleing
gels for P-AMPK and P-ACC, respectively), and then transferred to polyvinyiidene
difluoride membranes (PVDF) membranes (Bio-Rad Laboratories, Burlington, ONj. The
phosphorylation of AMPK was determined by using phospho-AMPK(Thr172) ant‘ibody‘
(1:1000 dilution), which detects AMPK-a only when activated by phosphorylation at
Thr-172 (Cell Signaling Technologies, Beverly, MA). ACC phosphorylation3 was
detected using a phospho-ACC-specific antibody (1:500 dilution, Upstate Biotechnélogy,
Charlottesville, VA) which recognizes ACC when phosphorylated at serine 79 (Ser-79).

Equal loading of samples was confirmed by Coomassie blue staining of all gels.
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4.2 Study 2: Acute effects of troglitazone in muscle cells

4.2.1 Reagents

o-MEM and FBS were purchased from Wisent (Quebec, Canada). The NEFA
and lactate kits were obtained from Wako Chemicals, Inc. (Richmond, USA) and Tﬁnity
Biotech (Berkeley Heights, NJ), respectively. Troglitazone, etomoxir, defatted albumin,
palmitic acid, phenylethylamine and the MTT (3[-4,5—dimethylthiazol-2-yl]2,5idipbeny1
tetrazolium bromide) assay kit were purchased from Sigma (St. Louis, MO) [1-
4Clpalmitic acid, D-[U-"*C]glucose, 2-deoxy-D-[’H]glucose, and [1-14C]pyruvic% acid
were purchased from Amersham Biosciences (Piscataway, NJ). Compound C was kiindly
provided by Merck Research Laboratories. Antibodies against P-AMPK, P-Akt aréd pP-
GSK-30/B were purchased from Cell Signaling Technology Inc. (Beverly, MA). P:ACC
was obtained from Upstate Biotechnology (Charlottesville, VA), and GAPDH was
obtained from Abcam, Inc. (Cambridge, MA). All other reagents used in iithese
experiments were of the highest grade available. |
4.2.2 Cell culture and assessment of viability

L6 skeletal muscle cells were grown in a-MEM and differentiated as preVijously
described in study 1. Cells were serum-starved (a-MEM without FBS) for 4h prior to
exposure to troglitazone (5, 50 and 100uM), insulin (100nM), compound C (16 and
20puM), etomoxir (2.5uM), and various combinations of these drugs. All controls were
incubated with equal amounts of vehicle used Ifor the previously mentioned conditions.
Cell viability was tested by using the MTT (3[—4,5-dimethylthiazol-Z-yl]2,5idipilenyl

tetrazolium bromide) assay kit after myotubes were exposed to all treatment conditions.
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No significant differences were observed in cell viability after myotubes were exri)osed
for 1h to all troglitazone, compound C, and etomoxir concentrations mentioned above.
4.2.3 Determination of P-AMPK, P-ACC, P-Akt (Thr308 and Ser473), and P-@SK—
3a/p |
Cells were grown in 6-well plates and incubated for 60min in the absence or
presence of either troglitaione (50uM), insulin (100nM), compound C (10 and ZduM),
troglitazone plus insulin, and troglitazone plus compound C. Determination of P-Ak.t and
P-GSK were performed after cells had been exposed to insulin in the last 5, 10, afld 20
minutes of the 60min incubation period. Immediately after all treatments, cell 1§sates
were prepared as described in study 1. Aliquots (30pug of protein) were loaded onio the
gels and subjected to SDS-PAGE and then transferred to PVDF membranes (Bioﬁ-Rad,
Hercules, CA). Membranes used for P-AMPK and P-ACC blotting were derived from the
same samples, thereforé, the same GAPDH blots are representative of loading for both
proteins. The phosphorylation of AMPK and ACC was determined as described in study
1. The phosphorylation of Akt was determined using P-Akt (Thr308, dilution 1:51000)
and P-Akt (Ser473, dilution 1:1000) antibodies which detect Akt only Ewhen
phosphorylated at Thr-308 or Ser-473. The phosphorylation of GSK was determined
using a P-GSK-3a/B (Ser21/9, dilution 1:1000) antibody, which detects GSK onlyiwhen
phosphorylated at Ser-21 and Ser-9. Equal loading of all gels was confirmed by
Coomassie staining of all gels and/or by the use of GAPDH (dilution 1:5000) as a ldading

control.
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4.2.4 Production of *CO, from [1-"*C]palmitic acid, D-[U-"*C]glucose, and [1-
“Clpyruvic acid |

Palmitate, glucose, and pyruvate oxidation were measured by the production of
¥c0o, from [1-"*C]palmitic acid, D-[U-14C]glucose, and [1-"*Clpyruvic %‘acid,
respectively. Production of acetyl-CoA by the PDC depends on decarboxylation of
pyruvate that occurs at the site of carbon 1 of the molecule; therefore determinatién of
10, from [1-"*C]pyruvic acid allows us to trace the activity of the PDC (105, 195, ?196).
All determinations were performed as previously described in study 1 (105). Bfieﬂy,
cells were incubated for 1h in 35 x 10mm Petri dishes with a-MEM containingz each
specific isotope in the following concentrations: [1-'*C]palmitic acid (0.2pCi/ml) plus
non-labeled palmitate (20pM), D-[U-"*C]glucose (0.2 uCi/ml) or [1—14C]pyruvic‘ acid
(0.1uCi/ml) plus 2mM non-labled pyruvic acid either in the absence or presence of
troglitazone (50uM), insulin (100nM), compound C (10 and 20uM), troglitazoné plus
insulin, troglitazone plus compound C, and troglitazone plus insulin plus compound C.
The rates of '*CO, production from [1-'*C]palmitic acid, D-[U-"C]glucose, anjd [1-
“Cpyruvic acid were determined in the presence of 5.5mM non-labeled D-glﬁcose.
After 1h of incubation, produced "*CO, was collected for radioactivity counting ;(105,
196). :
4.2.5 CPT-1 activity

L6 myotubes were exposed to insulin (100nM), etomoxir (2.5uM), troglitazone
(50uM), and troglitazone plus insulin for lh and then the activity of CPT-l; was

determined by using a radiometric assay (197). Briefly, the assay buffer contained SOmM
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imidazole, 70mM KC1, 1mM KCN, 80mM sucrose, ImM EGTA, 2mM MgCl,, ImM
dithiothreitol (DTT), ImM ATP, 70uM Palmitoyl-CoA, 0.1% fat-free BSA, 40uM
digitonin, and 0.5puCi/ml L-[*H]carnitine. Cells were exposed to the assay buffer for §min
and the reaction was terminated by aspirating the assay buffer and adding ice%—cold
perchloric acid (4M) to each well. Cells were then collected, lipid was extracted hsing
butanol, and used for scintillation counting. Etomoxir was used as a negative controli(97 ).
4.2.6 Palmitate and Glucose Uptake

For palmitate uptake, L6 myotubes were exposed to insulin (100nM), troglitézone
(5, 50, and 100uM), and troglitazone plus insulin for 1h and then incubated for 4rr?1in in
starve medium containing 0.2uCi/ml [1-"*C]palmitic acid and non-labeled palmitate
(20uM) (8). For glucose uptake, cells were incubated in the absence or presence of
insulin (100nM), troglitazone (50uM), troglitazone plus insulin, compound C (20;;;M),
insulin plus compound C, troglitazone plus compound C, and troglitazone plus iﬁsulin
plus compound C. Cells were exposed to compound C 30min prior to rece;iving
troglitazone while insulin was added to the medium in the last 20min of the 1h incubation
period. Subsequently cells were washed and incubated with Hepes-buffered $aline
solution containing 10uM 2-deoxy-D-glucose (0.5uCi/ml 2—deoxy-D-[3H]glucose)5f0r 5
min as previously described (105). Both assays were terminated by adding ice-colci PBS
and the cells were then lysed in 0.1IM KOH. An aliquot of the lysate was used for
radioactivity counting and the remainder was used for protein determination b:y the

Bradford method (8).
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4.2.7 Glycogen Synthesis, glucose incorporation into lipids, and lactate production
The rate of glycogen synthesis was assessed by the incorporation of Ii)-[U-
Clglucose into glycogen (198). Briefly, myotubes were incubated for 1h in s;tarve
medium (a-MEM without FBS) containing 5.5mM D-glucose and 0.2pCi/ml IS-[U—
1C]glucose either in the absence or presence of: Insulin (100nM), troglitazone (50iuM),
or troglitazone plus insulin. The reaction was terminated by adding ice-cold PBS aﬂd the
cells were lysed in KOH. Glycogen was precipitated overnight and Hansfen?d to
scintillation vials for radioactivity counting. Incorporation of glucose into total lipid§ was
determined after myotubes were exposed to 0.4pCi/ml D-[U-"*C]glucose foSr 2h.
Subsequently, the total fraction of glucose incorporated into lipids was extracted with
1.25ml of Dole’s reagent (Isopropanol/Heptane/Sulfuric acid (0.5M), 40:10:1). The lipid
fraction was then counted for readioactivity (8). Lactate released into the mediunim was

measured by a colorimetric assay using a commercially available kit.

4.3 Study 3: Effects of AICAR-induced AMPK activation on glvcogen synthesis in

isolated skeletal muscle

4.3.1 Animals

Male albino rats from the Wistar strain (Charles River Laboratories, Montreal, QC.,
Canada) weighing 40-60g were used in all experiments. The animals were hou;ed in
cages with free access to water and standard rat chow, except for the night befojre the

experiments during which they were not allowed to eat. The animals were maintained in

a constant-temperature (22°C), with a fixed 12h light/12h dark cycle (07:00-19:00h). All
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animal procedures were approved and performed in accordance with the York University
Animal Care Committee guidelines.
4.3.2 Reagents

AICAR was purchased from Toronto Research Chemicals (Toronto, ON, Cariada).
Glycogen, fatty-acid-free albumin, amyloglucosidase, hexokinase, and gluco?se-6-
phosphate dehydrogenase were obtained from Sigma (St. Louis, MO, USA). Hﬁman
Insulin (Humulin® R) was purchased from Eli Lilly Inc. (Toronto, ON, Canada). Ib-[U—
Clglucose was purchased from GE Healthcare Radiochemicals (Quebec City, QC,
Canada). 2-[1,2-°H]-Deoxy-D-glucose and D-[1-'*C]Mannitol were purchased i‘frorn
American Radiolabeled Chemicals, Inc. (St. Louis, MO, USA). Lactate reagent and
standards were purchased from Trinity Biotech (Berkeley Heights, NJ, USA). jATP,
nicotinamide adenine dinucleotide phosphate (NADP), mannitol, and 2-deoxy-D-glpcose
were obtained from BioShop Canada Inc. (Burlington, ON, Canada). All other rea%gents
used for the experiments were of the highest grade available. |
4.3.3 Muscle extraction and incubation
| Before muscle extraction, all animals were anesthetised with a single 1.p. injection of
Ketamine/Xylazine (0.2ml/100g of body weight). Subsequently, the soleus (15 - ZOmg)
and epitrochlearis (10 — 15mg) muscles were quickly extracted and mounted ont(; thin,
stainless steel wire clips to maintain optimal resting length. The incubation procedures
were performed as previously described (196). Briefly, immediately following extraction
the muscles were placed in plastic scintillation vials containing 2ml of gassed [30min

with 0,:C0,/95:5% (vol/vol)] Krebs-Hanseleit bicarbonate (KHB) buffer with 4% fat-
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free BSA and 6mM glucose. The scintillation vials were then sealed with rubber stoppers
and gasification was continued for the entire 1h pre-inéubatioh period. After pre-
incubation, the muscles were transferred to a second set of vials with 1.5ml of }(HB
buffer containing D-[U-"*C]glucose (0.2uCi/ml). All muscles were maintained eitﬁer in
the absence or presence of the following conditions: insulin (100nM), AICAR (2£nM),
and AICAR plus insulin for the entire 1h incubation. For the AICAR plus ihsulin
, conditions, all muscles were exposed to AICAR for 30min prior to the addition of inéulih.
4.3.4 Measurement of glycogen synthesis in isolated muscle

Glycogen synthesis was assessed by measuring the incorporation of D-[U-
1Cglucose into glycogen as previously described (196). Briefly, upon termination bf the
incubation experiment as outline above, muscles were quickly washed in ice-cold PBS,
blotted on filter paper, frozen (N,), and digested in 0.5ml of 1M KOH at 70°C for 1h. Of
the digested muscle solution, aliquots were taken for protein determination (Brailford
method), determination of glycogen content, and glycogen synthesis. Formati(i)n of
glycogen from labeled glucose was estimated by adding 10mg of carrier glycogen to the
hydrolysates. Subsequently, glycogen was precipitated overnight with 100% ethano}. The
precipitate was re-suspended in 0.5ml of water and its radioactivity was determined iusing
a scintillation counter (196).
4.3.5 Measurement of glycogen content and lactate production

After incubation of muscles in the presence of the various conditions outlined ébove,
the muscles were digested in 0.5ml of 1M KOH. For analysis of glycogen content, the

pH of muscle digest was titrated to 4.8 prior to the addition acetate of buffer (pH=4.8)
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and 0.5mg/ml of amyloglucosidase. Subsequently, glycogen was hydrolyzed at 40°C for
2h and glucose was analyzed enzymatically (199) and the absorbance read fin a
spectrophotometer (Ultraspec 2100 pro; Biochrom Ltd., Cambridge, UK) at 3{}0nm
wavelength. Lactate concentration was measured in deproteinized and neutralized mgﬁuscle
incubation medium using a commercially available kit. |
4.3.6 Measurement of glucose transport into muscle

Soleus and epitrochlearis muscles were extracted as described above. Subsequently,
they were pre-incubated for 1h in KHB buffer containing 8mM glucose, 32mM Mannitol,
and 0.1% BSA. After the pre-incubation, all muscles were exposed for 1h t%o the
following conditions: Insulin (100nM), AICAR (2mM), and AICAR plus insulin. All
AICAR plus insulin conditions received AICAR fqr 30min prior to the lh incubation
period. Following the incubation, all muscles were washed for 10min in KHB buffer
containing 40mM mannitol at 29°C, and if present during the previous incubation péariod,
insulin (100nM) and AICAR (2mM). For measurement of glucose transport, the muscles
were transferred to new flasks and incubated for 20min at 29°C in 1;5m1 of :KHB
containing 0.5uCi/ml 2-[1,2-*H]deoxy-D-glucose (2-DG, and 8mM non-labeled i-DG)
and 0.1uCi/ml [U-"*Cmannitol as an extracellular space marker (200). To terminate the
experiment, immediately after the 20min glucose uptake period muscles were b;lotted
(4°C) and quickly frozen in liquid N,. Muscles were then digested in 0.5ml of 1M KOH
at 70°C and centrifuged (1000g). Aliquots (450ul) of the muscle extract supernataﬁt and
of the incubation medium were counted for radioactivity using a scintillation counter With

channels preset for simultaneous H and 'C counting. The amounts of D-[U-
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Clmannitol and 2-[1,2-’H]deoxy-D-glucose present in the samples were usé;d to
calculate extracellular space and glucose transport, respectively, as previously deséribed
(201). The intracellular water content of the muscles was calculated subtracting the
measured extracellular space water from total muscle water. Total water content was
assumed to be 77%, which is the average value for soleus and epitrochlearis muscles after
drying the tissues to a constant weight in our laboratory.
4.3.7 Western blot determination of p-AMPK, p-ACC, p-Akt (Thr308, Ser473), p-
GSK-3o/B, p-GS, AMPKal, AMPKa2, and GAPDH

Soleus muscles were incubated in the absence or presence of insulin (IOOnM),
AICAR (2mM), and AICAR plus insulin. All muscles were pre-incubated in KHB buffer
as described above. To investigate time-dependent alterations in phosphorylation levels
of Akt (Thr308 and Ser473), GSK-3a/B, and GS, we exposed the muscles to insul?in for
15, 30, and 45min. AICAR was added to the incubation medium 30min prior to aidding
insulin and remained in the medium thereafter. Control muscles received neither AICAR
nor insulin. In order to test the effectiveness of AICAR to induce AMPK activation, we
measured the phosphorylation state of ACC, a downstream target of AMPK. In adciition,
we also examined the distribution of AMPKal and AMPK2 in soleus and epitrochlearis
muscles to determine the fiber type specific distribution of the two AMPK cat?.alytic
isoform subunits. Immediately following all treatments, muscles were frozen in liqﬁid N»
and stored at -80°C until analysis. For preparation of muscle lysates, the solei and
epitrochlearis muscles were homogenized in buffer containing 135 mM NaCl, 1 mM

MgCl, 2.7 mM KCl, 20 mM Tris, pH 8.0, 1% Triton, 10% glycerol and proteas?e and
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phosphatase inhibitors (0.5 mM Na3;VO,, 10 mM NaF, 1 pM leupeptin, 1 pM pepsta;tin, 1
uM okadaic acid, and 0.2 mM PMSF), and ﬁeated (65°C, 5min). An aliquot ojf the
homogenate was used to determine the protein concentration in each sample by the
Bradford method. Before loading onto SDS-PAGE gels, the samples were diluteél 1:1
(v/v) with 2 x Laemmli sample buffer (62.5 mM Tris-HCI, pH 6.8, 2% (w/v) SDS, 50
mM DTT, and 0.01% (w/v) bromophenol blue). Aliquots of muscle homogehates
| containing 75 pg of protein were run through SDS-PAGE gels (12% for p-AMPK, :7.5%
for P-ACC, and 10% for P-Akt (Thr308 and Ser473), P-GSK-3a/B, P-GS, and GAI?DH)
and then transferred to PVDF membranes (Bio-Rad Laboratories, Burlington,% ON,
Canada). The phosphorylation of AMPK, ACC, Akt, and GSK-30/B was determined as
described in study 2. GS phosphorylation was detected using a P-GS specific antibody,
which recognizes GS when phosphorylated at serine 641 (Ser641). Equal loading pf all
gels was confirmed by Coomassie staining of all gels and by the use of GAPDFE as a
loading control. Specific antibodies against P-Akt, P-GSK-3a/B, P-GS and P-AMPK
were purchased Cell Signaling Technology Inc. (Beverley, MA, USA). Spéciﬁc
antibodies against the -1 and @-2 subunits of AMPK were purchased from Santa§ Cruz
Biotechnology, Inc. (Santa Cruz, CA, USA). P-ACC was obtained from Upstate
Biotechnology (Charlottesville, VA, USA) and GAPDH was from Abcam,% Inc.
(Cambridge, MA, USA). All antibodies were applied in a 1:1000 dilution, éxcept

GAPDH, which was used in a 1:5000 dilution.
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4.4 Study 4: Effects of 2-week AICAR injections on whole-body energy homeostasis

4.4.1 Chronic Experiments

Upon arrival, male, Wistar rats weighing 110-115g were randomly assigned to
two groups (Control and AICAR), and allowed to acclimatize for 4 days priior to
beginning the treatment protocol (Figure 11). Beginning on day 5, animals in the AICAR
group received an injection of AICAR (0.7g/kg of body weight, i.p.) prepared in sterile
saline (0.9% NaCl). Similarly, all animals in the Control group received an equal volume
of saline without AICAR. Body weight and food intake of the animals was deteﬁnined
every morning prior to AICAR administration. All animals were injected foi' two
consecutive weeks (days 5-9, and days 12-16) at 10am (Figure 11). Blood samples were
collected via the saphenous vein in heparinized tubes (Sarstedt, Montreal, Quebec,
Canada) on days 5, 9, 12, and 16 prior to AICAR injection. The plasma was;i then
separated by centrifugation and used for the determination of various hormoné and
metabolite concentrations. Upon completion of the two week injection protocol (day 17),
all animals were anaesthetized and euthanized by cervical dislocation 24 hours aftér the

last AICAR injection.
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— Acclimatization «————————— Week1 « » Week2 «————— !

BS CLAMS BS BS CLAMS BS TE |:

| ! | | ! L
Day 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
rtr ottt
N J N J
Y Y
Daily AICAR injections Daily AICAR injections
(0.7g/kg) (0.7g/kg)

Figure 11. Schematic representation of the in vivo AICAR experiments. The animals
were allowed to acclimatize for 4 days prior to beginning the injection protocol. On day
5 of week 1 AICAR animals received daily AICAR injections (0.7g/kg body weight, i.p.)
until day 9 of the study. Control animals were injected with an equal amount of saline.
Blood samples (BS) for all animals were collected prior to AICAR injection on days 5
and 9, and days 12 and 16 of week 1 and 2, respectively. On days 7 and 14 in the
mornings, immediately following injections, animals were placed in the CLAMS until the
following days (day 8 and 15). On day 17 of week 2 all animals were anaesthetized,
euthanized, and tissues were extracted (TE).
4.4.2 Tissue Extractions

Immediately following euthanization at the end of the 2 week study, the folleing
tissues were extracted and frozen at -84°C for future analysis: soleus, epitrochlearié, and
EDL muscles, liver, brain, and heart. The following fat pads were extracteci and
immediately weighed: Retroperitoneal (Retro), epididymal (Epi), subcutaneous (SC), and
brown adipose tissue (BAT). The weight was expressed relative to the body weight of
the animal prior to euthanization. The fat pads were subsequently frozen at -84°C for
future analysis.
4.4.3 Western blot determination of P~-AMPK, P-ACC, and GAPDH

In order to test the effectiveness of AICAR to induce AMPK activatioﬁ, we

measured the phosphorylation state of AMPK and its downstream target ACC in Véirious

tissues including: EDL muscle, liver, heart, and adipose tissue at the end df the
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investigation. Tissue lysates and western blot analyses for P-AMPK, P-ACC, and
GAPDH were performed as described in study 3.
4.4.4 Metabolic Cage Experiments

Oxygen consumption (VO,), CO; production (VCO,), accumulatedi 0,
consumption, energy expenditure (EE), vrespiratory quotient (RQ), food intake,% and
activity were measured using the automated Comprehensive Laboratory Ahimal
Monitoring System (CLAMS, Columbus Instruments, Columbus, OH) on the third day of
AICAR injectionsv (Day 7 and 14) in both week 1 and week 2 of the treatment pr(;tocol
(Figure 11). This eight chamber open-circuit system allowed the animals to be héused
individually in plexiglass cages with free access to food and water, while the above
measurements were collected by the automated CLAMS. Prior to placing the animals in
the cages, the CLAMS gas sensors were calibrated with primary gas standards of high
purity (20.40% O, and 0.50% CO,). Subsequently, the system was operated on ambient
air. The gas sensors measured the CO, and O, concentrations from a sample drawn;from
the selected cage to generate VCO, and VO, values. The VCO, value was calculatéd by
taking the difference between the output and input CO, flow rates. Similarly, the VO,
value was calculated by taking the difference between the input and output O, flow ;rates.
Accordingly, the eqliations used by the computer software to measure these var{ables
were as follows:

VCO; = V,COz — ViCOy

VO, =Vi0 - V.0,
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where V; and V, are the input and output ventilation rates (LPM), CO»; and COy, ax;e the
carbon dioxide fractions at the input and output, an& O,; and O, are the oxygen fractions
at the input and output, respectively. The air flow rate to each individual cage (Vi) was
maintained at 1.85 litres/minute in week 1, and 2.0 litres/minute in week 2 o&' the
protocol. The V, rate on the other hand, was not known and had to be estimated using
the Haldane transformation.
Haldane transformation: V.= V; x (Ni/No),

where N; is nitrogen fraction in the air supplied to the chamber, and N, is the nitmgen
fraction of the sample. B | |

An additional measurement that was derived by the CLAMS from the: VO,
reading is accumulated O, consumption. This measurement represents the cumulative O,
consumed by the animals during the entire time they are maintained in the cages, gnd is
expressed in liters. From the VCO, and VO, values RQ was calculated by the follc;wing 4
equation: ‘

RQ =VCO,/VO,
The RQ is a measure of substrate oxidation and ranges from 0.7 to 1.0. Values near 0.7
indicate an increased rate of fatty acid oxidation whereas values near 1.0 in%licate
increased ratés of carbohydrate oxidation. In addition, the software also calculated EE by
the following equations:
EE=CVx VO,

CV =3.815+1.232xRQ
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The program obtained a calorific value (CV) by utilizing the RQ. This value was% then
used together with the VO, to obtain the EE expressed in kcal/hr. The RQ together: with
EE were also utilized to calculate the relative contribution that carbohydrates and; fatty
acids made towards EE. This was accomplished by determining, from the RQ, the
percent of fatty acids and carbohydrates that were being utilized at every time point for
each animal. Those percentages were then multiplied by the observed EE at the same
time point to obtain two separate values. This procedure was performed for both Weeks
of the investigation. |
Activity measurements were obtained using a series of infrared beams thét are
passed from one side of the cage/chamber to the other. Each time a successive béam is
broken by the rat it is recorded as an activity count. Therefore, this measure does not
provide an indication of distance but instead generates arbitrary units of spontarj,leous
physical activity by the rat. In our experiments activity in the x-plane (the length of th¢
cage) and the z-plane (the height of the cage) were measured (Figure 12). Activity in
these two planes was summed (x + z) to give a better indication of the total spontaheous

physical activity for the animals.

z-plane

e x-plane

Figure 12: Activity measurements in the x and z-planes
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Animals were placed in the cages at approximately 10am immediately following
AICAR injection. As a result of the injection, all animals experienced signiﬁcant
excitation within the first hour in the CLAMS. The data obtained within that timefra;ne is
not an accurate representaﬁon of values typically obtained at that particular time point in
the day. Therefore, data acquired in the first hour folloWing saline and AICAR injeétions
are not presented in the figures and were not utilized for statistical analyses. All
measurements collected via the CLAMS and presented in the figures to follow j‘were
obtained at the start of the second hour following AICAR injections, when a%limal
behaviour appeared to be a more accurate representation of basal values. The data
presented in the figures were recorded from 1lam to 8am the following morning. At
8am, all experiments were terminated and animals were weighed, and returned b@ck to
the original cages prior to injecting with either AICAR or saline at 10am.

Measurements from each cage were taken approximately every 4 minutes.; For
each animal, data for VO,, EE, accumulated O, consumption, RQ, and activity (x +z
axis) were énalyzed by generating an average for all measurements taken every hour.
These averages were subsequently used to generate the figures as well as the statistical
analyses. All CLAMS data presented in the figures to follow were compiled from three

independent experiments with an N=3 animals/group/experiment.
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4.4.5 Blood sampling for the determination of plasma AICAR, glucose, lactate; and
NEFAs

Although the main purpose of the in vivo AICAR experiments was to examir}e the
chronic effects of this drug on whole-body substrate homeostasis, additional% data
regarding the plasma concentrations of various metabolites following injection would be
useful to support the findings obtained via the CLAMS. In this context, a separate group
of experiments were conducted in which plasma AICAR, glucose, lactate, and NEFA
concentrations were measured at different time points, for up to 8 hours follow%ing a
single AICAR injection. For these experiments, a separate set of animals were %used,
which were not utilized in CLAMS experiments. These short term analyses were
intended to provide additional support for the metabolic alterations observed in wpek 1
and week 2 of the CLAMS experiments. Animals were injected i.p. with AICAR or
saline at 9am (0.7g/kg of body weight) and blood samples were collected froﬁi the
saphenous vein into heparin coated tubes at the following time points: 0 (basal sample), 5
min, 10 min, 15 min, 30 min, 1 h, 2 h, 4 h, 8 h. Plasma was separated by centrifughtion,
stored at -84°C, and used for the determination of AICAR, glucose, lactate, and FFA
levels. Following the last time point, the animals were euthanized and sacriﬁccjd via
cervical dislocation and the tissues were extracted for future analysis as described aﬁove.
4.4.6 Plasma AICAR determination assay

AICAR was measured in the plasma using a colorimetric assay as previously
described with slight modifications (202). Briefly, a 1% w/v solution of sodium ni';rite, a

3% w/v solution of ammonium sulfamate, and a 0.75% w/v solution of N-(1-
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naphthyl)ethylenediamine were freshly prepared. AICAR standards ranging from 0.125
to 64 pg/ml were made by dissolving AICAR in deionized water. Prior to use, the
plasma was spun down to remove particulates and buffered by mixing plasma;with
phosphate-buffered saline (pH=7.4) in a ratio of 1:12. Subsequently, 500ul of diluted
plasma was mixed with 150pl of IN HCI and 50pl of sodium nitrite solution and
incubated at room temperature for 5 minutes. Next, 50ul of ammonium sulfamate
solution was added, vortexed and incubated for 10 minutes at room temperature. Fdr the
final step, 100ul of N-(1-naphthyl)ethylenediamine solution was added to the mixture.
The samples were then allowed to react for 10 additional minutes at room temper;ature
and read in a spectrophotometer at 540nm wavelength.
4.4.7 Plasma Glucose, Lactate, NEFA and leptin asséys

To better understand the metabolic alterations measured using the CLAMS in
week 1 and week 2 of the investigation, plasma glucose, lactate, and NEFAs {were
measured in blood samples collected after a single AICAR injection. Leptin levelsjwere
measured in plasma samples collected at the beginning and end of week 1 (days 5 and 9,
respectively) and 2 (days 12 and 16, respectively) prior to AICAR injection. All piasma
metabolite and hormone concentrations were assessed by colorimetric assays using
commercially available kits from Trinity Biotech (lactate, Berkeley Heights, NJ), Sigma
(glucose, St. Louis, MO), Wako Chemicals, Inc. (NEFAs, Richmond, VA), and Medicorp

(leptin, Montreal, Quebec).
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4.5 Statistical analysis
4.5.1 Study 1: Regulation of AMPK and ACC phosphorylation by palmitate in
skeletal muscle cells

Statistical analyses were performed by one-way or two-way ANOVAs Witil the
Tukey-Kraemer multiple comparison test or Bonferroni posttest.  The level of
significance was set at P < 0.05. All data are presented as means = SEM. ‘
4.5.2 Study 2: Acute effects of troglitazone in muscle cells

Statistical analyses were performed by one-way ANOVAs with Tukey—Krajemer
multiple comparison post-hoc tests. The level of significance was set at P < 0.05; All
data are presénted as means + SEM and expressed relative to control.
4.5.3 Study 3: Effects of AICAR-induced AMPK activation on glycogen synthesis in
isolated skeletal muscle

Statistical analyses were performed by one-way ANOVAs followed by l%isher
multiple comparison post hoc tests. The level of significance was set at P < 0.05j All
data are presented as means = SEM.
4.5.4 Study 4: Effects of 2-week AICAR injections on whole-body eﬁergy
homeostasis |

Statistical analyses were performed by one or two-way ANOVAs with Tﬁkey—
Kraemer multiple comparison post-hoc tests or contrasts. The level of significance was

set at P <0.05. All data are presented as means £ SEM.
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S. RESULTS

5.1 Study 1: Regulation of AMPK and ACC phosphorylation by palmitate in

skeletal muscle cells

5.1.1 AMPKa and ACC phosphorylation by AICAR and Palmitate

As expected, AICAR elicited a 2.5- to 3.5-fold increase in AMPK and ACC
phosphorylation as compared to control (Figure 13). Interestingly, the incubation of
myotubes with palmitate also caused a significant increase in AMPK and ACC
phosphorylation. A significant effect (~1.9-fold) on both AMPK and ACC

phosphorylation was observed in the presence of palmitate concentrations as low as
10uM (Figure 13A and 13C). A dose-response effect was found as the concentration of
palmitate in the incubation medium was increased (1 to 800uM). However, maximum
increases of 3.5-fold for AMPK (Figure 13B) and 4.5-fold for ACC phosphorylation
(Figure 13D) were obtained at 400uM compared to control (Figure 13C and D). Higher
palmitate concentrations of 600 and 800uM also induced phosphorylation of AMPK (2.7-
and 2.6-fold, respectively) and ACC (3.7- and 3.4-fold, respectively) compared to
control; however, the values obtained were lower than in the presence of 400uM
palmitate (Figure 13A-D). These results indicate that either low (10uM) or high (800uM)

fatty acid concentrations increase both AMPK and ACC phosphorylation in L6 skeletal

muscle cells.
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Figure 13. Dose-response effect of palmitate on AMPK (A and B) and ACC (C and D)
phosphorylation in L6 myotubes. Densitometric analysis (graphs) and respective
representative blots (upper panels) for each experimental condition. Cells were exposed
to different concentrations of palmitate (from 1 to 800uM) for 1h and then lysed as
described in methods. Control cells (C) were neither exposed to AICAR (A) nor to
palmitate. AICAR was used as a positive control for AMPK and ACC phosphorylation.
Data presented as average + SEM. *P<0.05 vs. control and palmitate 1uM. #P<0.05 vs.
control, AICAR, and palmitate 1, 50, and 100uM. TP<0.05 vs. control and palmitate 600
and 800uM. *P<0.05 vs. control and palmitate 400uM. ¥P<0.05 vs. control and palmitate
400uM. 5P<0.05 vs. all other conditions. Data compiled from four independent
experiments with duplicates in each experiment.
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5.1.2 Inhibition of AICAR-induced AMPK and ACC phosphorylation by
Compound C

In order to determine if the effects on ACC phosphorylation and fatty acid
oxidation were solely due to the activation of AMPK by palmitate, we applied the AMPK
inhibitor (Compound C) in our experiments. To establish the efficacy of Compound C to
inhibit AMPK phosphorylation and activity, we treated L6 myotubes with either 10uM or
40uM of the inhibitor 30 min prior to exposing the cells to AICAR (2mM). The inhibitor

did not affect basal AMPK (Figure 14A) and ACC phosphorylation (Figure 14B) levels

but significantly blocked AICAR-induced phosphorylation of AMPK and ACC. The
utilization of 10uM of Compound C significantly reduced (35% and 50%, respectively)
AICAR-induced AMPK and ACC phosphorylation, whereas in the presence of 40uM of
Compound C phosphorylation of both AMPK and ACC was completely abolished

reducing it to basal values (Figure 14A and B). Therefore, 40uM of Compound C was

chosen to be used in all subsequent experiments.

86



A+110, A+140

P-AMPK o o
A 40
35 35
§ 01 §_307 k4
) # T2
S 525 T >E 25 -
& > 23
8 €99 2 S 20
a5 2=
v 2 [o R =
% <15 4 8 < 15 1
= b;
10 10
5 5 4
0 T T T T T ] O T T T T 1
C A 110 140 A+110 A+l40 C A 110 140 A+110 A+l40

Figure 14. Effect of Compound C on basal (C, control) and AICAR-induced AMPK
(panel A) and ACC (panel B) phosphorylation in L6 myotubes. Densitometric analysis
(graphs) and respective representative blots (upper panels) for each experimental
condition. Thirty minutes prior to AICAR (A) treatment, cells were exposed to either 10

uM (110) or 40 uM (140) of Compound C. Subsequently, cells were incubated for 60 min
in the presence of AICAR (2mM) as indicated. Data presented as average + SEM.
*P<0.05 vs. control (C), AICAR, AICAR + inhibitor 10 (A + I110), and AICAR +
inhibitor 40 (A + 140). *P<0.05 vs. control, AICAR, and AICAR + 140. Data compiled
from four independent experiments with duplicates in each experiment.
5.1.3 Effect of Compound C on palmitate-induced AMPK and ACC
phosphorylation

Palmitate-induced AMPK phosphorylation was blocked by Compound C for all
fatty acid concentrations ranging from 1 to 800uM (Figure 15A and 15B). Interestingly,
palmitate-induced ACC phosphorylation was also prevented by Compound C in the
presence of palmitate concentrations ranging from 1uM to 100uM; however, this AMPK

inhibitor did not prevent palmitate-induced phosphorylation of ACC in the presence of

higher concentrations (200 to 800uM) of this fatty acid (Figure 15C and 15D). In
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previous experiments, we exposed cells to various concentrations of palmitate in the
presence of Compound C; AICAR was used as a positive control for AMPK
phosphorylation (Figure 15). However, in those experiments, we did not have data from
cells exposed to palmitate alone to serve as a control for those treated with Compound C
and palmitate in the same experiment. In order to fulfill this experimental gap, we
exposed muscle cells to either 10uM or 400uM of palmitate in the absence and presence
of Compound C. These palmitate concentrations were chosen because in previous
experiments both elicited significant increases in‘ phosphorylation of AMPK and ACC
(Figure 13), but were differently affected by the presence of Compound C (Figure 15). As
expected, AMPK phosphorylation was significantly increased in the presence of either
10uM (1.7-fold) or 400uM (2.4-fold) of palmitate, and it was completely blocked by
Compound C (figure not shown). Also, palmitate 10uM induced a significant increase
(~1.6-fold) in ACC phosphorylation, which was completely prevented by Compound C
(Figure 16A). Ihterestingly, in the presence of 400uM ACC phosphorylation increased by
~2.7-fold and remained equally phosphorylated despite the presence of Compound C in
the incubation medium (Figure 16B). These results confirm and strengthen the
observations that elevated concentrations of palmitate exert a regulatory effect on ACC

phosphorylation/ activity independently of AMPK.
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Figure 15. Effect of Compound C (40uM) on palmitate (1 to 800uM)-induced AMPK (A
and B) and ACC (C and D) phosphorylation in L6 myotubes. Densitometric analysis
(graphs) and respective representative blots (upper panels) for each experimental
condition. Compound C (I, inhibitor of AMPK) was added to the incubation medium 30
minutes prior to palmitate treatment and was also present during the entire 1h-palmitate-
incubation-period. AICAR (A, 2mM) was used as a positive control for AMPK and ACC
phosphorylation. Data presented as average * SEM.*P<0.05 vs. all conditions. *P<0.05
vs. control and palmitate 200+1. ¥p<0.05 vs. control, AICAR, palmitate 400+ and 600-+1.
Data compiled from four independent experiments with duplicates in each experiment.
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Figure 16. Effect of Compound C (40uM) on basal (C, Control — cells neither exposed to
palmitate nor to Compound C) and palmitate-induced ACC phosphorylation in L6
myotubes. Densitometric analysis (graphs) and respective representative blots (upper
panels) for each experimental condition. Compound C (I, inhibitor of AMPK) was added
to the cells 30 minutes prior to palmitate treatment and was also present during the entire

1h-palmitate-incubation-period. Cells were exposed to either 10uM (A) or 400puM (B) of
palmitate and then lysed for western blotting. Data presented as average + SEM. *P<0.05
vs. control and Compound C. Data compiled from four independent experiments with
duplicates in each experiment.
5.1.4 Effect of palmitate, AICAR, and Compound C on AMPK/ACC
phosphorylation and 4CO, production from [1-'*C]- palmitate

AICAR and palmitate (10uM and 400uM) induced AMPK phosphorylation and
this was again prevented by Compound C. Although ACC phosphorylation was also
induced by AICAR and Palmitate, Compound C only prevented its phosphorylation at the

lower concentration (10uM) of palmitate (Figure 17A). We also determined the
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phosphorylation state of AMPK and ACC after the cells had been exposed to a
combination of AICAR and palmitate. The phosphorylation induced by AICAR and
palmitate in this experiment was similar to what was observed for either AICAR or
palmitate alone, with no additive effect on AMPK and ACC phosphorylation (Figure
17A). ACC phosphorylation serves as a good indicator of AMPK activation while LCFA
oxidation provides an indication of ACC activity. Since AMPK and ACC
phosphorylationrplay an irriportant role regulating the rate of fatty acid oxidation in
skeletal muscle, we investigated the rates of *CO, production from [1-'*C]palmitate in
L6 myotubes. As palmitate concentration in the incubation medium was increased from 1
to 800uM, the rate of oxidation of this fatty acid also rose significantly from 12.4
pmols/h (basal, Figure 17B inset) to 676.86 nmols/h (800uM, Figure 17B). The basal
condition had only labeled palmitate (0.2 pCi/ml of [1-'*C]palmitic acid) in the
incubation medium. Even though this does not reflect physiological circulating non-
esterified fatty acids levels, it was technically the correct control to give us an idea of the
magnitude of the increase in fatty acid oxidation by skeletal muscle cells in the presence
of very low to high concentrations of palmitate. The most accentuated increase in
oxidation took place in the presence of palmitate concentrations ranging from 1 to
200uM (from 3.9 nmols/h to 487.38 nmols/h). However, as the concentration of
palmitate was increased from 400uM to 800uM, the oxidation rate of this fatty acid still
rose but at a much lower rate (from 559.98 nmols/h to 676.86 nmols/h, respectively)
(Figure 17B). Here, we also tested the effect of AICAR-induced AMPK activation on

palmitate oxidation. As expected, in the presénce of AICAR (2mM) we observed a
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significant increase in CO, production either under basal (~1.4 fold, Figure 17B inset)
or in the presence of up to 100uM of palmitate (1.7-fold, 2-fold, 1.6-fold, and 1.7-fold
versus palmitate alone for 1, 10, 50, and 100uM of palmitate, respectively) (Figure 17B).
However, as palmitate concentration was increased from 200pM to 800uM the AICAR-
induced effect on '“CO, production from [1-'*Clpalmitic acid was significantly
attenuated (1.07-fold, 1.09-fold, 1.09-fold, and 1.03-fold for 200, 400, 600, and 800uM
of palmitate, respectively) when compared to palmitate alone (Figure 17B). Interestingly,
the addition of Compound C significantly blocked the oxidative effect of palmitate alone
and of AICAR in the presence of palmitate concentrations ranging from 1 to 100uM.
However, in the presence of higher palmitate concentrations (200, 400, 600, and 800pM)
Compound C was not effective in blocking the oxidative responses induced by palmitate
alone or in combination with AICAR (Figure 17B). These results are compatible with the

effects of palmitate on AMPK and ACC phosphorylation previously reported (Figures 15
and 16). This suggests that under elevated concentrations of fatty acids (above 200uM)

an AMPK-independent pathway was responsible for inducing fatty acid oxidation in

skeletal muscle cells.
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Figure 17. A: Representative blots of the effects of Palmitate (P, 10pM and 400uM),
AICAR (A), Compound C (I), AICAR plus Palmitate (A+P), and AICAR plus Palmitate
plus Compound C (A+P+I) on AMPK and ACC phosphorylation. B: Effect of various
palmitate concentrations (ranging from 1 to 800pM, P1 to P800), palmitate plus AICAR
(2mM), palmitate plus Compound C (40uM), and Palmitate plus AICAR plus Compound
C on *CO, production from [1-'*C]palmitate (palmitate oxidation, nmols/dish/h) in L6
myotubes. The inset refers to the effect of Compound C on basal (in the absence of
AICAR and compound C) and AICAR (2mM)-induced "C0, production from [1-
14C]palmitate (palmitate oxidation, pmols/dish/h). Basal was determined in the presence
of only radiolabeled palmitate (0.2uCi/ml). Data presented as average + SEM. *P<0.05
vs. palmitate, palmitate + Compound C, and palmitate + AICAR + Compound C. $p<0.05
vs. palmitate and palmitate + AICAR. #p<0.05 vs. palmitate + AICAR. Data compiled
from four independent experiments with triplicates in each experiment.
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5.2 Study 2: Acute effects of troglitazone in muscle cells

5.2.1 AMPK and ACC phospherylation

Troglitazone significantly increased AMPK phosphorylation by ~2.5-fold (Figure
18A) and insulin did not affect the phosphorylation state of this enzyme. However, the
troglitazone-induced AMPK phosphorylation effect was completely suppressed by
insulin (Figure 18A). Troglitazone also significantly increased (~3.5-fold)
phosphorylation of ACC (Figure 18B), indicating that the activity of AMPK was indeed
elevated by this drug. Treatment of myotubes with insulin suppressed troglitazone-
induced ACC phosphorylation (Figure 18B), which is in line with the inhibitory effect of
this hormone on AMPK phosphorylation/activation.
5.2.2 Palmitate Oxidation and CPT-1 activity

Treatment of myotubes with troglitazone led to an ~30% increase in palmitate
oxidation while insulin elicited an ~40% reduction in this variable (Figure 19A).
Interestingly, even though troglitazone alone increased palmitate oxidation, exposure of
myotubes to a combination of troglitazone and insulin did not fully reverse the
suppressive effects of insulin on fatty acid oxidation. In fact, the insulin plus troglitazone
group elicited rates of palmitate oxidation that were ~29% lower than control but only
~14% higher than insulin alone conditions (Figure 19A). As expected, etomoxir almost
completely suppressed CPT-1 activity, which clearly demonstrates that our in vitro
system was responsive fo metabolic stimuli (Figure 19B). The activity of CPT-1 in
permeabilized myotubes was not affected by insulin treatment; however, troglitazone

significantly increased (~60%) the activity of this enzyme (Figure 19B). Interestingly,
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CPT-1 activity was also elevated (~55%) in cells exposed to both insulin and troglitazone
(Figure 19B).
5.2.3 Effect of compound C on troglitazone-stimulated fatty acid oxidation

Western blot analysis of AMPK and ACC revealed that AMPK
phosphorylation/activation was effectively inhibited by compound C. As previously
described, treatment of cells with troglitazone resulted in a ~2- and 2.3-fold increase in
AMPK and ACC phosphorylation, respectively (Figure 18C and D). Compound C did not
affect the basal phosphorylation state of either enzyme, but completely prevented the
troglitazone-induced increase in AMPK and ACC phosphorylation (Figure 18C and D).
Troglitazone increased basal fatty acid oxidation by approximately 30% relative to
control (Figure 19C). Interestingly, treatment with 10 and 20uM of compound C led to
~15 and 30% reductions in basal palmitate oxidation relative to control, respectively
(Figure 19C). Strikingly, both concentrations (10 and 20pM) of compound C completely
prevented troglitazone-induced increases in fatty acid oxidation by skeletal muscle cells.
In fact, the rates of troglitazone-induced palmitate oxidation in cells exposed to either 10
or 20uM of compound C were ~20% and ~40% lower than control values, respectively

(Figure 19C).
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Figure 18. Effects of troglitazone (Tro, 50puM), insulin (Ins, 100nM), troglitazone plus
insulin (Tro + Ins), compound C (C, 10 and 20uM), and troglitazone plus compound C
(Tro + C) on AMPK (Panels A and C) and ACC (Panels B and D) phosphorylation in L6
myotubes. Control (Con) cells were not exposed to insulin, troglitazone, or compound C.
Densitometric analysis and respective representative blots are shown for each
experimental condition for AMPK (Panels A and C) and ACC (Panels B and D). GAPDH
was used as loading control. Data were compiled from three independent experiments
with duplicates in each condition and presented as means £ SEM. *P<0.05 vs. all groups.
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Figure 19. Effects of troglitazone (Tro, 50uM), insulin (Ins, 100nM), etomoxir (Eto,
2.5uM), troglitazone plus insulin (Tro + Ins), compound C (C, 10 and 20uM) and
troglitazone plus compound C (Tro + C) on palmitate oxidation (Panels A and C) and
CPT-1 activity (Panel B) in L6 myotubes. Control (Con) cells were not exposed to Ins,
Tro, Eto or compound C. Palmitate oxidation was measure by the rate of production of
1C0, from [1-"*C]palmitic acid during 1h of incubation. CPT-1 activity was assessed by
the conversion L-[°H]carnitine to palmitoyl-[*H]carnitine during a Smin assay following
1h exposure to the respective conditions mentioned above. Data were compiled from
three independent experiments with triplicates in each condition and presented as means
+ SEM. *P<0.05 vs. all groups; "P<0.05 vs. Con, Tro, and Tro + Ins; SP<0.05 vs. Con
Tro, and Ins; p<0.05 vs. Con, Eto, and Ins; ¥ P<0.05 vs. Con, Tro, C20, and Tro + CZO
P<0.05 vs. Con, Tro, C10, and Tro + C10.
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5.2.4 Palmitate Uptake

Insulin elicited a ~20% increase in palmitate uptake compared to control (Figure
20A). The incubation of myotubes with low concentrations (SpM) of troglitazone did not
affect basal palmitate uptake; however, it completely abolished the insulin-stimulated
increase in this variable. Interestingly, a higher concentration (S0uM) of troglitazone
reduced both basal and insulin-stimulated palmitate uptake by ~23% compared to control
conditions (Figure 20A). Further increases in troglitazone concentration from 50 to
100uM did not affect basal palmitate uptake but the insulin-stimulated uptake was
reduced by an additional ~13% (Figure 20A).
5.2.5 Effect of troglitazone on basal and insulin-stimulated glucose uptake, glycogen
synthesis, lactate production, glucose oxidation, and glucose incorporation into
lipids

As expected, insulin elicited an ~1.7-fold increase in glucose uptake compared to
control, while treatment of L6 myotubes with troglitazone resulted in ~2-fold increase in
this variable (Figure 20B). Interestingly, the combination of troglitazone and insulin
elicited an additive effect leading to a ~2.8-fold increase in glucose uptake (Figure 20B).
Treatment of muscle cells with compound C did not affect basal or insulin-stimulated
rates of glucose uptake; however it reduced troglitazone-induced glucose uptake by
~30% compared to control (Figure 20B). Compound C also completely prevented the
additive effect of combining troglitazone and insulin on glucose uptake. In fact, myotubes
receiving insulin, troglitazone, and compound C elicited glucose uptake values that were

also ~30% lower than control (Figure 20B). Further analysis of several pathways of
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glucose metabolism revealed that, as expected, insulin significantly increased glucose
oxidation (~1.5-fold), glycogen synthesis (~2-fold), incorporation of glucose into lipids
(~1.4-fold), and lactate production (~2.5-fold) as compared to control (Figure 21A-D).
Interestingly, troglitazone reduced basal and insulin-stimulated rates of glucose oxidation
(Figure 21A), glycogen synthesis (Figure 21B), and incorporation of glucose into lipids
(Figure 21C) to values corresponding to ~30%, ~30%, and ~60%, of the controls,
respectively. The inhibitory effect of troglitazone on glycogen synthesis was observed
either when insulin and troglitazone were added simultaneously (Figure 21B) or when
cells were pre-treated with troglitazone for 1h and then subsequently exposed to insulin
(data not shown). On the other hand, troglitazone significantly increased basal (~3.5-fold)
and insulin-stimulated (~5.5-fold) rates of lactate production (Figure 21D). These data
indicate that troglitazone promotes an insulin-sensitizing effect by increasing glucose
uptake and shifting glucose metabolism towards lactate production in skeletal muscle

cells.

99



>

14 -
*
1.2 - T
23 " m 5
8 c #
5308 - # #
3 I 1 T ] I
Es™
T O
& xog -
0.2 4
0 T 1 T T T T T 1
Con | T5 T50 T100 T5+ T50+ = T100+i
B
3 A §
i
2.5 A
= %
[e]
o5
8§57 s ] $
=} ) -
u> -
» 015 4
) é:'i 1 - ¥ ¥
0‘5 _ H IJ_!
0 T T T T T T 1 1
Con | T50 T50+I C +C T50+C T50+H+C

Figure 20. Effects of insulin (I, 100nM), troglitazone (T, 5, 50 and 100uM), troglitazone
plus insulin (T5 + I, T50 + L, and T100 + I), compound C (C, 20uM), insulin plus
compound C (I + C), troglitazone plus compound C (T50 + C), and troglitazone plus
insulin plus compound C (T50 + I + C) on palmitate (Panel A) and glucose (Panel B)
uptake in L6 myotubes. Control (Con) cells were not exposed to troglitazone, insulin, or
compound C. All cells were exposed to the treatment conditions for a period of 1h. The
rates of palmitate and glucose uptake were assessed by the uptake of [1-'*C]palmitic acid
and 2-deoxy-D-[’H]glucose during a 4min and Smin assay, respectively, after the 1h
incubation, as described in the methods. Data were compiled from three to four
independent experiments with triplicates for each condition and presented as means +
SEM. *P<0.05 vs. all conditions; "P<0.05 vs. Con, I, T5, T5 + I, and T100 + ; P<0.05
vs. Con, I, T5, T50, T100, TS + I, and T50 + I; *P<0.05 vs. Con, T50, T50 + I, C, T50 +
C,and TS50 + 1+ C; $P<0.05 vs. all conditions; ¥*P<0.05 vs. Con, I, TS0, TS0 + I, C, and 1
+C.
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Figure 21. Effects of insulin (Ins, 100nM), troglitazone (Tro, S0uM), and troglitazone
plus insulin (Tro + Ins) on glucose oxidation (Panel A), glycogen synthesis (Panel B),
glucose incorporation into lipids (Panel C), and lactate production (Panel D) in L6
myotubes. Control (Con) cells were treated with neither Ins nor Tro. The rates of glucose
oxidation was measured by the production of '*CO, from D-[U-*C]glucose during 1h.
The rates of glycogen synthesis, and glucose incorporation into lipids were measured by
the incorporation of D-[U-"*C]glucose into glycogen and lipids for 1 and 2h, respectively.
Data were compiled from three independent experiments with quadruglicates in each
condition and presented as means + SEM. *P<0.05 vs. all conditions; "P<0.05 vs. Con
and Ins; *P<0.05 vs. all conditions; P<0.05 vs. all conditions.
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5.2.6 Effect of troglitazone and compound C on [1-14C]-pyruvate decarboxylation
Muscle cells exposed to troglitazone elicited a significant reduction (~97%) in the

rate of "*CO, production form [1-'*C]-pyruvate in comparison to control (Figure 22). The

addition of compound C alone to the incubation medium neither affected basal pyruvate

oxidation nor reversed the potent suppressive effect of troglitazone on this variable.
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Figure 22. Effects of troglitazone (Tro), compound C (C), and troglitazone plus
compound C (Tro + C) on pyruvate decarboxylation in L6 myotubes. The rate of
pyruvate decarboxylation was measured by the production of *CO, from [1-"*C]-pyruvic
acid during 1h. Data were compiled from three independent experiments with

quadruplicates in each condition and presented as means + SEM. * P<0.05 vs. control
and C.
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5.2.7 Effect of troglitazone on basal and insulin-stimulated phosphorylation of
AKtrnr308, AKtser-473, and GSK-3a/p |

Cells exposed to insulin for Smin elicited a marked (~60-fold) increase in
Aktrnsog phosphorylation (Figure 23) compared to control. Troglitazone on its own led to
~4-fold increasé in Aktry3s phosphorylation and when combined with insulin produced
an increase in this variable that was ~50% higher than the effect of insulin alone. Also,
insulin increased Aktseq73 phosphorylation by approximately 7-fold, while troglitazone
increased it by ~2.7-fold relative to control. Again, the combination of troglitazone and
insulin elicited an increase in Aktser473 phosphorylation that was ~50% higher than the
effect of these agents alone (Figure 23). Under control and troglitazone treated conditions
GSK-3a/B phosphorylation was undetectable; however, exposure of muscle cells to
insulin for 5, 10, and 20min resulted in ~6-, ~21-, and ~20-fold increases in GSK-3a and
1.5-, 13-, 14-fold increases in GSK-3B phosphorylation, respectively. Interestingly,
exposure of muscle cells to both troglitazone and insulin led to an increase in
phosphorylation of GSK-SIa/ B that was higher than insulin alone (Figure 23). In fact, after
5 and 10min of insulin exposure, troglitazone-treated cells elicited more than 2-fold
increase in GSK-3a/B phosphorylation when compared to insulin alone. The effect of
troglitazone on insulin-stimulated GSK-30/B phosphorylation was even more pronounced
(~4-fold) after 20min of insulin exposure (Figure 23). All together, our data indicate that
troglitazone potentiates the effects of insulin on major intracellular signalling pathways

involved in glucose uptake and metabolism in L6 myotubes.
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Figure 23. Time course effects (5, 10, and 20min) of insulin (Ins, 100nM), troglitazone
(Tro, 50uM), and troglitazone plus insulin (Tro + Ins) on the phosphorylation of Akt-
Thr308 (P-Akt308), Akt-Serd73 (P-Akt473), GSK-3a (P-GSK-3a), and GSK-3B (P-

GSK-3B) in L6 myotubes. Cells were exposed to insulin for the last 5, 10 and 20min of a
~ 1h incubation period. Troglitazone was added to the medium at the beginning of the 1h
incubation period and remained in the medium after insulin was added. Control (Con)
cells were exposed to neither insulin nor troglitazone.
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5.3 Study 3: Effects of AICAR-induced AMPK activation on glycogen synthesis in

isolated skeletal muscle

5.3.1 Effect of AICAR on glycogen synthesis in soleus and epitrochlearis muscles

As expected, in soleus muscle, insulin elicited a 6.4-fold increase in glycogen
synthesis compared with the control condition (Figure 24A). Interestingly, while
treatment with AICAR alone did not alter the basal rate of glycogen synthesis, it resulted
in a ~60% reduction of glycogen synthesis in the presence of insulin. Treatment of
epitrochlearis muscles with insulin resulted in a 1.8-fold increase in glycogen synthesis
relative to control (Figure 24B). AICAR treatment did not affect either basal or insulin-

stimulated conditions in epitrochlearis muscles.
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Figure 24. Effect of insulin (100nM), AICAR (2mM) and AICAR plus insulin (A +I) on
glycogen synthesis in isolated soleus (panel A) and epitrochlearis (panel B) muscles.
Glycogen synthesis was estimated from the incorporation of D-[U-"*C]glucose into
glycogen for 1h in the presence of the various conditions as indicated. Control muscles
were exposed neither to AICAR nor to insulin. Muscles in the A + I condition were pre-
incubated with AICAR for 30min before insulin and D-[U-"*C]glucose were added to the
medium. Data were compiled from three independent experiments with triplicates in each
experiment and presented as means + SEM. *P<0.05 versus control, AICAR, and A + L.
#P<0.05 versus Control, insulin, and AICAR. $p<0.05 versus Control and AICAR.
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5.3.2 Effect of AICAR on glycogen content in soleus and epitrochlearis muscles

To further characterize the effects of AICAR treatment on glycogen metabolism,
glycogen content was assessed. In soleus, lh treatment with insulin resulted in a
significant increase (~27%) in glycogen content relative to control (Figure 25A).
Interestingly, AICAR completely reversed the increase in glycogen content induced by
insulin in soleus muscles. Incubation of epitrochlearis muscles (Figure 25B) with insulin,

AICAR and AICAR plus insulin, did not have any effect on glycogen content.
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Figure 25. Effect of insulin (100nM), AICAR (2mM) and AICAR plus insulin (A + I)
on glycogen content in isolated soleus (panel A) and epitrochlearis (panel B) muscles.
Control muscles were exposed neither to AICAR nor to insulin. Muscles in the A + 1
condition were pre-incubated with AICAR for 30min before insulin was added to the
medium. Data were compiled from three independent experiments with triplicates in each
experiment and presented as means = SEM. *P<0.05 versus Control, AICAR, and A + L.
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5.3.3 Effect of AICAR on lactate production in soleus and epitrochlearis muscles

To determine whether the effects of AICAR on glycogen synthesis would also cause
other metabolic changes in soleus and epitrochlearis muscles, lactate production was
assessed. In soleus (Figure 26A), incubation with insulin resulted in a significant ~1.6-
fold increase in lactate production relative to control. The effect of AICAR on the basal
condition showed a trend towards increased lactate production, but did not reach
statistical significance (Figure 26A). However, incubation of the soleus with AICAR and
insulin caused a 2-fold increase in lactate production relative to control, which was ~21%
higher than that of insulin alone (Figure 26A). The epitrochlearis muscles (Figure 26B)
also showed a similar increase in lactate production (~1.7-fold) when treated with insulin.
However, AICAR did not affect insulin-stimulated lactate production in these muscles

(Figure 26B).
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Figure 26. Effect of insulin (100nM), AICAR (2mM) and AICAR plus insulin (A + I)
on lactate production in isolated soleus (panel A) and epitrochlearis (panel B) muscles.
Control muscles were exposed neither to AICAR nor to insulin. Muscles in the A + 1
condition were pre-incubated with AICAR for 30min before insulin and D-[U-
Clglucose were added to the medium. Data were compiled from three independent
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experiments with triplicates in each experiment and presented as means + SEM. *P<0.05
versus Control, AICAR, and A + L #P<0.05 versus Control, insulin, and AICAR.
- $p<0.05 versus Control and AICAR.
5.3.4 Effect qf AICAR on glucose uptake in soleus and epitrochlearis muscles

In soleus muécles, treatment with insulin resulted in a ~3.3-fold increase in glucose ,
uptake relative to control (Figure 27A). The addition of AICAR to the medium did not
affect either the basal or the insulin-stimulated rate of glucoée transport in the soleus
(Figure 27A).' As expected, epitrochlearis muscles elicited an increase in glucose uptake
(~1.7-fold) in the presénce of insulin. AICAR treatment also caused a significant increase
(~1.4-fold) in glucose uptake in epitrochlearis muscles (Figure 27B). The additién of
AICAR to the insulin-stimulated epitrochlearis muscles resulted in ~2.0-fold increase in

glucose uptake. However, this increase was not statistically different from the insulin or

AICAR only conditions.
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Figure 27. Effect of insulin (100nM), AICAR (2mM), and AICAR plus insulin on 2-
deoxy-D-glucose uptake in isolated soleus (panel A) and epitrochlearis (panel B)
muscles. Control muscles were exposed neither to AICAR or to insulin. Data were
compiled from three independent experiments with triplicates in each experiment and
presented as means £ SEM. $p<0.05 vs. control and AICAR. #P<0.05 vs. Control.

108



5.3.5 Effect of AICAR on the phosphorylation of AMPK, ACC, Akt, GSK-3a/B, and
GS in soleus muscles

The effectiveness of AICAR treatment to increased AMPK phosphorylation/
.activation was determined by Western blot. As expected, AICAR treatment led to a
marked increase in AMPK and ACC phosphorylation, respectively (Figure 28A). In
addition, we also examinéd the differential expression of the AMPKal and AMPKo2
catalytic subunits in both, soleus and epitrochlearis muscles. The AMPKal content was
markedly higher (~1.6-fold) in epitrochlearis than soleus muscles while AMPKa2
appeared similar in both muscles (Figure 28B). In order to determine if the effects of
AICAR-induced AMPK activation affected major intracellular pathways of insulin
signalling, we examined the phosphorylation states of Akt Thr308, Akt Ser473, GSK-
30/ and GS. As anticipated, exposure of the soleus muscle to insulin for 15min resulted
in a ~9-fold increase in Akt Thr308 phosphorylation compared to control. Even though
this effect decreased as exposure time to insulin increased, Akt Thr308 phosphorylation
remained markedly elevated after 45min of insulin exposure compared to control (Figure
28C). AICAR on its own did not cause any changes in the phosphorylation state of Akt
Thr308. However, pre-treatment of soleus muscles with AICAR resulted in ~33% and
55% reductions in Akt Thr308 phosphorylation after 15 and 30min of insulin exposure,
respectively (Figure 28C). Insulin also increased Akt Ser473 phosphorylation (~1.6-fold)
but this was unaffected by AICAR. To further investigate the effects of AICAR on
enzymes involved in glycogen metabolism, we examined the phosphorylation state of

GSK-3a/p (Figure 28C). This enzyme is a downstream target of Akt and is active when
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in its de-phosphorylated state. Under control conditions, GSK-3a./p phosphorylation was

virtually undetectable. A pronounced increase in the phosphorylation state of GSK-3a
was observed in the presence of insulin (Figure 28C). Interestingly, AICAR markedly
reduced the 15, 30, and 45min insulin-stimulated phosphorylation of GSK-3o. The
phosphorylation of GSK-3B under insulin stimulation was not as high as GSK-3a,
however, the effect of AICAR on the insulin-stimulated condition followed a similar
pattern to that of GSK-3a (Figure 28C). These data indicate that AICAR prevented the
insulin-induced suppression of GSK-3a/B activity in soleus muscles.

Analysis of GS phosphorylation revealed that this enzyme was highly phosphorylated
under basal conditions, and AICAR alone did not affect basal GS phosphorylation. As
expected, treatment of soleus muscles with insulin elicited a time-dependent reduction in
GS phosphorylation, reaching its lowest after 45min exposure to insulin (Figure 28C).
Interestingly, AICAR treatment initially decreased the GS phosphorylation after 15 and

30min of insulin exposure. However, GS phosphorylation markedly increased after

45min of exposure to insulin (Figure 28C).
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Figure 28. Panel A: Induction of AMPK and ACC phosphorylation by AICAR in soleus
muscles. Panel B: Expression of AMPKal and AMPKa2 catalytic subunits in soleus
(Sol) and epitrochlearis (Epi) muscles. Panel C: Time course effects (15, 30, and 45min)
of insulin (I, 100nM), AICAR (A, 2mM), and AICAR plus insulin (A + I) on the
phosphorylation of AktThr 308 (P-Akt308), AktSer473 (P-Akt473), glycogen synthase
kinase-3a. (P-GSK-3a), glycogen synthase kinase-3p (P-GSK-3B), and glycogen
synthase (P-GS) in isolated soleus muscles. Muscles were exposed to insulin for 15, 30,
and 45 min. AICAR was added to the incubation medium 30min prior to adding insulin
and remained in the medium thereafter. Controls (C) represent soleus muscles not
subjected to any treatment. ‘
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5.4 Study 4: Effects of 2-week AICAR injections on whole-body energy homeostasis

5.4.1 Body Weight and Food intake

To accurately characterize the effects of chronic AICAR administration, body
weight and food intake were measured on a daily basis. Saline and AICAR injeéted
animals elicited a similar increase in body weight (Figure 29A). AICAR did not alter

food intake significantly over the course of the study (Figure 29B).
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Figure 29. Body weight (A) and food intake (B) of rats injected with AICAR for 2
weeks. All animals were allowed to acclimatize (Acclim.) for 4 days prior to the start of
the injection protocol. Food intake is presented as a percentage of the body weight for
each respective day. Data are compiled from four independent experiments with an N=3
animals/group/experiment and presented as means = SEM. :
5.4.2 VO, and energy expenditure

After 3 days of injections in week 1 of the treatment protocol, VO, (Figure 30A)
and EE (Figure 30B) were significantly lower (between ~6-15% for VO, and ~8-17% for

EE) in AICAR versus Control animals. These differences were apparent at 1200 and

1300h for both variables and between 2000 and 0300h, and 1900 and 0400h for VO, and
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energy expenditure, respectively.

In week 2, no differences were found for either

variable between the two groups of animals (Figures 30C and D).

A

VO:2 (ml/kg/hr)

3000 4

2500 4

Energy Expenditure (kcal/hr)

-8 Control
—-AICAR
1000 1
500 -
SEEENNN— o
1121314151617 18192021222324 1 2 3 4 5 6 7 8
Time of day (hour)
3 Week 1
*
25
*
2 4
1.5 4
: -=- Control
. -~ AICAR
0.5 1
b T

2000 -

1500 4

Week 1

*

11121314 151617 18192021222324 1 2 3 4 5 6 7 8
Time of day (hour)

C 2w -‘

VO, (mlkg/hr)

2000 1

1500 -4

1000 -

500 -

Energy Expenditure (kcal/hr)

Week 2

-&- Control
-~ AICAR

Dark Cycle

M121314 1516171819 2021222324 1 2 3 4 5 6 7 8
Time of day (hour)

-a- Control
-~ AICAR

(I oo

1121314151617 1819202122232 1 2 3 4 5 6 7 8
Time of day (hour)

Figure 30. Effect of AICAR on VO, and energy expenditure in week 1 (A and B) and
week 2 (C and D) of the treatment protocol, respectively. The dark cycle is depicted in
each individual panel and took place from 1800h to 0600h. Data are compiled from three
independent experiments with an N=3 animals/group/experiment and presented as means
+ SEM. *, P <0.05 vs. control.
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5.4.3 Accumulated O; consumption

To confirm that the differences observed in VO, were in fact accompanied by a
lower O, utilization in AICAR treated animals, the accumﬁlated 0, utilized was assessed.
In week 1 AICAR treated animals were consistently utilizing less O, than Controls at
elvery time point following AICAR injection (Figure 31A). This trend reached statistical
significance at 1700h and resulted in an ~10% lower accumulated O, utilization at the
end of the measurement period (Figures 31A and B). This difference disappeared in week

2 of the treatment protocol (Figure 31C and D).

114



Week 1 : Week 1

A, B
*
>
S 10 1 12 1
- c
<3 S
£ B 10 *
73 8 £
& 2 -
o g 8
a —~
- (]
S=° 53
o —= Control g = 6
= 4 -1~ AICAR k3]
E 3 4
= =3
3 E
2] J
< 3
<

11121314 151617 18192021222324 1 2 3-4 5 6 7 8 Control AICAR
Time of day (hour)

@)
w

12 1 Week 2 Week 2

-&— Control
-~ AICAR

Accumulated O 2 consumption
L)
»

Accumulated O consumption
L
»

111213 14151617 18192021222324 1 2 3 4 5 6 7 8 Control AICAR
Time of day (hour)

Figure 31. Effect of AICAR on accumulated O, utilized in week 1 (A and B) and week 2
(C and D). Panels B and D represent the total amount of O, utilized during the 22 hours
following AICAR injection. The dark cycle is depicted in panels A and C and took place
from 1800h to 0600h. Data are compiled from three independent experiments with an
N=3 animals/group/experiment and presented as means + SEM. *, P <0.05 vs. control.
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5.4.4 Respiratory Quotient

In order to determine if AICAR treatment would affect substrate utilization,
respiratory quotient (RQ) was measured. In week 1 of the investigation this variable
rapidly decreased in the AICAR group only two hours following drug administration, and
remained significantly lower than Control animals for the following 8 hours (Figure
32A). The largest difference in RQ between the two groups was recorded at 1300h with
values corresponding to ~0.77 vs. 0.87 for AICAR and Control animals, respectively.
However, the reduction in RQ observed in week 1 of treatment did not take place in week
2, as both groups showed similar values (Figure 32B).
5.4.5 Relative contribution of carbohydrate and fatty acid oxidation towards total
energy expenditure

The RQ in conjunction with EE were used to calculate the relative contribution of
either carbohydrates or fatty acids towards total energy expenditure. In week 1, the rate of
carbohydrate oxidation was significantly reduced in AICAR treated animals for 15 hours |
following drug administration (Figure 32C). On the other hand, fatty acid oxidation was
increased between 1300 and 1900h in week 1 (Figure 32E). No differences were

observed in week 2 of the investigation (Figure 32D and F).
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Figure 32. Respiratory Quotient and relative contribution of carbohydrates (CHO) and
fatty acids to energy expenditure in week 1 (A, C, E) and week 2 (B, D, F) of the
treatment protocol, respectively. The dark cycle is depicted in each individual panel and
took place from 1800h to 0600h. Data are compiled from three independent experiments
with an N=3 animals/group/experiment and presented as means £ SEM. *, P <0.05 vs.
control. '
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5.4.6 Fat pad masses
Fat-pad weights were measured once the animals were sacrificed at the end of the
‘investigation. The epididymal (Epi), subcutaneous (SC), and retroperitoneal (Retro) fat
pads were approximately 17, 18 and 40% smaller in AICAR treated animals versus
control, respectively, after body weight was taken into account (Figure 33A). Brown
adipose tissue (Bat) was not significantly different (p = 0.09).
5.4.7 Plasma Leptin concentrations
Since the amount of body fat is positively correlated with circulating leptin levels,
and leptin is an important hormone involved in the regulation of food intake and energy
expenditure, circulating leptin concentrations were measured in these animals at the
beginning (days 5 and 12) and end (days 9 and 16) of each week of injection (Figure
33B). On day 5 of week 1, both control and AICAR animals had similar circulating
leptin levels; however, at the end of week 1 (day 9), after five days of AICAR injection,
animals in the AICAR group demonstrated an ~25% reduction in circulating leptin levels.
This difference continued to increase in week 2 of the study to values that were ~27 and
31% lower in the AICAR versus control animals on days 12 and 16, respectively (Figure
33B). In addition, the leptin levels in contro] animals increased in week 2 of the
investigation by ~17 and 24% (days 12 and 16, respectively) relative to the starting

values in week 1.
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Figure 33. Effect of 2-week AICAR injections on fat pad mass (A), and weekly plasma
leptin concentrations (B). Fat pad mass was measured at the end of the 2 week treatment
protocol for epididymal (Epi), subcutaneous (SC), retroperitoneal (Retro), and brown
adipose tissue (BAT) fat pads. Plasma leptin measurements were performed on samples
collected at the beginning (Day 5 and 12) and end (Day 9 and 12) of each week of
treatment. N=7-9 animals/group for fat pad and plasma leptin measurements. All data are
presented as means + SEM. *, P <0.05 vs. control, # P <0.05 vs. control (Day 5).
5.4.8 Activity

Activity in the X + Z plane was measured to help explain possible differences in
metabolic parameters as well as body composition alterations. There was no significant
difference in the 22 hour activity pattern of either AICAR or Control animals in week 1
(Figure 34A). When the activity performed in each hour of measurement was summed to
obtain a cumulative total, the two groups showed virtually identical total activity counts
(Figure 34B). On the other hand, the week 2 data showed a consistently elevated level of
activity in AICAR versus Control animals (Figure 34C). In fact, when activity for each

hour was summed in week 2, AICAR animals were ~25% more active than Control

animals (Figure 34D).
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Figure 34. Effect of AICAR on activity (A and C, x + z axis) and total activity (B and
D) in week 1 and 2 of the treatment protocol. The dark cycle is depicted in panels A and
C and took place from 1800h to 0600h. The data are compiled from three independent

experiments with an N=3 animals/group/experiment and presented as means = SEM. *, P
< 0.05 vs. control. '

5.4.9 Plasma AICAR concentrations following i.p. AICAR injection

Due to the fact that AICAR elicited acute alterations in RQ, VO, and EE in week
1, it was important to determine the time-course of AICAR appearance in the circulation.
AICAR plasma concentrations peaked 10 minutes following injection, reaching

approximately 600mM (Figure 35A). Subsequently, the plasma concentrations dropped
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to ~412 vand 270mM at 15 and 30 minutes post injection, respectively. One hour
following injection the plasma AICAR values continued to decrease to ~170mM. By the
2 hour time point only trace amounts of AICAR remained (~25mM), and by 4 hours it
was not detectable (Figure 35A).

5.4.10 FFAs, glucose, and lactate concentrations following i.p. AICAR injection

The following time-course measurements of plasma FFAs, glucose, and lactate
levels following a single AICAR injection were obtained to provide additional insight
into the results collected in week 1 and week 2 using the CLAMS.

Plasma FFAs were significantly lower (~50%) in AICAR animals compared to
saline injected controls 30 minutes after injection (~0.19 vs. 0.37 mM, respectively). At
the 1h and 2h time points AICAR animals had similar values to s‘aline injected controls.
FFAs increased by ~100% at the 4 and 8h time points relative to control, to values
corresponding to 1.08 and 1.04mM, respectively (Figure 35B).

Plasma glucose levels decreased rapidly in AICAR animals at the 15 minute time
point by ~30% to values of 5.43mM (Figure 35C). Plasma glucose continued to decrease
at the 30 minute time point by ~45% (Control = 7.5 vs. AICAR = 4.1mM). For the
remaining time points (1, 2, 4, and 8h) glucose values remained significantly lower in
AICAR animals compared to saline injected Controls (Figure 35C).

Both, AICAR and Control animals had similar basal lactate levels (~2mM). At
the 15 minute time point, lactate concentrations in the AICAR animals increased by
approximately 2.5-fold to 4.3mM (Figure 35D). At the 30 minute and 1 hour time points

lactate levels continued to increase in AICAR animals by ~3- and 4.2-fold to values
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corresponding to ~5 and 5.4mM, respectively. At the 2 h time point lactate levels began
to decrease in AICAR animals, but still remained ~3.5-fold higher than Controls. No

significant differences were detected at the 4 and 8h time points between the two groups

(Figure 35D).
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Figure 35. Effects of intraperitoneal AICAR injection (0.7g/kg) on plasma AICAR (A),
FFAs (B), glucose (C), and lactate (D) concentrations in rats. Basal plasma samples for
all measurements were collected immediately prior to AICAR injection. Data are

presented as means = SEM. N=5-9 animals/time point. * P < 0.05 vs. saline at the same
time point. '

5.4.11 Effects of AICAR on AMPK and ACC phosphorylation in skeletal muscle,
liver, adipose tissue, and heart

AMPK and ACC phosphorylation was assessed in various tissues 24 hours
following the last AICAR injection. EDL muscles (Figure 36A) showed an ~7- and 2.2-

fold increase in AMPK and ACC phosphorylation relative to control, respectively. Liver
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AMPK and ACC phosphorylation (Figure 36B) increased by ~23- and 40-fold,
respectively. An increase in the phosphorylation of these two enzymes was also seen in
the epididymal fat pad (Figure 36C, ~40-fold for AMPK and 60-fold for ACC) and the

heart (Figure 36D, ~33-fold for AMPK and 60-fold for ACC).

A EDL muscle B Liver
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Figure 36. Effects of 2-week AICAR (A) injections on AMPK and ACC phosphorylation
in the EDL muscle (A), liver (B), epididymal fat pad (C), and heart (D). Western blots
were performed on tissues extracted 24 hours after the last AICAR injection. Control (C)
animals were injected with an equal volume of saline as described in Methods.
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6. DISCUSSION

6.1 _Study 1: Regulation of AMPK and ACC phosphorylation by palmitate in

skeletal muscle cells

Here we describe the novel finding that AMPK and ACC activity are regulated by
palmitate in skeletal muscle cells in a dose-dependent manner. The concentrations of
palmitate applied ranged from 1 to 800uM, which are within values observed either in
physiological conditions such as overnight fast (~100 — 500uM) and prolonged exercise
(~500 — 1000uM) or pathological conditions such as obesity (~600 — 800uM) and type 2
diabetes mellitus (~700 — 900uM) (203). However, although plasma fatty acids can reach
800uM, this is unlikely the case for the extracellular fluid to which skeletal muscle is
exposed to in vivo. This raises the question whether the treatment of L6 muscle cells with
high palmitate concentrations (400 — 800uM) could be toxic to the cells and affect cell
viability. High levels of palmitate did not alter cell viability when measured by the trypan
blue exclusion method as reported in Methods. Additionally, even though in our system
the maximum phosphorylation response of AMPK and ACC was obtained in the presence
of 400uM, the effect on oxidation was significantly increased and remained elevated as
palmitate concentrations were raised up to 800uM in the incubation medium. This
sustained functional response to high levels of palmitate (400 — 800uM) indicates that the
muscle cells were viable and well responsive under all experimental conditions.

ACC phosphorylation was coupled to AMPK phosphorylation and activation in

the presence palmitate concentrations raging from 1 to 100uM. However, at
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concentrations above 200uM, ACC phosphorylation remained high, despite the total
inhibition of AMPK phosphorylation by Compound C, a selective AMPK inhibitor.
These results indicated that palmitate regulates ACC phosphorylation/activity by AMPK-
dependent and -independent mechanisms, based on its abundance in skeletal muscle cells.

It has been previdusly demonstrated that the cytoplasmic process of fatty acid
activation (formation of fatty acyl-CoA) consumes ATP and increases cytosolic AMP by
~30-fold leading to AMPK activation in isolated hepatocytes (109). Also, activation of
heart AMPK in response to physiological concentrations of LCFA has been reported
(108). These are in agreement with our results in skeletal muscle cells showing that
palmitate increases AMPK phosphorylation and also phosphorylation of its direct
substrate ACC, which are also compatible with the observed increase in fatty acid
oxidation. In fact, the rate of palmitate oxidation by skeletal muscle cells rose as the
concentration of this fatty acid in the medium was increased up to 400uM, and practically
reached é plateau thereafter. Interestingly, inhibition of AMPK phosphorylation by
Compound C significantly reduced (30%) basal (containing only labeled palmitate - 0.2'
puCi/ml of [1-'*C]palmitic acid) and AICAR-induced (~45%) palmitate oxidation for
concentrations of this fatty acid ranging from 0 to 100pM. However, Compound C
exerted no significant effect on either basal or AICAR-induced palmitate oxidation as the
concentration of this fatty acid was increased from 200 to 800uM, even though AMPK
phosphorylation was prevented by Compound C. Additionally, the combination of
AICAR and palmitate elicited a significant additive effect on oxidation (~75%) up to

100uM of palmitate but this effect was practically abolished (~7.5%) when palmitate
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concentration ranged from 200 to 800uM. Importantly, no additive effect on AMPK and
ACC phosphorylation was observed when cells were exposed to a combination of
AICAR and palmitate (either 10uM or 400uM).

These findings indicate that LCFAs autoregulate their metabolism by two separate
pathways: one that depends on AMPK activation and another that directly modulates
ACC phosphorylation/activity and overrides the effects of AMPK activation. The
concentration of LCFAs in the cell is the major factor determining which of these
pathways will prevail in the regulation of fatty acid metabolism in skeletal muscle cells.
Previous studies performed in perfused heart muscle (108) and in isolated rat hépatocytes
(109) have shown that not only palmitate, but also acetate, octanoate, and oleate increase
AMPK activity (108, 109) and fatty acid oxidation (108). In our experiments we used
only palmitate and further studies need to be performed to test whether other fatty acids
also regulate phosphorylation/activity of the AMPK/ACC pathway and S-oxidation in
skeletal muscle.

The fact that ACC remained phosphorylated even after Compound C prevented
palmitate-induced AMPK phosphorylation, suggests that fatty acids may also regulate
ACC activi-ty by inducing phosphorylation of this enzyme by an alternative kinase.
Additionally, it rﬁay be possible that fatty acids inhibit phosphatases that might otherwise
dephosphorylate and activate ACC. The inhibition by palmitate of phosphatases that
target ACC would divert metabolism of LCFAs towards oxidation instead of lipid
synthesis in the presence of high levels of fatty acids. In fact, in the present study we also

observed that ACC phosphorylation was accompanied by up-regulation of palmitate
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oxidation in skeletal muscles cells. Further studies are necessary to precisely identify the
mechanisms by which fatty acids regulate ACC phosphorylation/activity in skeletal
muscle cells and, therefore, autoregulate their metabolic fate.

The AMPK-independent effect of high levels of palmitate on fatty acid oxidation
may also have derived from a potent feedback inhibition of ACC by long-chain fatty
acyl-CoA esters (1:11, 204, 205). There is compelling evidence that citrate and acetyl-
CoA function as allosteric activators of ACC, whereas LCFA-CoA acts as an allosteric
inhibitor opposing the action of citrate on purified rat-hindlimb-muscle ACC (206).
Suppression of lipogenesis by fatty acids has also been previously demonstrated in
extracts of rat epididymal fat pads (207) and in rat perfused livers (208), even though
there is little evidence that these were through allosteric inhibition of ACC. In rat skeletal
muscle, refeeding after a fast rapidly decreased fatty acid oxidation in vivo, and this has
been attributed to a decrease in circulating fatty acid levels releasing allosteric inhibition
of ACC in muscle (112). All these observations are in agreement with our findings,
which indicate that fatty acid abundance leads to ACC inhibition and suppression of
lipogenesis. From a functional perspective this seems logical, because it would be
unnecessary énd counterproductive to maintain the de novo lipid synthesis pathway
active under conditions of high cellular fatty acid levels. However, it has recently been
reported that long-chain acyl-CoA esters inhibit in vitro phosphorylation and activation
of recombinant AMPK by liver purified LKBI/STRAD/MO25, suggesting that in the
presence of LCFAs the activation of the AMPK pathway may actually be impaired (110).

Even though AMPK activity was directly measured by Taylor et al (110), the in vitro
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analysis performed with purified enzymes did not allow for complex cellular metabolic
interactions of AMPK with its allosteric regulators to take place. This is particularly
important because in our experiments using muscle cells, palmitate consistently increased
phosphorylation of AMPK in a dose dependent manner, whereas palmitate-induced ACC
phosphorylation was regulated by AMPK-dependent and -independent mechanisms.
From a metabolic perspective, the activity of ACC is what ultimately determines
malonyl-CoA production and whether fatty acids will be produced or oxidized in the cell
(111, 194). Because ACC activation does not depend eXclusively on AMPK
phosphorylation, the implications of AMPK regulation by fatty acids have to be analyzed
in a more complex and interactive system.

The implications of our findings are that the fatty acid oxidative response that is
normally triggered via AMPK activation by endogenous hormones, nutrients, and other
pharmacological agonists (26, 209) may be impaired in the presence of high fatty acid
concentrations in skeletal muscle. In the presence of fatty acids the AMPK/ACC system
becomes activated and the oxidative response of the muscle cell may reach its maximum
capacity preventing any potential additional effect that could be triggered by other
AMPK agonists. ln. fact, we found that AICAR (a well known inducer of AMPK activity)
did not elicit any additive oxidative effect in L6 muscle cells when in the presence of
palmitate concentrations above 200uM. This is particularly important because certain
metabolic disorders, such as obesity and type 2 diabetes, are accorﬁpanied by chronically
elevated levels of circulating fatty acids (~600 — 900 uM) (203), which may limit the

response of the AMPK/ACC pathway to endogenous and exogenous AMPK agonists.
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Recently, it has been reported that adipokines such as leptin (26, 209) and adiponectin
(210) exert direct antilipotoxic effects on skeletal muscle by activating the AMPK/ACC
pathway. Resistance to these adipokines could be partially due to high levels of fatty
acids maximally activating the AMPK/ACC pathway and impairing further activation of
the AMPK/ACC pathway by leptin or adiponectin in peripheral tissues. To address this
issue and restore the capacity of this pathway to be activated by adipokines or
pharmacological agents, it may be necessary to focus on treatment strategies that lower
circulating lipid concentrations.
6.2 Study 2: Acute effects of troglitazone in skeletal muscle cells

Currently, a relatively new class of drugs termed TZDs are being utilized to treat
symptoms of T2DM. These oral antidiabetic agents, such as troglitazone, pioglitazone,
and rosiglitazone, improve insulin sensitivity and glucose homeostasis in both humans
(55) and animals (56-58). It is widely accepted that the molecular target of TZDs is the
peroxisome proliferator activated receptor-y (PPAR-y), a transcription factor that belongs
to the nuclear receptor family and is predominantly expressed in adipose tissue (59).
Activation of PPAR-y by TZDs increases the transcription of genes involved in fatty acid
synthesis and storage causing a reduction of plasma FFA levels (60, 61). This reduces
the flux of fatty acids to skeletal muscle and with it fatty acid-induced AMPK activation
and may liberate the AMPK/ACC pathway to respond to pharmacological stimulation.

Although a large body of evidence supports the importance of TZD-mediated
PPAR-y activation on the improvement of insulin sensitivity, it appears that TZDs also

exert metabolic effects that are independent of the activation of this transcription factor.
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In fact, it has recently been observed that incubating rat EDL muscles with either
troglitazone or rosiglitazone for 30min increases glucose uptake and fatty acid oxidation
in this tissue (64). Due to the short exposure to TZDs and also because muscle expresses
very low levels of PPAR-y (59), these acute effects were unlikely dependent on activation
of this transcription factor. As a matter of fact, the increase in fatty acid oxidation and
glucose uptake was attributed and coincided with an increase in the
phosphorylation/activation of AMPK (64). However, the metabolic implications of TZD-
induced AMPK activation in skeletal muscle, especially regarding fatty acid metabolism
and substrate partitioning are still not clear.

In our experiments, treatment of L6 myotubes with troglitazone for 1h resulted in
a significant increase in AMPK and ACC phosphorylation, which was also followed by
an increase (~30%) in palmitate oxidation. Interestingly, inhibition of AMPK activation
by compound C was accompanied by suppression of phosphorylation of ACC and
abolishment of the increased fatty acid oxidation induced by troglitazone. These findings
provide evidence that AMPK is a molecular target for troglitazone to induce acute LCFA
oxidation in skeletal muscle cells. Since muscle cells were exposed to troglitazone for a
short time period (60min), the metabolic effects observed in our studies seem to be
independent of PPARy-mediated gene transcription. Furthermore, in vitro studies with
isolated rat muscles have also reported that 30min exposure to troglitazone
concentrations similar to the ones applied in our studies (5 — 100uM) induced rapid
activation of AMPK and also an increase in LCFA oxidation (64). The concentrations of

troglitazone utilized in our experiments are similar  to the plasma concentrations
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(~100uM) that elicited anti-hyperglycemic effects in Zucker diabetic fatty rats receiving
oral dosages of 500mg/kg of troglitazone (211). In humans, it has been reported that oral
dosages ranging from 200 — 600mg/day of troglitazone produced plasma concentrations
(measured as area under the plasma concentration-time curve) as high as 50uM (212).
Therefore, it is possible that the acute effects observed in our experiments utilizing
concentrations varying from 5 to 100uM may also occur under physiological conditions.

Here, we provide evidence that the mechanism by which troglitazone promoted
oxidation of LCFAs involved AMPK activation and phosphorylation/inaétivatibn of its
downstream target, ACC. The latter is a critical enzyme that generates malonyl-CoA, the
precursor of fatty acid synthesis and the major inhibitor of mitochondrial LCFA import
and f-oxidation (103, 213). These findings confirm our original hypothesis that, by
increasing LCFA oxidation troglitazone could prevent intramyocellular lipid
accumulation in skeletal muscle cells independently of PPARy activation. Additional
support for this comes from other findings in our investigation in which troglitazone: a)
inhibited basal and insulin-stimulated palmitate uptake, b) significantly increased (60%)
CPT-1 activity, ¢) inhibited pyruvate dehydrogenase activity, and d) suppressed basal and
insulin-stimulated incorporation of glucose into lipids.

One intriguing finding of our study was that insulin completely suppressed
troglitazone-induced palmitate oxidation but the troglitazone-induced increase in CPT-1
activity was not affected by this hormone. One would expect that because insulin
stimulates glucose uptake, reduces troglitazone-induced ACC phosphorylation, and

accelerates the de novo lipid synthesis pathway, the activity of CPT-1 would be reduced.
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This is particularly relevant because in all media utilized for our experiments glucose
(5.5mM) was present, which could provide enough substrate for the de novo lipid
synthesis pathway to be active and potentially inhibit CPT-1 activity. However, this was
not the case in our experiments. In fact, CPT-1 activity was equally elevated (~60%) in
cells exposed to troglitazone alone or when in combination with insulin. This could be
explained by the faﬁt that insulin increased glucose uptake but when combined with
troglitazone glucose metabolism was diverted towards lactate production, while pyruvate
decarboxylation, glucose oxidation, and de novo lipid synthesis were powerfully
suppressed. This shift of glucose metabolism towards lactate production caused by
troglitazone is compatible with a reduction in citrate production, de-activation of ACC,
suppression of malonyl-CoA production, and prevention of down regulation of CPT-1
activity. This is in line with our novel findings that troglitazone powerfully suppressed
pyruvate decarboxylation by inhibiting the activity of the PDC. Importantly, the oxidative
effect of troglitazone on LCFAs was abolished when cells were exposed to both insulin
and troglitazone. This indicates that insulin impairs LCFA oxidation via a mechanism
that does not act on CPT-1, since the activity of this enzyme remained elevated when
muscle cells were simultaneously exposed to troglitazone and insulin. It may also be
possible that the troglitazone-induced alteration in LCFA trafficking was counteracted by
a more potent insulin-induced effect that diverts LCFAs away from mitochondria
preventing their oxidation.

Our findings can be partially related to the classical “glucose-fatty acid cycle”

proposed by Randle et. al. (174), in which enhanced fatty acid oxidation produces an
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increase in the acetyl-CoA to CoA-SH ratio and elevation of cytoplasmic citrate
concentration. These, in turn, would inhibit PDC, PFK, and hexdkinase activity resulting
in decreased glucose uptake in muscle cells. Indeed, in our experiments we observed that
troglitazone significantly increased palmitate oxidation and powerfully suppressed PDC
activity in skeletal muscle cells. However, we also found that basal and insulin-stimulated
glucose uptake was significantly increased, which is contrary to what was proposed for
the glucose-fatty acid cycle (174). Furthermore, inhibition of PFK is expected to impair
the flux of substrate through the glycolytic pathway, which again is incompatible with the
significant increase we found in both basal and insulin-stimulated rates of lactate
production by muscle cells exposed to troglitazone. Therefore, the acute effects of
troglitazone on glucose and fatty acid metabolism reported by us in skeletal muscle cells
seem to be mediated by mechanisms that are distinct from those originally proposed by
Randle et. al. (174).

Currently, we do not have an explanation for the AMPK-independent
mechanism(s) by which troglitazone suppresses PDC activity. It is possible that
troglitazone increased the activity of PDH kinase, the enzyme responsible for
phosphorylating/deactivating PDH. In this context, the increase in fatty acid oxidation in
the presence of troglitazone would have likely, increased mitochondrial acetyl-CoA and
NADH levels (168). The increases in the acetyl-CoA/CoA-SH and NADH/NAD+ ratios,
which are known to increase PDH kinase activation, may have been responsible for
suppressing PDC activity. It may also be possible that troglitazone reduced the activity of

PDH phosphatase, the enzyme that catalyses the dephosphorylation/activation of PDH
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(168). However, these mechanisms are only speculative and therefore require future
investigation.

Our data provide novel evidence that although troglitazone suppressed insulin-
stimulated glycogen synthesis, de novo lipid synthesis, and glucose oxidation, it
promoted basal and insulin-stimulated Akt and GSK-30/B phosphorylation and exerted
additive effects on insulin-induced glucose uptake and lactate production.
Phosphorylation of GSK-3a/B deactivates this enzyme and leads to dephosphorylation
and activation of glycogen synthase, which promotes glycogen synthesis (214). In our
experiments, exposure of L6 myotubes to troglitazone reduced the rates of glycogen
synthesis to ~30% of the control values, despite the fact that this drug significantly
increased Akt(rnos/sera73) and GSK-3a/B phosphorylation either under basal or insulin
stimulated conditions. As mentioned above, this may be explained by the fact that
troglitazone activated the glycolytic pathway and powerfully shifted glucose metabolism
towards lactate production. This metabolic shift induced by troglitazone must have
limited a{/ailability of glucose for glycogen synthesis in skeletal muscle cells.
Additionally, the troglitazone-induced suppression of glycogen synthesis may have been
caused by activation of AMPK by this drug. In fact, wé (study 3) and others (215) have
demonstrated that AMPK activation may induce phosphorylation/inactivation of
glycogen synthase and impair glycogen synthesis in skeietal muscle, which may occur
independently of GSK-3a/B.

Interestingly, troglitazone promoted a reduction in palmitate uptake in skeletal

muscle cells. Moreover, while insulin alone stimulated palmitate uptake (~20%), the
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addition of troglitazone to the incubation medium completely prevented the insulin-
induced increase in palmitate uptake. In fact, palmitate uptake was ~23 to 37% lower
than control values in the presence of troglitazone. Notably, the suppressive effect of
troglitazone on palmitate uptake was followed by an increase in oxidation of this fatty
acid. One would expect that a reduction in uptake and availability of palmitate in the cell
would liﬁlit its oxidation; however, in our experiments the opposite was observed. This
clearly indicates that troglitazone is also shifting lipid metabolism towards oxidation
despite the limited intracellular supply of LCFAs. In the present study we have not
investigated the mechanisms by which troglitazone promotes an increase in fatty acid
oxidation in a setting of limited availability of this substrate. However, we hypothesize
that the intracellular trafficking of LCFAs may be changed in such a way that the limited
intracellular pool of fatty acids is diverted towards the mitochondria for oxidation. This is
compatible with the fact that lipid synthesis was suppressed and CPT-1 activity was
elevated in our cells exposed to troglitazone. With respect to this, it has previously been
reported that FAT/CD36, a class of plasma membrane fatty acid transporters, play an
important role in fatty acid oxidation (216). There is also evidence that palmitate
oxidation is reduced in skeletal muscles of mice deficient in FAT/CD36 (217). Based on
these findings, we hypothesize that by altering the trafficking of FAT/CD36, and
probably other fat transporters such as FATP1 and FATP4, troglitazone increases lipid
oxidation despite suppressing the uptake of LCFAs in skeletal muscle cells. However,

these hypotheses depart from traditional views of mechanisms involved in the regulation

of CPT-1 activity and B-oxidation and warrant further investigation.

135



Another interesting aspect of our findings is that troglitazone powerfully
suppressed glucose oxidation but significantly increased palmitate oxidation. As
previously discussed, the increase in palmitate oxidation is compatible with increases in
AMPK and CPT-1 activities. This is in line with previous studies demonstrating that
exposing isolated rat EDL muscles to TZDs (troglitazone and pioglitazone, 5 — 250uM)
for 15 — 30min increased AMPK activity and induced palmitate oxidation (64). However,
other studies have demonstrated that longer exposure (25h) of isolated rat soleus muscle
to troglitazone, rosiglitazone, and pioglitazoné inhibited CO, production from glucose
and palmitate (67, 162). These effects have been attributed to inhibition of mitochondrial
complex I activity and respiration by TZDs (162). The results of our experiments where
muscle cells were exposed to troglitazone (50uM) for 60min indicate that mitochondrial
respiration is not directly inhibited by this drug, since oxidation of palmitate was actually
significantly increased (~30%) by troglitazone. This is also in agreement with other
studies reporting that acute (15 — 30min) exposure of rat EDL muscles to TZDs (5 —
250uM) increased palmitate oxidation (64). The reduction in glucose oxidation observed
in our experiments may be at least partially explained by the potent shift of glucose
metaboﬁsm towards léctate production " induced by troglitazone. Additionally, we
demonstrate that troglitazone suppressed the activity of the PDC, an effect that appeafs to
be independent of AMPK activation, since it was not reversed by compound C. By
regulating the generation of acetyl-CoA from pyruvate, the PDC has been demonstrated
to play an important role modulating glucose oxidation and the activity of the de novo

lipid synthesis pathway in various tissues (168). Therefore, inhibition of PDC by
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troglitazone is compatible with the substantial increase in lactate production and
inhibition of glucose incorporation into lipids reported by us. In addition, this shift of
glucose metabolism towards lactate production caused by troglitazone must have reduced
citrate production, limited the availability of substrate for activation of ACC and
suppressed the production of malonyl-CoA. This is compatible with the increase (~60%)
in CPT-1 activity observed in our studies. Furthermore our findings are also in line with
an increase in palmitate oxidation, since this variable is not directly limited by the
activity of the PDC.

In summary, we provide novel evidence that troglitazone exerts an acute insulin
sensitizing effect despite a marked reduction in basal and insulin-stimulated glycogen
synthesis in skeletal muscle cells. Acute troglitazone treatment also increased
phosphorylation of crucial intracellular steps of insulin signaling, which was
accompanied by an increase in basal and insulin-stimulated glucose uptake and by a shift
of glucose metabolism towards lactate production. This metabolic shift was mediated by
an inhibitory effect of troglitazone on PDC activity independently of AMPK activation,
since pharmacological inhibition of this kinase did not prevent the inhibitory effect of
troglitazone on pyruvate decarboxylation. Additionally, troglitazone reduced FA uptake
and increased FA oxidation. These effects were partially mediated by AMPK activation
and may account for potential PPAR-y-independent anti-diabetic effects of TZDs in

skeletal muscle cells.

137



6.3 Study 3: Effect of AICAR-induced AMPK activation on glycogen synthesis in

isolated skeletal muscle

An important observation made in our experiments utilizing troglitazone was that
this drug potently suppressed both the basal and insulin-stimulated rate of glycogen
synthesis in L6 muscle cells. As mentioned above, this pathway is particularly important,
given the fact that insulin-stimulated muscle glycogen synthesis has been demonstrated to
account for the majority of whole-body glucose uptake and virtually the entire
nonoxidative glucose metabolism in both normal and diabetic subjects (134).
Interestingly, we observed that troglitazone-induced AMPK aétivation improved insulin-
mediated glucose disposal in these cells independently of glycogen synthesis. This
demonstrates that activation of this pathway is not necessary to maintain a high rate of
glucose disposal as long as other glucose metabolism pathways such as lactate production
are upregulated. However, using muscle cell lines for our investigations had advantages
and disadvantages. While on one hand it was easy to manipulate these cells in vitro, on
the other hand it was difficult to be certain if the ‘phenotype of these cells was
representative of muscle tissue in vivo. It has been well established that muscle tissue
can be composed of different muscle fibers including fast twitch glycolytic and slow
twitch oxidative fibers each having different metabolic properties (218). Whereas
glycolytic fibers express low GLUT-4 and mitochondrial levels and rely primarily on the
breakdown of glycogen for energy generation, oxidative fibers express higher GLUT-4
and mitochondrial content and are able to more effectively utilize fatty acids as energy

substrates. This important fiber type difference is lost when using muscle cell lines and
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thus, it is helpful to consider different experimental models for testing various
hypotheses. Here, we used isolated soleus and epitrochlearis muscles to test whether
AICAR induced-AMPK activation will have similar effects on insulin-stimulated
glycogen synthesis and major intracellular insulin-signalling events as did troglitazone in
L6 cells. These muscles were chosen for use in our experiments due to their different
fiber type composition. While the soleus is composed of primarily oxidative fibers, the
epitrochlearis is mainly composed of glycolytic fibers, and hence these two muscles are
ideal for determining muscle fiber type differences.

Here we provide evidence that acute exposure of soleus muscles to AICAR, a
known activator of AMPK, profoundly inhibited (~60%) the insulin-induced increase in
glycogen synthesis. AICAR treatment also prevented the insulin-induced increase in
glycogen content in soleus muscles. Interestingly, neither basal nor insulin-stimulated
glucose uptake was affected by AICAR in soleus while epitrochlearis muscles elicited a
significant increase in this variable. This differential response to AICAR in isolated
soleus and epitrochlearis muscles has also been reported in previous studies (128, 129);
~ however, no data regarding the effects of AICAR on other glucose pathways have been
reported in these studies. It has been argued that the lack of a stimulatory effect of
AICAR on glucose transport in slow-twitch skeletal muscles could be due to fiber type-
specific differences in the expression of AMPK-subunits (128, 219). In fact, it has been
demonstrated that the presence of all three AMPK subunits is required for AICAR-
induced increases in glucose transport in mouse skeletal muscle (219). Here, we report

clear differences in AMPK-o subunit content in slow-twitch and fast-twitch muscles.
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While AMPK a2 was equally present in both muscles investigated, AMPKo1 was faintly
detected in soleus, which could justify the different responses in glucose uptake to
AICAR observed here.

In our system, we also observed that insulin-stimulated lactate production was
increased by AICAR treatment, and since AICAR did not affect insulin-stimulated
glucose uptake it indicates that AICAR-induced AMPK activation shifted insulin-
stimulated glucose metabolism towards lactate production instead of accumulation as
glycogen in isolated soleus muscles. However, the AICAR-induced reduction in glycogen
synthesis cannot be completely accounted for by the increase in lactate production,
suggesting that other pathways may also participate in this metabolic shift. Previous
investigations have demonstrated that glucose oxidation increases in isolated soleus
muscles exposed to AICAR (7), which may also have been the case in the present study.
In addition, our data is in partial agreement with a previous in vitro study showing that
AICAR increased lactate production in soleus muscles exposed to low concentrations of
insulin (147). However, in their study neither basal nor insulin-stimulated rates of
glycogen synthesis were affected by AICAR, even though an increase in glycogen
phosphorylase activity was reported (147). This is intriguing, since increased glycogen
phosphorylase activity is expected to decrease glycogen synthesis. In our investigation,
the marked AICAR-induced decrease in insulin-stimulated glycogen synthesis as well as
suppression of the increase in glycogen content in solei is compatible with the increased
glycogen phosphorylase activity previously reported by Young et al (147). There are

important methodological differences between our study and the one by Young et al
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(147) that may justify the differences regarding the effect of AICAR on insulin-
stimulated glycogen synthesis. We used intact soleus muscle (~15-20mg) from 40-60g-
rats while Young et al (147) used muscle strips from 130-140g-rats. Splitting the muscles
may have influenced the response of the tissue to AICAR and insulin treatments. Also,
the differences in AICAR concentrations (2mM versus 1mM) may account for the
differences in glycogen synthesis reported in these two independent studies.

Previous in vivo studies also have reported that glycogen content is not affected
by AICAR treatment in red and white gastrocnemius muscles, even though major time-
dependent fiber type differences have been reported regarding the activity of GS and
glycogen phosphorylase (146). Additionally, in the same study, in vitro incubations of
two fast twitch muscles (flexor digitorum brevis and epitrochlearis) with AICAR affected
neither GS nor glycogen phosphorylase activities (146). This is in line with our in vitro
data showing that basal glycogen content was not affected by acute AICAR treatment in
isolated soleus and epitrochlearis muscles. However, in another in vivo study it was

.actually reported that glycogen synthe;sis was increased in white but not in red quadriceps
muscles after AICAR treatment (164). The reasons for these discrepant results are not
clear, but may be attributed to the utilization of different muscle groups in various
studies. In fact, it has been reported that major differences in the expression of AMPK
isoforms in skeletal muscles with distinct fiber type compositions exist (28, 127, 220).
For instance, Ai et al (28) show that the epitrochlearis, composed predominantly of type
I fibers, expresses more AMPKal subunits than type I fibers, which is in agreement

with data presented in this manuscript. On the other hand, type II fibers exhibit a 5-fold

141



greater expression of the y-3 subunit than type I fibers (221). Even though specific
muscle groups have been classified according to fiber type composiﬁon, current data on
the expression and activity of AMPK isoforms in different muscle fibers, and their
respective functional implications, still lack clarity. Therefore, the hypothesis that
differential expression/activity of AMPK isoforms is responsible for the dissimilar results
regarding the effects of AICAR treatment on glycogen metabolism requires additional
investigation.

To examine if the effects of AICAR on insulin-induced glycogen synthesis in
soleus muscles are fiber type specific, we also used epitrochlearis muscles in our
experiments. We found that AMPK activation does not alter either the rate of glycogen
synthesis or glycogen content in fast twitch muscles under basal and insulin-stimulated
conditions. Additionally, lactate production was also unaffected by AICAR, indicating
that the metabolic shift towards lactate production does not seem to occur in
epitrochlearis muscle. Previous investigations have shown that either intraperitoneal
(146) or subcutaneous (164) injections of AICAR increase blood lactate levels in rats.
However, since these were in vivo studies we do not know how much of this lactate was .
derived from muscles versus other tissues that might also have been affected by AICAR
treatment.

Here, we show novel evidence that AICAR interferes with the intracellular ihsulin
signaling steps that are crucial to regulate glycogen metabolism. As expected, after soleus
muscles were exposed to insulin for 30min, GS phosphorylation was decreased relative to

control, therefore increasing its activity. Interestingly, insulin-induced reduction in
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phosphorylation of GS was even more accentuated after 15 and 30min of AICAR
treatment, suggesting an initial increase in GS activity in soleus muscles. However, this
was not accompanied by an increase in glycogen synthesis after 1h incubation with
AICAR. This suggests that the AICAR-induced increase in GS phosphorylation in soleus
after 45min of exposure to insulin overcame the initial reduction in phosphorylation at 15
and 30min. Furthermore, the time course incubation of soleus muscles for the purpose of
insulin signaling determination was performed up to 45 minutes while the rate of
glycogen synthesis and glycogen content were assessed after 1 hour incubation. This
leaves an additional 15 minutes during which GS may have become even more de-
activated. These data are in agreement with previous in vitro experiments showing that
AMPK from rat liver phosphorylates GS purified from rabbit skeletal muscle (145).
However, a time course analysis of the effects of AMPK on GS phosphorylation was not
performed in those experiments.

Since AMPK activation has also been shown to effect insulin signaling enzymes
upstream of GS (149, 222, 223), we examined whether AICAR had similar effects on
GSK-3a and 3B phosphorylation. When activated (de-phosphorylated), GSK-3a and 33
phosphorylate/de-activate GS, and hence lead to decreased glycogen synthesis. As
expected, insulin elicited a powerful effect on GSK-3a phosphorylation, and remarkably,
treatment of the insulin-stimulated condition with AICAR led to a pronounced decrease

in phosphorylation of this enzyme. Phosphorylation of GSK-3f followed a pattern similar
to GSK-3a; however, the former did not appear to be affected to the same extent by

insulin. The decreased phosphorylation of GSK-3o. and 3B by AICAR in insulin-
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stimulated soleus muscles may have been due to a direct»effect of AICAR on this enzyme
(222). Data from Jurkat T cells demonstrates that AICAR can have a direct inhibitory
effect on GSK-3 phosphorylation, thus increasing its activity. In addition, treatment of
differentiated hippocampal neurons with AICAR led to dephosphorylation/activation of
GSK-3a and 3 (223). However, these findings have not been shown in skeletal muscle
cells.

The suppressive effects of AICAR on GSK-3 phosphorylation could also be
linked to alterations in activity of upstream kinases such as Akt. Therefore, we also
examined the effects of AICAR on insulin-stimulated phosphorylation of Akt-Ser473 and
Akt-Thr308. Once again, we observed a transient high degree of phosphorylation of Akt-
Thr308 with insulin after 15min of incubation, which appeared to fade at 30 and 45min.
However, AICAR reduced the insulin-induced phosphorylation of Akt-Thr308 at both 15
and 30min of incubation. Phosphorylation of Akt-Ser473 was not affected by AICAR at
any time points. Our data is in partial agreement with a recent study (223) showing that
AICAR treatment reduces phosphorylation of Akt-Thr308 and Akt-Ser473. However, it |
is important to point out that while we examined the effects of AICAR on insulin-
stimulated muscle tissue, the investigation by King ef al (223) tested the effects of
AICAR on basal Akt phosphorylation in hippocampal cells. The use of different tissues

and administration of AICAR to basal or insulin-stimulated states may account for the
differences between our investigation and that by King et al (223).
Another plausible mechanism by which AICAR exerts its effects on insulin-

stimulated glycogen synthesis is mediated by events that take place upstream of Akt. In
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fact, it has previously been shown that AMPK directly affects early insulin-signaling
events by phosphorylating the IRS-1 on the Ser789 residue (149). Even though
phosphorylation of IRS-1 on Ser789 residue did not impair insulin signaling in C,C;
myotubes (149), other investigations have shown that serine phosphorylation of IRS-1 is
linked to reduced capacity of insulin to activate PI3-K (224, 225). Additionally, AICAR
has also been shown to have a direct effect on inhibiting GSK-3 phosphorylation, thus
activating it (222, 223). In turn, activated GSK-3 phosphorylates IRS-1 on serine
residues, and this has also been demonstrated to attenuate insulin signaling via its
phosphorylation of IRS-1 in CHO cells (224). In our system, AICAR treatment elicited a
marked reduction in GSK-30/B phosphorylation, which may have also influenced early
steps of insulin signaling in isolated soleus muscle and downstream events associated
with glycogen synthesis.

In conclusion, we demonstrate that acute AMPK activation by AICAR leads to
suppression of insulin-stimulated glycogen synthesis in soleus but not in epitrochlearis
muscles. Additionally, we provide novel evidence that AICAR-induced AMPK activation
affects major steps of the insulin signaling cascade in skeletal muscle. The suppression of
glycogen synthesis and decrease in glycogen content by AICAR in isolated rat soleus
muscles i1s compatible with the transient and time-dependent reduction in Akt308

phosphorylation, activation of GSK-3 a/p, and the inactivation of GS reported here.

6.4 Study 4: Effects of chronic AICAR injections on whole-body energy homeostasis

The studies discussed thus far have focused on the effects of acute AMPK

activation on various aspects of glucose and fatty acid metabolism in skeletal muscle.
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The final study in this thesis is intended to explore the bigger picture and investigate the
chronic effects of AICAR on whole-body AMPK activation and energy homeostasis in
rats. To explore this we employed the CLAMS which allowed us to monitor and obtain
data related to substrate metabolism including VO,, RQ, EE, and activity patterns in a
non-invasive manner.

Here we provide novel evidence that AICAR injection for two weeks in rats led to
an initial reduction in VO, and EE in week 1 of the investigation after only 3 days of
injections. In fact, the reduction in VO, in AICAR treated animals caused a 10%
reduction in O, consumption in the 22 hours following AICAR injection. These findings
are surprising given the fact that AMPK activation in many tissues is linked to an
increase in fatty acid oxidation, a process that requires oxygen. One of the potential
factors that may have caused the changes in O, utilization is food intake since either a
decrease or increase in this variable can affect O, consumption and EE (226). In our
~ investigation, we observed that food intake was unaltered over the course of | the
investigation, suggesting that AICAR, when administered intraperitoneally may not
affect AMPK in the hypothalamus. If that would have been the case, food intake would
be expected to increase, as 1s observed in investigations where this drug is administered
i.c.v. (189). Interestingly, a previous investigation utilizing AICAR in a chronic 5 day
treatment protocol at a dosage of 1g/kg/day has shown a tendency towards a reduction in
food intake in treated animals (227). On the other hand, treatment of ZDF rats with
0.25g/kg/day for 3 days a week for periods ranging from 26 to 106 days did not diminish

food intake. Animals treated with AICAR ate approximately 20% less on days receiving
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the drug, but compensated by eating more on days AICAR was not administered (228). -
A subsequent investigation in ZDF rats utilizing daily doses of 0.5g/kg/day for 8 weeks
did not show any effects on food intake in the first 2 weeks of treatment but showed a
reduction in food intake in the AICAR group in the following 6 weeks (229). The reasons
for these discrepant results are not fully clear but may be due to the different rat strains as
well as the different dosages of AICAR utilized in the various studies. In addition, it may
be possible that the presence of a threshold for the AICAR dosage beyond which food
intake is reduced may dictate if this variable is affected. Although in the present
investigation the dosage of 0.7g/kg/day was higher than 0.25g/kg/day or 0.5g/kg/day
(228, 229), it still remained lower than the dosage of 1g/kg/day utilized by Buhl et al
(227) which caused a slight reduction in food intake. Therefore, since 62 utilization did
not appear to be affected by food intake in our investigation, it may be possible that
alterations in activity patterns were responsible for the observed differences. However, no
differences in activity pattern were observed in our investigation leading us to conclude
that the reductions in VO, and EE in week 1 are a direct effect of the drug, rather than
secondary effects due to alteration in other variables such as activity and food intake.

An additional important finding in our investigation is that RQ was reduced for
approximately 8 hours following AICAR injection in week 1, indicating that an alteration

in the ratio of fatty acid to glucose oxidation took place. The drop in RQ in AICAR

treated animals to ~0.77 versus 0.87 in Control animals only 3 hours following drug
administration suggests that AICAR promoted a shift in substrate metabolism in favour

of fatty acid oxidation. However, even though these data provide important information
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regarding the relationship between glucose and fatty acid utilization in these animals, it is
not evident whether AICAR treatment resulted in a greater absolute rate of fatty acid
oxidation compared to saline treated controls. When the RQ was used to calculate the
amount of kcal/hr fat was contributing towards total EE, it became evident that even
though AICAR reduced overall EE, it increased the relative amount of fat oxidized
compared to control animals. Since an increase in the utilization of fatty acids by
peripheral tissues is closely linked to their availability, we considered the possibility that
AICAR may be altering the release of fatty acids from adipose tissue. To test this, we
performed a series of acute time-course experiments in which FFAs were measured in the
plasma at various time points following a single injection of AICAR for up to 8 hours.
This allowed us to gain insight into the mechanisms by which the increase in fatty acid
utilization took place in AICAR treated animals. Data from these experiments show an
~2-fold increase in plasma FFAs in AICAR treatéd animals at 4 and 8 hours following
injections (9). This increase was closely mirrored by the reduction in RQ 3 hours
following injection, which may have taken place as a result of the increased delivery and
utilization of fatty acids by peripheral tissues. Since RQ is a measurement of whole-body
substrate utilization, it is not possible to determine from these data which tissues may
have contributed the most towards lowering this variable. Previous investigations have
shown that AICAR-induced AMPK activation increases fatty acid oxidation in a number
of different tissues, an effect that in some cases may be dependent on the length of
exposure to the drug. For instance, in isolated adipocytes, acute (1 hour) AICAR

treatment reduced palmitate oxidation (8), whereas 15 hours exposure to the same drug
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increased oxidation of the same fatty acid (9). Data obtained in perfused rat hindlimb
skeletal muscle demonstrate that 45 minutes of AICAR exposure increases fatty acid
oxidation by approximately 3-fold (99). Similarly, in isolated rat hepatocytes exposure to
AICAR for 4 hours also increases fatty acid oxidation (12). Our data clearly shows that
the final, whole-body response is that fatty acid oxidation is increased. In addition, a
reduction in fat pad masses at the end of the second week of investigation confirms that
AICAR treated animals were, in fact utilizing more lipids as an energy substrate. Since
leptin is an adipose tissue derived hormone and the concentration in the plasma is
positively correlated with fat content (230), then it would be expected that a reduction in
fat pad size would also result in lower circulating leptin levels. In support of this, our
findings show that circulating leptin concentrations Were similar between the two groups
at the beginning of the study but were found to be lower at the end of the first week and
in the second week of the investigation in AICAR treated animals. To further support
these findings, previous investigations conducted in ZDF rats have demonstrated that
chronic AICAR administration leads to a reduction in ectopic lipid accumulation (228).
The reduction in fat pad mass in our animals seems to be compatible with the fact that
AICAR increased AMPK and ACC phosphorylation in skeletal muscle, liver, adipose
tissue, and heart which would have led to an increase in CPT-1 activity ultimately
resulting in an increase in LCFA import into the mitochondria for oxidation. Therefore,
our observations that the RQ is reduced in AICAR treated animals shortly after injection
in week 1, are compatible with the concept that the AMPK/ACC pathway is activated by

~ this drug. Interestingly, the reduction in RQ lasted for nearly 9 hours following injection,
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and the reductions in VO, and EE were present even longer. These alterations took place
despite the fact that AICAR levels in the plasma peaked at 10 minutes and were
undetectable within 4 hours following injection. This indicates that even though AICAR
clearance from the plasma takes place relatively quickly, its effects at the tissue level are
sustained for a longer duration. The reasons why this occurs are not clear, but we
hypothesize that the tissue levels of the activated form of AICAR (ZMP), remain elevated
long after this drug is cleared from the plasma. Although we did not measure tissue ZMP
content, in support of this hypothesis, we observed that AMPK and ACC phosphorylation
were markedly increased in tissues collected 24 hours after the last AICAR injection.
This may have been an important reason why some of the effects in the AICAR group
were still noticeable as long as 19 hours following drug treatment.

Aside from stimulating an increase in fatty acids oxidation in the first week of
treatment, AICAR also suppressed whole-body glucose oxidation. This is at least
partially compatible with the glucose-fatty acid cycle put forward by Randle et al (174).
This classic hypothesis proposes that an increase in fatty acid oxidation uitimately
reduces glucose utilization by inhibiting the PDC in the mitochondria and PFK-1 in the
glycolytic pathway. This would ultimately lead to reduced pyruvate entry into the
mitochondria as well as glucose entry into the cell. However, in light of data collected in
the acute time-course experiments in our investigation, it appears that only glucose
oxidation was impaired in AICAR treated animals and that glucose disposal was actually
increased. A reduction in blood glucose levels coupled with the increase in plasma lactate

concentrations shortly after AICAR injection (30 minute time point) indicates that the
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glucose that was cleared from the plasma was diverted towards lactate production rather
than oxidation. In support of these findings, our results obtained in L6 muscle cells in
study 2 show that troglitazone-induced AMPK activation increases glucose uptake and
shifts glucose metabolism away from glycogen synthesis in favour of lactate production.
Similarly, data obtained in study 3 in isolated soleus muscles demonstrate that AICAR-
induced AMPK activation also causes a shit in glucose metabolism away from glycogen
synthesis and towards an increase in lactate production, an effect that appears to be fiber
type specific.

Here we also describe the novel findings that AICAR treated animals underwent
an adaptive response to the drug following the first week of the investigation. The initial
differences in VO,, EE, and RQ observed in week 1, completely disappeared in week 2 in
the AICAR group. However, an unanticipated finding in the second week was that
spontaneous physical activity increased by approximately 25% in AICAR treated
animals. T hus, even though there was no apparent difference in VO, EE and RQ in the
second week, it may be possible that the increase in spontaneous physical activity by
~25% may have masked any possible differences in these variables. Therefore, it is clear
from these data that AICAR treatment for two weeks reduces whole-body oxygen
consumption and EE in rats, and that these animals compensate for this by increasing
physical activity. In opposition to these findings, a recent publication by Narkar et al
(231) showed that four weeks of daily AICAR injections‘(O.Sg/kg/day) in mice led to an
~10% increase in VO, when measured as area under the curve, rather than a reduction.

Utilizing mice versus rats in combination with an additional two weeks of AICAR
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treatment compared to the present study, as well as the dosage of AICAR (0.7g/kg/day in
the present study vs. 0.5g/kg/day in the study by Narkar et al (231)) are all factors that
may have contributed to the differing findings observed in their study compared to the
present investigation. In our study it is not clear if VO, measurements would have
eventually increased if the treatment protocol was extended for an additional two weeks
and requires future investigation.

In conclusion, the experiments in this project demonstrate that VO, and EE are
reduced in week 1 of AICAR treatment. In addition, an increase in the availability of
FFAs in the circulation as well as activation of the AMPK/ACC pathway in liver, skeletal
muscle, adipose tissue, and heart may have been responsible for the increase in fatty acid
oxidation and reduction in RQ observed in week 1. These effects may have collectively
led to the reduction in fat pad mass observed at the end of the study. In week 2 of the
investigation AICAR treated animals appeared to undergo an adaptation to the drug
treatment as VO,, EE and RQ were unaffected by AICAR injections. However, an
increase in spontaneous physical activity in the second week may have masked any
potential differences in those variables and may have also contributed to the reduction in

whole body adiposity.
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7. INTEGRATED SUMMARY

7.1 Effects of AMPK activation on substrate partitioning in skeletal muscle

The experiments presented in this thesis were designed to test the effects of
various physiological and pharmacological AMPK activating agents on several metabolic
and insulin signalling pathways. Specifically, we demonstrated that fatty acids
autoregulate their metabolic fate in skeletal muscle cells by directly regulating
phosphorylation and activation of AMPK and ACC (Figure 37). These effects of fatty
acids in skeletal muscle may have important physiological and pathological implications
for the response of this tissue to endogenous and exogenous agonists of the AMPK/ACC
pathway. This is particularly important because certain metabolic disorders, such as
obesity and T2DM, are accompanied by chronically high levels of circulating lipids,
which may limit the response of this pathway to further activation by AMPK agonists.
Thus, it may be beneficial to treat patients suffering from T2DM with pharmacological
agents that reduce the circulating levels of FFAs. In this respect, TZDs are a class of
antidiabetic drugs that are currently used iﬁ the treatment of T2DM patients and address
this issue by increasing the capacity of adipose tissue to store lipids. In addition, recent
evidence has also shown that TZDs are capable of acutely activating AMPK in muscle;
however the outcomes of this are largely unknown. To test this, we utilized the TZD
troglitazone to test its effects on various aspects of glucose and fatty acid metabolism in
muscle cells. We provide novel evidence that troglitazone exerts an acute insulin
sensitizing effect despite a marked reduction in basal and insulin-stimulated glycogen

synthesis in skeletal muscle cells (Figure 37). Acute troglitazone treatment also increased
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phosphorylation of crucial intracellular steps of insulin signalling, which was
accompanied by an increase in basal and insulin-stimulated glucose uptake and by a shift
of glucose metabolism towards lactate production. This metabolic shift was mediated by
an inhibitory effect of troglitazone on PDH activity independently of AMPK activation,
since pharmacological inhibition of this kinase did not prevent the inhibitory effect of
troglitazone on pyruvate decarboxylation (Figure 24). Additionally, troglitazone reduced ‘
FA uptake and increased FA oxidation. These effects were partially mediated by AMPK
activation and may account for potential PPAR-y-independent anti-diabetic effects of
TZDs in skeletal muscle cells (Figure 37).

A significant observation made in our experiments utilizing troglitazone was that
this drug suppressed both the basal and insulin-stimulated rate of glycogen synthesis.
Due to the fact that this process is essential for the control of whole-body glucose
homeostasis as it accounts for the majority of glucose disposal, we decided to test
whether activation of AMPK in isolated skeletal muscle would have a similar outcome as
it did in muscle cells. The advantage of using isolated skeletal musvcle preparations as
opposed to L6 cells was that we were able to observe the effects of AMPK activation in
different fibre types. In this respect, we utilized the primarily oxidative soleus muscle
and the primarily glycolytic epitrochlearis muscle for our experiments. Interestingly, we
observed that acute exposure of soleus muscles to AICAR, profoundly inhibited the
insulin-induced increase in glycogen synthesis and shifted glucose metabolism towards
an increase in lactate production (Figure 37). More importantly, we provided novel

evidence that AICAR-induced AMPK activation affects major steps of the insulin
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signalling cascade in skeletal muscle. These effects appear to be fiber type specific as

they did not take place in the epitrochlearis muscle.
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Figure 37. Schematic representation of the acute effects of palmitate, AICAR and
troglitazone-induced AMPK activation on various pathways of glucose and fatty acid
metabolism in skeletal muscle. Administration of palmitate, AICAR and troglitazone
increases AMPK phosphorylation/activation (1) and ACC phosphorylation/de-activation
(2) leading to a reduction in the conversion of acetyl-CoA into malonyl-CoA (3). As a
consequence, CPT1 activity (4) and LCFA oxidation (5) were increased, even though
LCFA uptake (6) was reduced when treated with troglitazone. Similar to the effect of
troglitazone, palmitate also increased LCFA oxidation (5). Troglitazone also increased
basal and insulin-stimulated glucose uptake (7), whereas AICAR did not affect this
variable in soleus muscle but significantly increased basal glucose uptake in
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epitrochlearis muscle. Both drugs also caused a reduction in insulin-stimulated glycogen
synthesis (8) and a shift towards lactate production (11). Interestingly, while the
reduction in glycogen synthesis was compatible with the reduced phosphorylation of
AKT and GSK and increased phosphorylation of GS in response to AICAR (10),
troglitazone treatment lead to the opposite effect (9). Furthermore, pyruvate
decarboxylation (12), glucose oxidation (13), and the de novo lipid synthesis pathway
(11) were powerfully suppressed by troglitazone. Upregulation or downregulation of a
particular pathway is indicated by plus (+) or minus (-) signs, respectively. LCFAs =
long chain fatty acids, CPT1 = carnitine palmitoyl transferase-1, GSK = Glycogen
synthase kinase, GS = Glycogen synthase, IR = insulin receptor, TG = triacylglycerol,
OAA = oxaloacetate, PDH = pyruvate dehydrogenase complex, TCA = tricarboxylic
acid, PM = plasma membrane.

7.2 Effects of chronic whole-body AMPK activation on substrate homeostasis

Taken as a whole the data obtained in L6 cells as well as isolated skeletal muscles
presents important information regarding the effects of AMPK activation on substrate
partitioning in this particular tissue. However, since in in vivo conditions AMPK
activating agents not only affect skeletal muscle but also activate AMPK in other tissues,
it is important to determine the whole-body effects of such an outcome. To test this we
injected rats with AICAR for two weeks and measured various metabolic parameters.
We demonstrated that in the first week of treatment AICAR treated animals experienced
a reduction in V02, EE, and RQ, effects that were independent of food intake and
activity patterns. Interestingly, in the second week animals injected with AICAR
underwent an adaptation to the drug as VO2, EE, and RQ were similar to animals
injected with vehicle. However, in the second week animals receiving AICAR showed

an approximately 25% increase in spontaneous physical activity.
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9. APPENDICES

9.1 Appendix A: Detailed Methods

Muscle incubation with D-U—“Cg@ose:
Preparation of KHB:

e For 24 scintilation vials, prepare 100ml of KHB buffer
1. Add 10 ml of Stock 1 to 80ml of ddH20 and gassifie with 95% O2 and 5% CO02 for 45
minutes. This saturates the medium with 02 and prevents the precipitation of HCO3
(bicarbonate). '

2. Add 10 ml of Stock 2 and PH to 7.4.

3. Add d-glucose (concentration in buffer either 6mM or 8mM (glucose uptake only)).
This gives the muscle metabolic fuel to maintain it for the whole incubation time.

4. Add BSA (concentration in buffer 4%). This maintains the osmolality of the medium.

5. Now buffer is ready.

e Label scintillation vials:
1. label two sets of scintillation vials with the exact same conditions (one set for pre-
incubation with buffer only and the second for incubation with the various conditions).

e Split KHB solution in half: 50ml for pre-incubation and 50 for the various
conditions with radioactive medium. The muscles are pre-incubated in 2ml
volume of buffer but are incubated in 1.5ml volume. This is done in order to save
radioactive isotope. Therefore, you only need 36ml for the actual incubation.
Prepare 38 ml to have an additional 2 ml to prepare insulin if necessary.

e Pipette 2ml of KHB buffer in all 24 vials for the pre-incubation.
e Pipette 1.5 ml of radioactive KHB (0.2uCi/ml of radioactivity)

e Prepare the various conditions:
1. AICAR stock is 100mM, and you need 2mM concentration in 2 ml of KHB buffer.

2. Add amount of KHB buffer needed to obtain a final volume of 2 ml in each vial. For
this you need to subtract the volume of AICAR from the final volume of 2 ml. Therefore,
amount of KHB buffer added should be less than 2ml.

3. For the controls, add the same amount of vehicle as was added of AICAR.
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Buffers used for muscle incubation:

Krebs-Hanseleit bicarbonate buffer (KHB) or Krebs-Ringer bicarbonate buffer (KRB)

Chemicals KHB' KHB* KRB’
NaCl (mw =58.44) 118.5 mM 116 mM 119 mM
KCl (mw = 74.55) 4.7 mM 4.6 mM 5 mM
CaCl, (mw = 147.02) 3.4 mM 2.5 mM 3 mM
KH,PO4 (mw =136.09) | 1.2 mM 1.16 mM 1 mM
MgSO4 (mw = 120.39) | 1.2 mM 1.16 mM 1 mM
NaHCO; (mw = 84.01) |25 mM 25.3 mM 25 mM

'Wallberg-Henriksson H. Acta Physiol Scand (Suppl.) 564:1-80, 1987.
“Brozinick JT Jr. Methods Mol Med. 83:163-9. Diabetes Mellitus: Methods and Protocols Edited by: S.
Ozcan, Human Press Inc. Totowa, NJ. 2003.
3Goldberg AL, Martel SB, Kushmerick MJ. Methods Enzymol 39:82-94, 1975.

Prepare 'KHB: (used for incubating muscles for up to 12h, for long-term incubations, the
medium may be supplemented with pyrubate (1-2 mM) to enable the muscle to direct

more of its glucose to glycogen.)

Stock 1 (10x):

Reagents (molarities) For 100ml of H,0 For 200ml of H,O
NaCl-mw=58.44 (1.185 M) 6.93 g 1385¢g
KCl-mw=74.55 (0.047 M) 0.35015 g 0.70030 g
KH,PO4-mw=136.09 (0.012 0.16327 g 0.32654 g

M)

NaHCOs;-mw=84.01 (0.25 M) |[2.1025¢g 4.205¢g

NaHCOj; needs to be gassed (95%0,;5%CO,) for 1h, when first prepared.

Stock 2 (10x):

Reagents (molarities) For 100ml of H,O For 200ml of H,O
CaCl,-mw=110.9 (0.034 M) 0.37737 g 0.75473 g
MgS0O4-mw=120.39 (0.012 M) | 0.14447 g 0.28894 g

e Prepare buffer by first diluting S0ml of stock 1 in 395 ml of ddH,O and gas with
95%0,:5%CO; for 20-30 min.
Add 50ml of stock 2 and check pH, it should be close to 7.4.

Add mannitol (mw=182.2) [32mM final] (583.04mg in 100ml). Only add
mannitol for glucose uptake if you need to calculate extracellular space.
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Add D-glucose (mw=180.16) [8mM] (144.13 mg in 100ml).
Fat-free BSA (0.1% w/v) (100mg in 100ml)
Check pH again (should be 7.4)

Bring volume to 500ml by adding ddH;O.




Glycogen synthesis in Rat soleus or Epitrochlearis muscles:

Use 40-50g rats for this experiment. The size of the muscle is ideal. Fast the animals
overnight to obtain a better insulin response.

1. Prepare KHB (6mM glucose).
2. Anesthetize animals with Ketamine/Xylazine cocktail (0.2ml/100g B.W.).
3. Dissect muscles in the following order, soleus, soleus, epi, epi.

4. Pre-incubate muscle in KHB for 1 hour. Use 2ml of KHB per vial for pre-
incubation. Gasify the muscles with carbogen (95%0,;5%CO3). Keep track of
time to make sure everything is per-incubated for exactly 1 hour.

5. Have a second set of vials ready with respective conditions (i.e. AICAR, Insulin
etc.). This set will also have the 14C-D-glucose (0.2uCi/ml). Prepare more than
needed to have for totals. Use 1.5ml of medium/ vial.

6. Pre-incubate all conditions of the second set of vials at 37°C.

7. After the muscles are pre-incubated for 1h in KHB, transfer the muscle to labeled
medium with the various condition. Incubate for 1 hour. Keep track of the time
the incubation begins for each muscle.

8. Once incubation is complete, rinse muscles in cold PBS and weigh. Record the
weight.

9. Freeze in liquid nitrogen immediately. (Have 1.5 ml eppendorf tubes ready
labeled).

10. After all muscles have been removed from the radioactive medium and frozen,
remove the tubes from the liquid nitrogen and add 500ul of 1M KOH to each tube
and heat to 65°C for 1 hour.

11. Vortex until muscle is completely dissolved.

12. Take 400ul of dissolved muscle sample and place in a 2ml eppendorf tube. Now
add 100ul of glycogen carrier (25mg/ml, Sigma, Glycogen, G-8751).

13. Perform a Bradford assay on the other 100ul to obtain protein content or perform
a glycogen content assay.
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14.

15.

16.

17.

18.

Day 2:

Heat all samples at 95°C for 5 minutes (this allows the radiolabeled glycogen to
form a pellet with the glycogen carrier. This also denatures any enzymes
involved in glycogen metabolism).

To each tube add 80ul of saturated Na;SOy4 (this forms crystals, ie precipitates
with the glycogen once ethanol is added).

Now add 1.2ml of cold (-20 °C) Ethanol (100%). This is used to precipitate the
glycogen. '

Vortex all tubes for 1-2 seconds and gently to prevent leakage of ethanol.

Keep the tubes in the -20°C freezer overnight to allow the precipitation to occur.

(This procedure gets rid of all remaining radioactive metabolic byproducts other

than glycogen):

1.

2.

Centrifuge all tubes at 8000rpm for 20 min.

Discard supernatant by inverting the tubes and dumping it out. Dissolve the pellet
in 500ul of H,O (use the water bath/heat block if needed). Use care when
vortexing all tubes to avoid leakage of radiolabeled contents. (steps 3-4 do not
need to be performed. It works better if they are not performed and moved
straight on to step 6.)

Optional: Results are better without performing this step.

3.
4.
S.

6.

Add 1.2 ml of cold ethanol and place tubes in freezer for 10-20 minutes.
Centrifuge all tubes at 3000rpm for 10-20 minutes.
Dissolve pellet in 500pl of H,O.

Transfer 400ul of solution to scintillation vials for counting.
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Glucose uptake experiment in musecle:

2-deoxy-D-glucose (2-DG) stock solution-10M

2-DG from Bioshop Canada Cat#DXG498.1 1g Can$42.00.
Dissolve 821mg of 2-DG in0.5ml of H,O, make aliquots of 50ul, and store in the
Freezer.

Muscle incubation:

1.

Fast the animals overnight and anaesthetize them (ketamine/xylazine, 0.2ml/100g
of body weight) immediately before the experiment. Extract intact soleus or
epitrochlearis from 45-55g rats. Soleus muscle should not weigh more than 20-
25mg. In fact, 15-20mg muscles (which are thinner) respond better and if the
animals used are of larger size (i.e. 100-150g) cut 15-20mg strips of the muscle.
Epitrochlearis is predominantly 85% fast twitch.

Quickly extract the muscles, remove any additional connective tissue, rinse in
KHB, blot the muscle on filter paper and weigh the sample.

Quickly place each muscle in 2ml of pre-incubation medium (KHB with
0.1%BSA, 32mM mannitol and 8mM D-glucose) in 20ml plastic scintillation
vials. The temperature of the water bath should be set between 29-35°C (for this
muscle size, 35 works better). The vials should continuously be gassed with
carbogen (95%0,;5%CQ0,) and shake at ~1 cycle/sec for 30-60min. Split muscle
should be pre-incubated for 60min to allow for recovery.

Remove the pre-incubation medium and add fresh medium with the pre-prepared
conditions (AICAR, insulin, etc.). You can use the same vials and simply discard
the pre-incubation medium. At this point you can also perform the co-incubation
with adipocytes (1ml of KHB and 1ml of fat cell suspension).

After the incubation period, in order to remove glucose from the extracellular
space, rinse the muscle in the absence of glucose for 10min at 29°C in 2ml of
gassed (95%0,;5%CO0,) KHB containing 40mM mannitol and, if present in the
incubation period, 2mU/ml of insulin. This is important for long-term incubations
when maintaining the muscle viable is more difficult.

Glucose Uptake:

6.

Dump out wash medium and incubate muscles for 20 min at 29°C (gassed with
95%0,;5%C03) in 1.5-2ml of KHB containing 8mM of 2-deoxy-glucose-[1,2-
H*glucose (0.5uCi/ml and 32mM mannitol + [U-C'*Jmannitol (0.1uCi/ml) in the
absence or presence of insulin (2mU/ml provides a maximum response).
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7. Stop the assay by removing the muscle from the vials and quickly washing them
in ice cold KHB, blotting briefly on filter paper, and freezing in liquid N3 in
prelabled 1.5ml eppendorf tubes. Weigh muscle prior to freezing if desired.

8. Homogenize the muscle by heating to 65°C in 0.5ml of 1M KOH for
approximately 1h. Vortex gently to dissolve the muscle. Take an aliquot of

400ul and place in scintillation vials containing 5-10ml of scintillation fluid.
Count for both C and H.

Calculations:

The intracellular water content of the muscles is calculated by subtracting the measured
extracellular space water (determined by [1-'*C]mannitol counting) from total muscle
water. Total muscle water is assumed to be 80% of muscle weight**, which is the
average value for rat epitrochlearis muscles under these experimental conditions.

** Young DA et al. (1986). J. Biol. Chem. 261(34):16049-16053.

Water content in epitrochlearis muscles has been reported to represent 77.5+0.6 % in
muscles freeze-clamped directly after dissection and varied between 81+0.9% and
83.5+0.5% (n.s.) at different incubation times (0.5-30h).
Wallberg-Henriksson H. (1987). Acta Physiol Scand (suppl.) 564:1-80.
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Glycogen Synthesis in 1.6 Muscle Cells (12-well paltes):

N =

Cells were starved for 4 hours prior to the start of the experiment (1ml/well).
Prepare radiolabeled incubation medium (0.4ml/well, 0.2uCi/ml radioactivity.)

. Prepare 2 ml microtubes with the various incubation conditions. Add 400pul of

radiolabeled incubation medium/well with respective conditions. All 36 wells
should receive the same length of exposure to "C (ie. 1 1r).

Prepare a set of eppendorf tubes with non-labeled incubation medium and
respective agents needed for pre-incubation (only perform this step if it is
necessary to preincubate the cell with certain agents before beginning the
incubation).

Upon completion of the experiment:

1.
2.
3.

8.

9.

After all the 60 min incubations are completed, aspirate medium.

Wash 3 times with cold PBS to stop the reactions.

Add 130pl of IM KOH. Pipette up and down a few times in each well to ensure
all the cells are lysed and detached from the bottom of the plate. Collect 100pl of
cells into 2ml microtubes.

The remaining 30pul/well is used for protein determination and the 100pl is used
for counting.

Add 50pl of carrier glycogen (25mg/ml, Sigma, Glycogen, G-8751) to each tube
(binds to radioactive glycogen and allows it to form a pellet).

Heat all samples at 95°C for 5 minutes (this allows the radiolabeled glycogen to
form a pellet with the glycogen carrier. This also denatures any enzymes
involved in glycogen metabolism).

To each tube add 80ul of saturated Na,SOy (this forms crystals, ie precipitates
with the glycogen once ethanol is added).

Now add 1.2ml of cold (-20 °C) Ethanol (100%). This is used to precipitate the
glycogen.

Vortex all tubes for 1-2 seconds gently to prevent leakage of ethanol.

10. Keep the tubes in the -20°C freezer overmght to allow the precipitation to occur.
Day 2: (This procedure gets rid of all remaining radioactive metabolic byproducts other
than glycogen):

7.
8.

Centrifuge all tubes at 10 000- 13 000rpm for 20 min.

Discard supernatant by inverting the tubes and dumping it out. Dissolve the pellet
in 500ul of H>O (use the water bath/heat block if needed). Use care when
vortexing all tubes to avoid leakage of radiolabeled contents.

Transfer 500ul of solution to scintillation vials for counting.
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Glucose uptake in 1.6 Muscle cells:

Transport assay for 24 well plates:

1. After cells have been incubated with desired conditions, aspirate medium and
wash cells 2x with Hepes buffered saline (HBS) at room temperature and aspirate
any remaining buffer.

2. For specific uptake (glucose uptake), add 0.35ml of transport solution (T.S.) per
well for 12-well dish. (0.2ml of TS for 24-well plates, and 1.0ml of TS for 6-well
plates). For Non-specific uptake use TS containing 10uM Cytochalasin B in 1 or
two wells.

3. Incubate for Smin at room temperature for 12 well plates. (Smin for 6 well plates
and 10min for 24 well plates).

4. Aspirate the TS quickly and wash three times with ice-cold stop solution (0.9%
Saline) and aspirate to dryness.

5. Add 130ul of IM KOH to 24-well plate, don’t scrape, pipette up and down
instead. This is enough to remove the cell from the bottom of the plate. Use
100ul for counting and 30ul for protein.

Solutions:
Hepes Buffer Saline (amounts for 500ml):
e 140mM NaCl (4.091 g)

e 20mM Hepes-Na, pH=7.4 (2.383 g)
e 5mM KCI (186.4 mg)
o 2.5mM MgSO4(150.5 mg or 308.1 mg hydrate)
e 1.0mM CaCl,(55.5 mg)
Stop Solution:
e 0.9% NaCl (Saline)
2-DG stock Solution:
e 10uM 2-Deoxy-D-glucose in Hepes buffer
Transport Solution (TS):

e Prepare in Hepes Buffer

e 10uM 2-Deoxy-Glucose

e 0.5 uCi/ml °H 2-Deoxy-Glucose

Cytochalasin B (CB) Transport Solution:(Non-specific uptake Solution)

e Transport Solution (above) ‘

e Stock Solution: 10uM CB in DMSO, Sigma C-6762, Note: because CB is very
powerful, very little is necessary to completely block the uptake of glucose. Use
1l of stock per 150pl of transport solution.
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Complexation of Palmitic acid with albumin:

Palmitic Acid (Sigma # P-5585) MW=256.4
12mM = 59.97mg in 10ml

Albumin (Sigma # A3803 or A6003) MW=68kDa
Albumin (12.5% w/v)
1.25g of BSA/10 ml.

1. Put 60mg of palmitic acid in an eppendorf tube and add 40ul of NaOH (10N).

2. Vortex vigorously, then dissolve in 10ml of pre-heated (50°C) 12.5% BSA
solution (the BSA can be dissolved in KHB, a-MEM, or other medium for cell
culture.)

3. Mix everything very well, in a beaker at 50°C. NOTE: Even overnight agitation
will not result in a completely clear solution because palmitate does not dissolve
completely. There is always some undissolved palmitate particles floating in the
solution. The solution can be left at 50°C for 3h to improve complexation.

4. Adjust the pH to 7.4 and filter the solution.

5. Take an aliquot (100u1 to measure fatty acids using the Wako kit. There is no
loss of palmitate with filtration. Make aliquots of 1ml and freeze for future use.

After 3h of complexation at 50°C, fhe pH of the a-MEM/albumin (12.5%w/v) + 40ul of
NaOH-solution was 7.22. Adjust pH to 7.4 with NaOH (1M).

The concentration of palmitic acid in the solution after filtration was ~8.87mM measured
by the Wako kit. Apparently, only 75% of the total fatty acids become complexed to
albumin at the end of 3h. It is important to start with a higher amount of palmitate to try
to achieve the desired concentration. Consider a loss of approximately 25% of the initial
concentration of fatty acids for calculation purposes.

e Prepare a similar solution with 40ul of NaOH (10N) without palmitic acid to use
as a control to measure palmitic acid, and also for control experiments with cells
or tissues.
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Determination of FFA-Using the Wako Kit:

Adapted method using half the volume of all reagents:

Tube 1Meq/L | Reagent | Reagent |I | Reagent |I | Optical | NEFA

No NEFA |/H,O A n|B n | density | Conc.
Std c c (Meq/L)

#1 Blank - 25wl 0.5ml |[u|lml u | 0.000 0.000

#2 LowSt {12.5ul [37.5ul |05ml |b|1ml b | Read 0.50

#3 Mid St | 25 pl 25 pl 05ml |a|1ml a | Read 1.00

#4 High St | 50 ul - 05ml |t|1ml ti | Read 1.97

#5 Sample | 25 ul 25 ul 0.5ml |9 |1ml O | Read calculat

n n e

Incubation: each incubation is 10min long at 37°C. This is a critical step. Without
performing this, the values will not be accurate.

Read the optical density at 550nm in spec.

Calculation:

Absorbance of sample (As)

Absorbance of the NEFA mid standard solution (Agyg)
Absorbance of sample blank against reagent blank (Agy)
CS = (As = ASH)/AStd X 1.0 (mEQ/l)

The unite is mEq/l = mmol/l
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Gel Staining/ De-Staining and Stripping Buffers:

Staining solution currently utilized.

Methanol -225ml

H,0- 225ml

Acetic acid —45ml

Coomassie brilliant blue (G250)- 200mg

*SIGMA sells a premade staining solution (concentrate — Cat #B 8522 - $53 Canadian).
This makes 11 of staining solution. After dilution with deionized H,O to a final volume
of 1L, solution will contain: 0.1% (w/v) brilliant blue G, 25%(v/v) methanol and 5%
(v/v) acetic acid.

Coomassie brilliant blue (G250)Sigma cat#B 0770 -5g-$35.8 Canadian.

For 11
e 250ml of Methanol
e 50ml Acetic acid
e 700nl of H,O
e 1g of Coomassie blue (this could be reduced to 400mg maximum)

De-Staining Solution

For 1L:
e 70ml of Acetic Acid
e 50ml of Methanol
e 875 mlof H,O

Stripping and re-blotting membranes

Stripping buffer.
e 62.5mM Tris/HCI pH 6.8 containing 100mM 2-mercaptoethanol and 2%SDS
Wash buffer:
e 20mM Tris/HCI pH 7.5 containing 0.14 M NaCl and 0.1%(v/v) Tween 20
(NaCl/Tris)
Procedures:
1. Leave the membranes for 30 min at 50°C in stripping buffer
2. Wash three times with wash buffer
3. Block membranes for 1h
4. Wash the membranes again in wash buffer (3X). This step is not necessary
5. Re-blot with the antibody of choice
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Western blotting solutions:

10X Electrophoresis/Running Buffer (pH=8.3)

30.34¢ (results in 25.0mM Tris)
144¢ (results in 192mM glycine)
10g (0.1% w/v SDS)

e Dissolve contents in 1L of ddH20, store at room temp or in 4C fridge, if
precipitation occurs, warm to room temp before use.

1X electrophoresis/running buffer (pH=8.3)
e Make 1 in 10 dilution of 10X running buffer. For example, 40ml of 10X Run
Buffer in 360ml of ddH20.

10X Transfer buffer (pH=8.3)
303 ¢ Tris base
144¢ Glycine
¢ Dissolve contents in 1L of ddH20, store at RT or 4C, if precipitation occurs,
warm to RT before use.

1X Transfer buffer (pH=8.3) ‘
100ml of 10X transfer buffer
200ml methanol/ethanol
700ml ddH20

e Store at -20C prior to use

1X TBS (Wash buffer):
e In 3L of ddH20 dissolve
35.1g NaCl
12.11g Tris-base
pH=7.5
2ml Tween
2ml NP40
Top up total volume to 4L

10X TBS (Wash buffer):
60.57¢g Tris-base
87.66 Sodium Chloride (NaCl)
e Dissolve contents in 1L of ddH20, store at 4C

1X TBS
100ml 10X wash buffer
900ml ddH20
e Add 1000ul (for 0.1%) to make TBS/Tween-20 add 1000ul of NP40.
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Blocking Buffer:
Can be made either with Skim milk or BSA.
Skim milk
- dissolve skim milk powder in 1X TTBS (obtain a 5% milk mixture)
BSA
- 1 x TTBS and 3% BSA (w/v: 1.5g/50ml)

Antibody Buffer:

Make antibody buffer with BSA, this way you can reuse it for a few months.
e 1 part blocking buffer + 2 parts wash buffer + 0.02% NaAzide (stock in ddH,O).
Usually most antibodies can be applied in a 1:500 to 1:1000 dilution depending on
how good the antibody is.

Resolving gel Tris Buffer (1.5M) (pH=8.8)
1.5M Tris, use 90.86g/500ml of ddH20

Stacking gel Tris Buffer (0.5M) (pH=6.8)
0.5M Tris, use 30.3g/500ml of ddH20

10% APS Solution:
10% (w/v) Ammoniumperoxide Sulfate in ddH20, use 0.1g/ml, store at room
temperature. Make fresh every time.

10% SDS Solution:
10% (w/v) Sodium dodecylsulfate in ddH2O, use 1g/10ml, store at room temp

Butanol Overlay:
Mix 18.75ml of 1.5M Tris (pH=8.8) with 0.5ml of 10% SDS, volume up to 150ml with
ddH20, mix 1:1 with butanol.

Lysis buffer for protein determination prior to Western blot

NaCl -135 mmol/L (MW=58.44)
MgCl, -lmmol/L. ~ (MW=203.3)
KCl -2.7mmol/l (mw=74.55)
Tris (pH 8) -20mmol/l (mw=121.14)
Sodium vanadate (NazVO,) -0.5 mmol/l (mw= 183.9)
Sodium fluoride (NaF) -10mmol/l (mw=41.99)
PMSF -0.2mmol/l

Leupeptin -10pg/ml

Triton 1%

Glycerol 10%
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For 50ml of buffer:

NaCl -0.394¢

MgCl, -0.0102¢g

KCl1 -0.01006g

Tris(pH 8)  -0.12114¢g

Na3V04 -1 25!,11

NaF -0.020995¢

PMSF -100pul

Leupeptin -100ul

Triton -0.5ml

Glycerol -5ml  Note: Store buffer at -20

Laemmli Sample buffer (2X)-Biorad Manual
6.05 ml of ddH20

1.25ml of 0.5M Tris-HCI, pH=6.8

2.0ml 10% (w/v)SDS

0.2ml of 0.5% (w/v) bromophenol blue

Note: Store at RT. Add 50pl of B-mercapto-2-ethanol to 950ul of buffer prior to use.
Dilute the sample (1 in 2) with sample buffer and boil for 4 min/ heat to ~70°C.

Gel Recipes:
Note: the 4% gel recipe is for the stacking gel.

Resolving gel:
Add APS and TEMED immediately prior to allowing the gel to set. Pipette a thin layer
of water or butanol overlay to prevent the resolving gel from drying. Allow gel to set.

Stacking gel:

Once resolving gel is set, remove the water from the top of the gel and remove excess
water with filter paper. Add APS and TEMED and quickly add stacking gel to the top of
resolving gel. Put the combs in place without making any bubbles. Once gels have set,
they can be placed in fridge overnight.
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Glycogen Content Assay:

Passoneau JV & Lauderdale VR. A comparison of three methods of glycogen
measurement in tissues. Analytycal Biochemistry 60, 405-412, 1974.

Keppler D & Decker K. Glycogen. Determination with amyloglucosidase. In
Methods of Enzymatic analysis. Edited by H.U. Bergmeyer. New York:
Academic, 1974, p 1196-1201.

Procedure:

1.

Incubate muscles or cells with the desired compounds and treatments.

2. Wash 3 times with cold PBS. For cells, wash with PBS 1mM Ca""/ 1mM Mg"" to

11

avoid cell detachment.

Digest muscles in 1M KOH (65°C, for 60 min). For cells add 180ul of 1M KOH.
Transfer cell lysates to eppendorf tubes and heat up to 95°C for 10min to cause
thermal deproteinization of the sample and inactivation of glycogen decomposing
enzymes. Use 10pl for protein determination.

If it is an experiment with D-[U-"*C]glucose to also determine glycogen synthesis
in muscle tissue, take 100 ul for glycogen content and 400ul for determination of
glycogen synthesis.

Add 10% (v/v) of acetic acid (17.5 M) to the cell lysate or dlgested tissue. This is
important to maintain the pH between 4 and 5 (ideal 4.8) which is the optimum
condition for hydrolysis of glycogen by Amyloglucosidase. The pH of the
solution after adding acetic acid is actually ~4.77 at 25°C.

Add 500ul of Acetate buffer (pH=4.8) + Amyloglucosidase (0.5 mg/ml should be
enough).

Incubate on the bench (room temperature, overnight), or for 2h at 40°C with
shaking.

Neutralize the glycogen-digested solution with 1/16 (v/v) of NaOH (5N). This
should bring the pH to 7.37 at 25°C. The pH of the TRA buffer in the next step is
7.5. This is a critical step for the next step.

Centrifuge samples for 5 min at 3000rpm.

. For cell lysates from a 6-well plate, collect 400ul of the digested supernatant and

add 1ml of the ATP-TRA buffer. The determination of glycogen content from
cell lysates requires a high amount of material compared to muscle extracts.
Volumes lower than 400ul of digested cell lysates usually produce very low
readings at 340nm.

. Incubate for 30min at room temperature.
12.

Read at 340nm (a plastic cuvette can be used).

Calculation:

(OD x 8.89) = umoles of glycosil units
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Buffers for Glycogen Content Assay:

Acetate buffer (0.2M, pH = 4.8)

Reagent Volume
Acetic Acid (96%) 480ul
Sodium Acetate 975 mg
ddH,0 100 ml

* Check pH, store at 0-4°C

Triethanolamine Buffer (0.3M TRA, 4.05mM MgSO4 —pH 7.5)

Reagent Volume
| TRA 5.6g

MgSO4 100mg

ddH,O 100ml

Dissolve 5.6 g of TRA + 100mg of MgSOj in 50 ml of distilled H,O and add 12ml of 1M
KOH. Check the pH and make up to 100ml with distilled water. Store at 0-4°C.

Glucose Buffer
Reagents For 50ml of TRA buffer For 30ml of | For 20ml of TRA buffer
TRA buffer
ATP 0.245¢g 100mg 0.147¢ 0.098¢ 0.098¢g
NADP 0.025¢ 6mg 0.015¢ 0.01g 2.4mg
HK/G6P 300ul 100ul 180ul 120ul 40ul

o ATP (1mM)/NADP (0.9mM/HK/G6P-DH (5pug/ml) TRA-Buffer (Same as
glucose buffer):
Dissolve 6mg of ATP + 8mg of NADP in 10ml of TRA buffer and add 50pl of the
HK/G6P-DG suspension. The concentration of HK and G6K-DG in the final assay
mixture will be 1.25U and 0.9U, respectively. This solution is stable for approximately 1
week at 0-4°C.

e HK/G6P-DG suspension — S00U (Based on HK units- 125U/mg, ~4mg prot/vial)
Re-suspend the lyophilized enzyme in 2ml of 3.2M ammonium sulfate — (250U/ml)
Prepare 10ml of a 3.2M Ammonium Sulfate (MW = 132.14) solution. Dissolve 4.32 g of
(NH4)2804 in 10ml of ddeO

e Amyloglucosidase (AGS) [1mg/ml]

Dissolve 20mg of enzyme protein in 20ml of acetate buffer. The amyloglucosidase
solution can be stored deep-frozen without any appreciable loss of activity.

e 1M KOH (MW=56.11) for the TRA buffer. Dissolve 5.61g of KOH in ddH,O
and make up to 100ml. The pH of this solution is above 15, off the pH meter scale.

e For the ImM Cat++ and 1mM Mg++ prepare a 100mM stock solution of each
in ddH,O.

For 100 mM Ca-++ use CaCl,: (MW=147.02), 1.4702¢g in 100ml of ddH,O.
For 100 mM Mg++ use MgSO4: (MW = 120.39), 1.2039¢ in 100m of ddH,0.
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PBS

Use PBS tablets (1tablet per 100ml of ddH,0).

For PBS containing ImM Ca++ and 1ImM Mg++

Take 1ml of Ca++ and 1ml of Mg++ stock solutions (100mM) and add to 100ml of PBS.

Sample Preparation for lactate assay:

Reagents: Triethanolamine (Sigma, T-9534, MW= 185.7)

B

Samples are precipitated with 8 % perchloric acid (HCIO4) (PCA) in a 1:1 ratio.
(i.e. 50pl of sample and 50ul of PCA). This precipitates all the proteins which
can potentially break down lactate. At this point samples can be stored at -80
until ready to assay or they can be neutralized right away.

The samples need to be neutralized with Triethanolamine (TEA 0.21M)/K,CO;
(1.16M). The pH of this solution should be ~6.86.

The amount of TEA solution needed to restore the pH of 8% PCA to ~7.3-7.4 is
approximately 53% of the total PCA volume.

Thus since the samples are diluted 1:1 with 8% PCA, the [] of PCA in the sample
is actually 4%. Therefore, only 26.5% of the total sample volume has to be TEA
in order to restore pH to neutral.

After adding 13.3 ul of TEA solution to 50ul of sample, a precipitate formed.
Spin samples down and use 10ul of the supernatant for lactate determination
using the lactate kit from Trinity biotech.

Follow kit instructions for assay.

When calculating final lactate concentration in the total sample:

Correct for total volume, 10 * 6.33= 63.3

Correct for dilution with PCA, multiply by a factor of 1.265

Correct for the dilution of sample with PCA, multiply by a factor of 2.

Now correct for the total volume of the incubation medium from which you
obtained the sample.
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Lactate production assay in L6 cells

1.

2.
3.

Seed cells in 6-well plates. Make sure they are not seeded too confluent to ensure
proper differentiation.

Wash cells daily to assure they differentiate at an optimal rate.

On experimental day: wash cells once with starve medium (no phenol red). Be
very gentile with the cells to make sure they don’t detach from the plate especially
if they are very well differentiated.

After washing once, add 1.5ml/well of starve medium (no phenol red) and starve
cells for 4hrs. Do not starve longer because cells start detaching.

After the cells are starved, aspirate the medium, and add 700ul/well of starve
medium (no phenol red) with the respective treatments. Note: Make sure to add
the conditions very slowly to ensure the cells do not detach.

At the end of the experimental incubation period (however long it may be),
quickly remove 200ul of medium and place in 1.5ml eppendorf tubes. Place the
tubes on ice right away. Subsequently, take an additional 200ul of medium and
dilute 1:1 with 8% PCA. Freeze all the tubes right away for future quantification
of lactate.

Aspirate the remaining medium and wash cell 2 times with ice cold PBS.

Lyse cell in 400ul of 1M KOH. Swirl each plate manually to detach all the cells
of the bottom of the plate and then pipette up and down to generate a smooth
lysate which can then be used to quantify protein with a Bradford assay.

For measurement of lactate at a later date, use 100pl of the medium not
diluted 1:1 with PCA. The lactate kit, calls for use of 10ul only, however, these
values are very low and may not be the most accurate, therefore, use 100pl/ml of
lactate reagent.

Materials:

e Alpha-Modified eagles medium without phenol red (catalogue number:
310-021-CL from Wisent)

Lactate reagent: Trinity biotech (cat #: 735-10)
e Lactate standard: Trinity biotech (cat#: 826-10)
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Glucose incorporation into lipids in plated cells:

1. Starve cells for 4hours.
2. Incubate cells in the presence of 0.2uCi/ml of 14C-D-U-glucose and your
respective conditions for 1 hour.
3. After the lhour incubation period is complete, wash cells 3 times with ice-cold
PBS.
4. Lyse cells in 400ul of IM KOH.
5. Pipette cells up and down to lyse cells well.
6. Remove 350pl of lysate and use for lipid extraction. Use the remainder for
protein quantification via the Bradford method.
7. Place the 350pl of lysate in a 5ml scintillation vial.
8. Add 1.25ml of Dole’s reagent. Cap and vortex.
9. Add 0.75ml of H,0 and 0.75ml of Heptane. Cap and vortex again.
10. Allow phases to separate for 10-20 minutes.
11. Uncap the vials and remove 500ul of the top (heptane) phase, and place in a
regular scintillation vial. Use 4ml of scintillation liquid to count in a scintillation
counter.

— O

Dole’s Reagent:
Isopropanol:Heptane:Sulfuric Acid (0.5M/1N) (Ratio 40:10: 1)
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Spectrophotometric determination of AICAR in plasma »
Reference: Fujitaki JM, Sandoval TM, Lembach LA, Dixon R. J. Biochem. Biophys. Methods. 29 (1994)

143-148.

Materials:

e Sodium Nitrite (1% w/w solution), 10ml + 100mg

e Ammonium Sulfamate (3% w/w solution), 10ml + 300mg

e N-(1-naphthyl)ethylenediamine (0.75% w/w solution), 10 + 75mg
Note: These solutions have to be fresh. Prepare in ddH,O

Generating Standard Curve:

1) Dissolve AICAR in water (6.4mg/ml). This serves as a stock solution for all
standards, which range from (0.125 - 64 pg/ml)

2) Dilute the stock 1:100 to obtain 64pg/ml standard (20pl + 2ml, it is recommended to
make dilutions with plasma).

3) The remaining standards are made by a series of sequential 1:1 dilutions of the
64pg/ml standard. Therefore the remaining standards are: 32, 16, 8, 4, 2, 1, 0.5, 0.25,
0.125, and 0 pg/ml.

Note: It is recommended that plasma samples must be deproteinized prior to performing

measurements. Prepare the dilutions of the standard curve in 2ml tubes. Run samples

directly in cuvettes.

Reaction procedure (in cuvette): (For 0.7g/kg BW ip injection, use 40ul of plasma
and 460pl of H,O:PBS (3:1).
1) Prior to use, centrifuge plasma and mix 3 : 1 (plasma : PBS (pH=7.4)) Note: dilute
40ul of plasma with 460ul H,O:PBS (3:1)
2) Pipette 500ul of diluted plasma (or standards) into a cuvette.
3) Add 150pl of IN HCI
4) Add 50ul of sodium nitrite solution
5) Vortex and incubate at RT for 5 min.
6) Add 50ul of ammonium sulfamate solution.
7) Vortex and incubate at RT for 10 min.
8) Add 100ul of N-(1-naphthyl)ethylenediamine solution.
9) Vortex and incubate at RT for 10 min.
10) Read at 540nm in spectrophotometer.
e The solutions should turn a purpulish colour. The intensity of the colour is
proportional to the amount of AICAR in the medium.

Reaction procedure (96-well plate):

1) Pipette 100pl of diluted plasma (or standards) into well.

2) Add 30ul of IN HCI

3) Add 10pl of sodium nitrite.

4) Mix thoroughly by gently swirling plate and incubate at RT for 5 min.
5) Add 10pul of ammonium sulfamate solution.
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6) Mix and incubate for 10 min at RT.

7) Add 20l of N-(1-naphthyl)ethylenediamine solution.
8) Mix and incubate for 10 min at RT.

9) Read at 540nm in plate reader.

Glucose (GO) Assay Kit:
Sigma (Product Code: GAGO-20)

Standard Curve:

Tube H20 (ul) Sample (pl) Glucose Standard
((11))

Blank 200 | ——— | e
0 pug/ml Standard 200 | 0 —— | eme
20 pg/ml Standard 196 | - 4
40 pg/ml Standard 192 | -
60 pg/ml Standard 188 | 0 -
80 ug/ml Standard 184 | - :

Sample 188.9 11.1 I

Standard Curve:
1) Pipette the glucose standards into cuvetts.
2) Add the volume of water indicated on the chart.
3) Add 400ul of Assay reagent to each cuvette and vortex (add this preferably with a
repeator).
4) Incubate for 30 minutes at 37°C.
5) After the incubation add 400ul of H,SO4 (12N/6M) and vortex.
6) Read at 540 nm.

Samples:
1) Pipette the plasma samples into the cuvetts.
2) Add the volume of water indicated on the chart.
3) 10 minutes after incubating the standard curve, add 400ul of Assay reagent to
each cuvette and vortex. '
4) Incubate for 30 minutes at 37°C.
5) After incubation add 400ul of H,SO4 (12N/6M) and vortex.
6) Read at 540 nm.

Sample dilution:

e The samples are diluted 18X. Assuming that the samples are 6mM glucose, this
dilution factor should result in a concentration of 60pg/ml of glucose.
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Assay reagent preparation:
e Dissolve contents of bottle in 39.2 ml of ddH,0. This solution can be aliquoted
and frozen at -20°C for at least 6 months.
e Prior to use add o-Dianisidine reagent to the assay reagent. (20.4ul of o-
Dianisidine reagent/1ml Assay reagent)

Carnitine Palmitoyltransferase 1 (CPT-1) Activity Assay in L6 Cells:

Ref: Spurway TD, Agius L, Stanley H, Sherratt A, Pogson CI. Biochemical Society Transactions 22: 1188,
1994.

Thupari JN, Landree LE, Ronnett GV, Kuhajda FP. PNAS 99:9498-9502, 2002.

The CPT-1 activity assay based on the principle of the following reaction:
CPT-1
Palmitoyl-CoA + carnitine g————® Palmitoylcarnitine + CoASH

The assay measures CPT-1 by determining the rate of conversion of palmitoyl-CoA and
[*H]carnitine into palmitoyl[*H]carnitine and CoASH.

Composition of the radioactive buffer:

50mM Imidazole (68.98mg/ml) ImM ATP (0.605mg/ml)

70mM KCI (5.21mg/ml) 70uM Palmitoyl-CoA (0.071mg/ml)

1mM KCN (0.065mg/ml) 0.50pCi L-[*H]carnitine

80mM sucrose (27.4mg/ml) 0.1% BSA-FA free

ImM EGTA (0.380mg/ml) 40uM digitonin (0.0492mg/ml,
permeabilizes the cell membrane to allow Palmitoyl-CoA to cross)

2mM MgCl, (0.407 mg/ml) ImM DTT (Dithiothreitol, 0.154mg/ml)

e  The cells are treated with desired conditions before performing the CPT-1
activity assay.
. It is best to use 6-well plates for greater protein content.

Assay procedure:

1. Wash cells twice with PBS, and then add 700pl of the radioactive buffer to each
well and incubate at 37°C for 5 minutes. For non-specific wells (1 per plate), cold
assay buffer is added to the well, and the reaction is immediately terminated.

2. The medium is aspirated and quickly washed 3 times with ice cold PBS to stop
the reaction.

3. The reaction is terminated by adding 500ul of ice-cold PCA (4M). Plates are then
scraped, and the cells are vigorously vortexed, and centrifuged at 13000rpm for 5
min at 4°C.
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. The supernatant is discarded, and the pellet is gently washed by resuspension with
500ul 2mM PCA to rid the excess radioactivity, and centrifuged again.

. The supernatant is discarded, and the resulting pellet is re-suspended in 800ul
ddH,O and extracted with 400ul butanol.

. The tubes are vortexed and centrifuged at 13000 rpm for 3 minutes, allowing the
phases to separate.

150ul of the butanol phase is counted using liquid scintillation fluid.
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9.2 Appendix B: Contributions by authors and funding sources
Study 1

Sergiu Fediuc was involved with the planning and execution of all experiments,
and aided in the writing of the manuscript. Mandeep Pinky Gaidhu assisted with Western
blot data collection, and aided in the writing of the manuscript. Dr. Rolando Ceddia is
the primary investigator and aided in the experimental design, data collection, and writing
of the manuscript. The authors would like to thank Dr. David Hood for use of his
laboratory to maintain cell cultures.
Study 2

All experiments were planned and conducted by Sergiu Fediuc. Dr. Aurelio
Pimenta assisted with Western blot and glucose uptake experiments. Mandeep Pinky
Gaidhu assisted with palmitate and glucose oxidation experiments. All data were
analysed by Sergiu Fediuc. The manuséript was written by Sergiu Fediuc and Dr.
Rolando Ceddia. This project was funded by the Natural Sciences and Engineering
Research Council of Canada (NSERC) via a Discovery grant to Dr. Rolando Ceddia.
Study 3

All experiments were planned and conducted by Sergiu Fediuc. Mandeep Pinky
Gaidhu was involved in data collection for glycogen synthesis, glycogen content, lactate
production, and glucose uptake. All data were analysed by Sergiu Fediuc. The
manuscript was written by Sergiu Fediuc and Dr. Rolando Ceddia. This project was

funded by NSERC via a Discovery grant to Dr. Rolando Ceddia. The authors would like

202



to thank Dr. Michael Riddell for use of the spectrophotometer, which was required for
several experiments.
Study 4

All experiments were planned, conducted, and analyzed by Sergiu Fediuc.
Mandeep Pinky Gaidhu aided in the administration of daily AICAR injections, as well as
the collection of plasma samples for all experiments. She also helped with the analysis of
plasma NEFAs, lactate, and glucose concentrations. Mandy So aided with the analysis of
plasma leptin concentrations. Nicole Anthony and Dr. Ceddia were involved with tissue
extraction at the end of the two week investigation. Babak Maghdoori was involved with
Western blot data collection. This project was funded by NSERC and the Canadian

Diabetes Association via a grants to Dr. Rolando Ceddia.
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9.3 Appendix C: Published work
9.3.1 Copyright permission

Journal of Lipid Research is part of the American Society of Biochemistry and Molecular
Biology (ASMBM), which grants use without copyright permission for:
Students wanting to reproduce or republish their work for educational purposes.

Journal of Cellular Physiology is published by Wiley InterScience, which grants use
without copyright permission for:

Users at institutions which have subscribed to Electronic Product and users who have
access under a Society or Personal License will have access to the full text of such
Electronic Product ("Authorized Users"). Authorized Users may download, view, copy
and save to hard disk or diskette and store or print out single copies of individual articles
or items for your own personal use, scholarly, educational or scientific research or
internal business use. Authorized Users may transmit to a third-party colleague in hard
copy or electronically, a single article or item from Wiley InterScience for personal use
or scholarly, educational, or scientific research or professional use but not for re-sale. In
addition, Authorized Users have the right to use, with appropriate credit, figures, tables
and brief excerpts from individual articles in the Electronic Product(s) in your own
scientific, scholarly and educational works.

Endocrinology is part of the Endocrine Society, which grants use without copyright
permission for:

Permitted access by authorized users includes searching, downloading, printing and
storing of individual articles for scholarly research, educational and personal use. Such
copies may be shared with non-authorized users provided such sharing is solely for the
purpose of scholarly communication or educational use, and there are no commercial
benefits or purposes.
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9.3.2 Journal Publications

Regulation of AMP-activated protein kinase and
acetyl-CoA carboxylase phosphorylation by
palmitate in skeletal muscle cells

S. Fediuc, M. P. Gaidhu, and R. B. Ceddia’
School of Kinesiology and Health Science, York University, Toronto, Canada

Abstract The purpose of this study was to investigate the
effects of long-chain fatty acids (LCFAs) on AMP.activated
protein kinase (AMPK) and acetyl-coenzyme A carboxylase
{ACC) phosphorylation and B-oxidation in skeletal muscle.
L6 rat skeletal muscle cells were exposed to various con-
centrations of palmitate (1-800 pM). Subsequently, ACC
and AMPK phosphorylation and fatty acid oxidation were
measured. A 2-fold increase in both AMPK and ACC phos-
phorylation was observed in the presence of palmitate con-
centrations as low as 10 uM, which was also accompanied by
a significant increase in fatty acid oxidation. The effect of
palmitate on AMPK and ACC phosphorylation was dose-
dependent, reaching maximum increases of 3.5- and 4.5-
fold, respectively. Interestingly, ACC phosphorylation was
coupled with AMPK activation at palmitate concentrations
ranging from 10 to 100 pM; however, at rations
>200 pM, ACC phosphorylation and fatty acid oxidation
remained high even after AMPK phosphorylation was com-
pletely prevented by the use of a selective AMPK inhibitor.
This indicates that LCFAs regulate ACC activity by AMPK-
dependent and -independent hani based on their
abundance in skeletal muscle cells.BiHere, we provide novel
evidence that the AMPK/ACC pathway may operate as a
mechanism to sense and respond to the lipid energy charge
of skeletal muscle cells.—Fediue, 5., M, P, Gaidhu, and R B.
Ceddia. Reguladon of AMP-activated protein kinase and
acetyCoA carboxylase phosphorylation by palmitate in
skeletal musele cells. J. Lipid Res. 2006. 47; 412-420.

Supplementary key words acetyleoenzane A carboxylase « fatty acid
oxidation » lipid sensing

In recent vears, a large body of cvidence has been pub-
lished showing that in mammals, AMP-activated protein
kinase {AMPK) responds to hormonal and nutrient signals
in the central nervous system and peripheral tissues, mod-
ulating food intake and whole-body energy homeostasis
{1). AMPK is a heterotrimeric enzyme that has been pro-
posed to function as a *fuel gauge” that monitors changes
in the energy status of cells (1-3). When activated, AMPK
shuts down anabolic pathways and promotes catabolism in

Manuseript weeived 5 October 2005 and in revised form 7 November 2003,

Published, LR Papers in Press, November 22, 2005,
DO 10.1194/itr M3D0#38JLR200

412 Journal of Lipid Research Volume 47, 2006

response to an increase in the AMP/ATP ratio by down-
regulating the activity of key enzymes of intermediary me-
tabolism (1--3). Initsactivated state, AMPK phosphorylates
serine residues 79, 1,200, and 1,215 of acetyl-coenzyme
A carboxylase (ACC), producing an 80-90% decrease
in the V. of the enzyme, suggesting that AMPK is the
physiological ACC kinase (4). There is also evidence that
long-chain fauy acids (LCFAs) act as potent feedback
suppressors of lipogenesis by inhibiting ACC activity (5-7).
ACC is 2 multifunctional enzyme that, when active (de-
phosphorylated form), catalyzes the conversion of acetyl-
CoA to malonyl-CoA in the de novo lipid synthesis pathway
(1-4). MalonylCoA is a potent inhibitor of carnitine
palmitoyltransferase-1, a rate-dimiting step for the entry of
LCFAs into mitochondria for oxidation (8). When ACC s
inactive {phosphorylated form), a decrease in malonyl-
CoA oceurs and disinhibits carnitine palmitoyltransferase-
1, thereby increasing the mitochondrial import and oxi-
dation of LCFAs (8). Therefore, the AMPR/ACC system is
thought to play a central role in the regulation of cellular
lipid homeosiasis (2, 8, 9}, In cenain metaholic disorders,
such as obesity and type 2 diabetes, lipid metabolism is
dysfunctional, causing fatty acids to increase in the cir-
culation and also in intracellular compartments (2, §, 9).
High levels of fatty acids are toxic to the cells and may
cause deleterious metabolic abnormalities (8, 9). By in-
creasing fatty acid oxidaton in peripheral tissues, the
AMPR/ACC systemn may play an important role by pro-
tecting the cells from these metabolic abnommalites (9),
Of special interest are the mechanisms that regulate the
AMPEK/ACC systemn in skeletal muscle, because this tissue
plays a major role in determining wholebody energy
expenditure, accounts for 70% of totalbody glucose dis-
posal, and may modify substrate utilization toward sub-
stantially increasing fatty acid oxidation (9).

The classical view is that AMPK is activated allosterically
by an increase in the intracellular AMP/ATP ratio, by phos-
phorviation of threonine 172 {The-172) within the o subunit,
catalyzed by the upsiream kinase LKB1 (the upstream
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kinase of AMPK), and by inhibition of the dephosphoryls-
tion of Thr-172 by protein phosphatases (1-3). To date, a
wide range of physiological stressors, pharmacological
agents, and hormones associated with increases in the
intracellular AMP/ATP ratio have been demonstrated to
activate AMPK (10). In skeletal muscle, the activity of
AMPK has also been reported to be regulated by the
intracellular creatine-phosphocreatine ratio (11, 12) and
glycogen content (13, 14), both direcdy related to the
energy charge of muscle cells. Fatty acids, another major
cellular energy source, may also regulate AMPK activity
in skeletal muscle; however, no data for this have been
published. It has been reported that in perfused rat cardiac
muscle, palmitate (250 and 500 xM) and oleate {500 pM)
significanly increased AMPR activity without causing any
significant alteration in AMP/ATP ratdo (13). Another
study has reported that exposure to 150 pM acetate,
octanoate, or palmitate caused a significant reduction
in AMP/ATP ratio followed by a significant increase in
AMPK activity in primary rat hepatocytes (16). In con-
trast (o these observations are reports that the AMPK
activity of rat liver purified LKB1/STRADMO25 {the up-
stream kinase of AMPK) was inhibited by longchain acyl-
CoA esters in vitro {17).

Currently, there is no consensus regarding the regula-
tion of the AMPK/ACC system by fatty acids. To clarify this
issue, we investigated the effects of different concentra-
tions of palmitate on AMPK and ACG phosphorylation in
L6 rat skeletal muscle cells. We hypothesized that LCFAs
would increase AMPK and ACC phosphorylation by I)
ATP udilization for LCFA activation (16) and 2) directly
regulating ACC phosphaorylation, because in the presence
of exogenous fatty acids the de novo lipid synthesis
pathway would be suppressed (4). In rat skeletal muscle,
refeeding after a fast increases malonyl-CoA and decreases
fauty acid oxidation, which has been atuributed to a de-
crease in fatty acids that releases the allosteric inhibition
of ACC2 (18). Here, we provide evidence that palmitate
concentrations ranging from 1 to 800 uM significandy
increase both AMPK and ACC phosphorylation and B-
oxidation. Additionally, with the aid of a selective AMPK
inhibitor, we describe the novel finding that ACC
phosphorvlation and palmitate oxidation are increased
in the presence of high fatty acid concentrations by a
mechanism independent of AMPK activation in L6 rat
skeletal muscle cells.

METHODS

Reagents

o-Minimum Eagie’s medium (o-MEM) and FBS were pur-
chased from Wisent {Quebec, Canada). B-Aminocimidazole-4-
carboxamide-1-B-pribofuranoside (AICAR) was purchased from
Toronte Research Chemicak, Inc. Compound G, a selective
AMPK inhibitor, was provided by Merck Research Laboratosies,
fatty acid-free albumin, pabmitic acid, and phenylethylamine were
from Sigma (St. Louis, MO). [1-44¢) palmitic acid was purchased
from American Radiolabeled Chemicals, Inc, (St. Louis, MO).
Specific antibodies against PAMPK and P-ACC were from Cell

Signaling Technology (Beverly, MA) and Upstate Biotechnology
{Charlottesville, VA), respectively. All other chemicals were of the
highest grade available.

Cell culture and treatment

Stock cultures of rat L6 skeleml muscle cells were obumined
from the American Type Culture Cotlection and grown in a-
MEM containing 10% (v/¥) FBS, 100 U/ml penicillin, 100 pg/mi
streptomycin {(growth medium), and antimycotic in a humidified
atmosphere of 95% air and 5% COg at 37°C. For experimental
procedures, stocks were trypsinized and resceded on six-well
plates or 60 X 15 mm Petd dishes at a density of 4000 cells/cm®,
After 24 h (~80% confluence), the medium was changed to a-
MEM contining 2% (v/v) FBS and antibiotic/antmycotic as
deseribed above {differentiation medium) that was replaced after
2, 4, and 6 days of culture, After 7 days, myotube differentiation
was complete, and experimental procedures were initiated. In
all experiments, L6 myotubes were serum-sasved for 4 b before
exposure to fatty acids, AICAR, and/or compound C. All controls
were incubated with equal amownts of the vehicles used for
AICAR, compound C, and the respective concentrations of fat-
free atbumin as present in palmitatetreated cells.

Cell viability testing, trypan blue exclusion

Cells were treated with AICAR (2 mM), palmitate (1-800 pM),
and compound C (10 and 40 pM), Subsequendy, cells were
vinsed with. PBS, trypsinized, washed with medium, centrifuged,
and resuspended in PBS. Next, cells were mixed with the same
volume of 0,26% uypan blue and transferred to a slide for 3 min.
A total of 500 cells were microscopically counted using a hemo-
cytometer to determine the dead cell (stained blue) rate. The
experiments were performed in wriplicate. Compared with
the control {cells not exposed to AICAR, palmitate, or com-
pound C), no significant differences were detected for cell
viability after exposing the cells for 1 h to all of the different
treatment conditions.

Production of "CO; from [1-'*Clpalmitic acid

Palmitate was conjugated with essentially fauy acid-free BSA to
generate a stock solution of 25% (w/v) BSA and 6 mM fatty acid
in serum-free medium as deseribed previousty (19). After con-
jugation with albumin, the concenwation of faity acids in the
sotution was measured using a NEFA kit (Wako Chemicals, Inc.).
The stock solution was diluted into the final culture medinm o
ohtain concentrations of 1, 10,50, 104, 200, 400, 600, and 800 uM
fany acid. Palmitate oxidation was measured by the production of
Y00, from [1-C) palmitic acid as described previously {11) with
a fow modifications. Briefly, cclls were incubated for T hin 60 X
15 wmm Pewi dishes with medium containing 0.2 pCi/mi
{lw”C]paimitéc acid and nonlabeled palmitate (1, 10, 50, 100,
2063, 400, 600, and 800 wM} in the presence or absence of com-
pound C a5 indicated. Each Petri dish was sealed with Parafilm,
which had a plece of Whatman paper raped facing the inside of
the Petri dish, After 1 h of incubation, the Whatman paper was
wetted with 100 ul of phnnyitftthyiaﬂu'nu—mcdmnol {1:1) 10 wap
the COy produced during the incubation period. Subsequently,
200 pd of HySO4 (4 M} was added to the cells, which were then
incubated for an additional 1 h at 477C (11). Finally, the pieces
of Whatman paper were carefully removed and transferred to
scingiffation vials for radioactivity counting.

Western blot determination of P-AMPKe and P-ACC

Celts were grown on six-well platesand incubated for 60 min in
the presence or absence of palmitic acid (1, 10, 50, 160, 200, 400,
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600, and 800 pM) and compound C (40 uM) as indicated. Ex-
periments conducted using variable concentrations of ATP re-
vealed that compound C is a potent reversible smalkmolecule
AMPK inhibitor that is competitive with ATP (20}, In in vitro
assays, compound C did not exhibit significant inhibiton of sew-
eral structurally related kinases, including Zetaassociated Pro-
tein Kinase, Spleen Tyrosine Kinase, Protein Kinase C 0, Protein
Kinase A, and Janus Kinase 3'(20). AICAR is a compound taken
up by the cells and phosphorylated to the monophosphate form
ZMP, which can accumulate in the cell, mimicking the effect of
AMP on AMPK phosphorylation and actvation (1-3). Here,
AICAR {2 mM, 60 min) was used as a positive control for AMPK
and ACC phosphorylation and also to test the effectiveness of
compound C o inhibit AMPK phosphotylation and activation in

30 1

%

AMPK phosphorylation
{Arbitrary units)
(53
(=]

- -
o W

o«

OZ:F

1 10 50

10

4 %
= i
ggzo-
> #
g%ﬁ-
S2
g~ 104 x
i
vé 7 )
A 110 50 160
Paimitate (uM}

16 myotubes. Because ACC is a subsuate for AMPK (2, 4), the
determination of ACC phosphorylation also served as an in-
dicator of AMPK activity, Immediately after all treatments, cells
were lysed in buffer containing 135 mM NaCl, 1 maM MyClo,
2.7 mM KCI, 20 M Tris, pH 80, 1% Triton, 10% glycerol, and
protease and phosphatase inhibitors (0.5 mM NagVOQ,, 10 mM
NaF, 1 uM leapeptin, 1 pM pepstatin, 1 pM okadaic acid, and
0.2 mM PMSF), heated (65°C, 5 min), and passed through a
25 gange syringe five times, An aliquot of the cell ysates was nsed
w0 determine the protein concentration in each sample by the
Bradford method, Before loading onto SDS-PAGE gels, the samples
were dilused 11 (v/v) with 2 X Lacmmli sample buffer [62.5 mM
TrissHCL pH 6.8, 2% (w/v) SDS, 50 mM DTT, and 0.01% (w/v)
bromophenol blue]. Aliquots of cell lysates cortaintng 30 pg of
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Fig. 1. Doseresponse effects of palmitate on AMPactivaied protein kinase (AMPK: A, B) and acetyk
coenzyme A carbexylase (ACG; G, D) phosphorvlation in L6 myotubes. Densiiometrie analysis (graphs) and
respective representative blots (upper panels) are shown for each experimenmal condition. Cells were ex
posed to different concentrations of palmitaie (from 1 10 800 pM) for 1 b and then lysed as deseribed in
Methods. Control cells {C) were exposed to neither Saminoimidarole-d-carboxamide-1-B-pribofuranoside
(AICAR: A} nor palmitate. AICAR was used as a positive control for AMPK and ACC phosphorylation.
Data are presented as averages = SEM, * P<< 0.05 versus controlt and 1 uM palmitate. ¥ P< (.05 versus con-
trol, AICAR, and 1, 50, and 100 uM palmitate. T P < 0.05 versus control and 600 and 800 pM palmi-
tate. ¥ P < 0.05 versus control and 400 uM palmitate. ¥ P < 0.05 versus control and 400 pM palmitate.

$ P < 0.05 versus all other conditions, Data are compiled from four i

cates in each experiment.
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protein were subjected to SDS-PAGE (12% and 7.5% resolving
gels for PAMPK and P-ACG, respectively) and then transferred to
polypvinylidene difluoride membranes (Bio-Rad Laboratories, Bus-
lington, Oniario, Canada). The phosphorylaton of AMPK was de-
termined using phospho-AMPE(Thr172) antibody (1:1,000
ditution), which detects AMPK-a only when activated by phosphor-
viation at The-172 (Cell Signaling Technology). ACC phosphoryla-
don was detected wsing phospho-ACCspedfic antibody (1500
diludon; Upstte Biotechnology), which recognizes ACC when
phosphorylated at serine 79 (Ser-79). Equal loading of samples was
also confirmed by Coomassie blue staining of all gels.

Statistical analysis
Statistical analyses were perfonned by oneway or two-way

ANOVA with the Tukey-Kramer multiple compasison test or
Bonferront posttest. The level of significance was set at P < 0.05,

RESULTS

AMPK« and ACC phosphorylation by AICAR
and palmitate

As expected, AICAR elicited a 2.5- to 3.5-fold increase in
AMPK and ACC phosphorylation compared with the
control (Fig. 1). Interestingly, the incubation of myotubes
with palmitate also caused a significant increase in AMPK
and ACC phosphorylation. A significant effect (~1.9-fold)
on both AMPK and ACC phosphorylation was observed in
the presence of palmitate concentrations as low as 10 uM
(Fig. 1A, C). A doseresponse effect was found as the
concentration of palmitate in the incubation medium was
increased (from 1 1o 800 pM). However, maximum in-

creases of 3.5-fold for AMPK (Fig. 1B) and 4.5-fold for ACC
(Fig. 1D} phosphorylation were obtained at 400 pM com-
pared with the control; (Fig. 1C, D). Higher palmitate
concentrations of 600 and 800 pM alse induced the
phosphorylation of AMPK (2.7- and 2.6fold, respectively)
and ACC (3.7- and 3.44old, respectively) compared with
the control; however, the values obtained were lower than
in the presence of 400 uM palimitae (Fig. 1A-D). These
results indicate that either low (10 pM) or high (800 pM)
fatty acid concentrations increase both AMPK and ACC
phosphorylation in L6 skeletal muscle cells.

Inhibition of AICAR-induced AMPK and ACC
phosphorylation by compound C

To determine whether the effects on ACC phosphory-
iation and fauy acid oxidation were solely attributable
to the activation of AMPK by palmitate, we applied a
selective AMPK inhibitor (compound C} in our experi-
ments, To establish the efficacy of compound C to inhibit
AMPK phosphorylation and activity, we treated L6 myo-
mhes with either 10 or 40 pM of the inhibitor 30 min
before exposing the cells to AICAR (2 mM). The inhib-
itor did not affect basal AMPK (Fig. 2A) and ACC
(Fig. 2B) phosphorylation levels but significantly blocked
AICAR-induced phosphorylation of AMPK and ACC, The
use of 10 uM compound C significandy reduced (35%
and 50%, respectively) AICAR-induced AMPK and ACC
phosphorylation, whereas in the presence of 40 pM
compound C, phosphorylation of both AMPK and ACC
was completely abolished, reducing it to basal values
(Fig. 2A, B). Therefore, 40 pM compound C was chosen to
be used in all subsequent experiments,
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Fig. 2. Effect of compound C on basal [contrel (C)] and AICAR-induced (A) AMPK (A) and ACC (B) phosphoryation in L6 myotubes.
Densitometric analysis (graphs) and respective representative blots (upper panels) are shown for each experimental condition. Thirty
minutes before AICAR treatment, cells were exposed to either 10 aM (T or 40 wM (140) compound C, an inhibitor of AMPK.
Subsequently, cells were incubated for 60 min in the presence of AICAR (2 mM) s indicated, Data are presented as averages @ SEM. # P <
0.05 versus control, ATCAR, AICAR + 10 uM inhibitwor {(A+110), and AICAR + 40 pM inhibitor (A+140). ¥ P 0,05 versus control, AICAR,
and AICAR + 40 uM inhibitor, Data are compiled from four independent experiments with duplicates in each experiment,
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Effect of compound C on palmitate-induced AMPK and
ACC phosphorylation

Palmitate-induced AMPK phosphorylation was blocked
by compound C for all faity acid concentrations ranging
from 1 to 800 pM (Fig. 3A, B). Interestingly, palmitate-
induced ACC phosphorylation was also prevented by
compound G in the presence of palmitate concentrations
ranging from 1 to 100 pM; however, this AMPK inhibitor
did not prevent the palmitate-induced phosphorylation
of ACC in the presence of higher concentrations (200~
800 uM) of this fatty acid (Fig. 3C, D). In previous exper-
iments, we exposed cells 1o various concentrations of pal-
mitate in the presence of compound C and AICAR was
used as a positive control for AMPK phosphorylation
(Fig. 3). However, in those experiments, we did not have
data from cells exposed to palmitate alone (o serve as a
control for those treated with compound G and palmitate
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in the same experiment. To fulfill this experimental gap,
we exposed muscle cells to either 10 or 400 pM palmitate
in the absence and presence of compound C. These pal-
mitate concentrations were chosen because in previous
experiments both elicited significant increases in the
phosphorylation of AMPK and ACG (Fig. 1) but were dif-
ferently affected by the presence of compound C (Fig, 8.
As expected, AMPK phosphorylation was significantly in-
creased in the presence -of either 10 pM (1.74old) or
400 pM (2.4fold) palmitate, and it was completely
blocked by compound G (data not shown). Also, palmitate
at 10 pM induced a significant increase (~1.6f0ld) in
ACC phosphorylation, which was completely prevented by
compound C (Fig. 4A). Interestingly, in the presence of
palmitate 400 .uM ACC, phosphorylaton increased by
~2.7f0ld and remained equally phosphorylated despite
the presence of compound C in the incubation medium

L=
i

AWPK Phosphorylation
{Aritraty unils)

o} A 20041 40041 600+ 8OO+
A 200411 400411600+ 800+

H3e
[
]—;:v:

Hs

ACC phosphrylation
{Arbitrary unfts}
o5

i

1L

T

C A 200+ 400+ 600+ 800+

Fig. 3. Effect of compound C (40 pM) on palmitate {1800 pM)dnduced AMPE (A, B) and ACC (C. D}
phosphorylation in L6 myotubes, Densitometric analysis (graphs) and respective representative blots (upper
panels) are shown for each experimental condition. Compound C (I; an inhibitor of AMPK) was added 10
the incubation medinm 50 min before palmitate teeatment and was also present during the entire 1 h
palmitate-incubation period. AICAR (A3 2 mM) was used as a positive control for AMPK and ACC
phosphorylation. Data are presented as averages =& SfM * P < 0,05 versus all conditions. ¥ P < 0,05 versus
control and 400 pM palmitate + inhibitor (200+1).°P < 0.05 versus control, AICAR, 400 pM paimitate +
inhibitor (400+1), and 600 pM palmitate + inhibitor (600-+1). Data are compiled from four independent

experimens with duplicates in each experiment.

416 Journal of Lipid Research Volume 47, 2006

210



(Fig. 4B). These results confirm and strengthen the obser-
vations that increased concentrations of palmitate exerta
regulatory effect on ACC phosphorylation /activity inde-
pendently of AMPK.

Effeets of palmitate, AICAR, and compound C on
AMPK/ACC phosphorylation and *COy production
from [1-"*Clpalmitate

AICAR and palmitate (10 and 400 pM) induced AMPK
phosphotyladon, and this was again prevented by com-
pound C. Although ACC phosphorylation wasalso induced
by AICAR and palmitate, compound C only prevented its'
phosphorylation at the Jower concentration (10 pM) of
palmitate (Fig. 5A). We also determined the phosphory-
faton state of AMPK and ACC after the cells had been
exposed to a combination of AICAR and palmitate. The
phosphonylation induced by AICAR and palmitate in this
experiment was similar 1o what was observed for either
AICAR or palmitate alone, with no additive effect on
AMPK and ACC phosphorylation (Fig. 5A). ACC phos-
phorylation serves as a good indicator of AMPK activation,
whereas LCFA oxidation provides an indication of ACC
activity, Because AMPK and ACC phosphorylation play an
important role in regulating the rate of fatty acid oxidation
in skeletal muscle, we investigated the rates of COy
production from {1-'*C]palmitate in L6 myotubes. As pal-
mitate concentration in the incubation medium was in-
creased from 1 to 800 pM, the rate of oxidation of this fatty
acid also increased significantly, from 124 pmol/h (basal;
Fig. 5B, inset) to 676.86 nmol/h (800 pM; Fig. 5B). The
basal condition had only labeled palmitate (0.2 p.Ci/ml

[1-C]palmitic acid) in the incubation medium. Even-

though this does not reflect physiological circulating
nonesterified fatty acid levels, it was technically the correct
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control to give us an idea of the magnitude of the increase
in fatty acid oxidation by skeletal muscle cells in the
presence of very low to high concentrations of palmitate.

The most accentuated increase in oxidation took place
in the presence of palmitate concentrations ranging from
1 t0 200 pM (from 3.9 to 487.38 nmol/h). However, as the
concentration of palmitate was increased from 400 to
800 wM, the oxidation rate of this fatty acid still increased,
but at a much lower rate (from 559.98 to 676.86 nmol/h,
respectively) (Fig, 5B). Here, we also tested the effect of
AICAR-induced AMPK activation on palmitate oxidation.
As expected, in the presence of AICAR (2 mM), we ob-
served a significant increase in "'CO; production either
under basal conditions (~1.4fold; Fig. 5B, inset) or in the
presence of up to 100 pM palmitate (1.7, 2-, 1.6-,and 1.7-
fold vs, palmitate alone for 1, 10, 50, and 100 pM
palimitate, respectively) (Fig. 5B). However, as palmitate
concentraton was increased from 200 to 800 pM, the
AICAR-induced effect on ”(’302 production from f1-
“C]palmilic acid was significantly attenuated (1.07-
1.09- 1,09, and 1.08-fold for 200, 400, 600, and 800 pM
palmitate, respectively) compared with palmitate alone
(Fig. 3B). Interestingly, the additon of compound C
significantly blocked the oxidative effect of palmitate
alone and of AICAR in the presence of palmitate
concentrations ranging from 1 to 100 pM. However, in
the presence of higher palmitate concentrations (200,
400, 600, and 800 pM), compound C was not effective in
blocking the oxidative responses induced by palmitate
alone or in combination with AICAR (Fig. 5B). These
results are compatible with the effects of palmitate on
AMPK and ACC phosphorylation reported above (Figs. 3,
4). This suggests that under increased concentrations of
fatty acids (> 200 pM), an AMPK-independent pathway
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Fig. 4. Effect of compound C (40 pM) on basal {control (G}, cells exposed to neither palmitate nor
compound €} and palmiste-induced ACC phosphorylation in L6 myotubes. Densitometric analysis (graphs)
and respective representative blots (upper panels) are shown for each experimental condition. Compound €
(I an inhibitor of AMPK) was added to the cells 30 min before palmitate treatment and was also present during
the entire 1 h palmitatedncubation period. Gells were exposed 1o either 10 wM (A) or 400 pM (B) palmitate and
then lysedd for Western blotting, Data are presented as averages = SEM. * P <2 0.05 versus conirol and compound
C. Data are compiled from four independent experiments with duplicates in each experiment.
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+ compound C (A+P+1) on AMPK and ACC phos-

phorylation, B: Effects of various palmitate comcentrations (vanging from 1 to 800, uM P1 1o PBOO), palmi-
tate + AICAR (2 mM), palmitate + compound G (40 pM), and palmitate + AICAR + compound C on

100, production from [1-1*Clpalmitate (palmitate

oxidation; nmol/dish/h) in 1.6 myotubes. The inset

refers 1o the cffects of compound C on basal (in the absence of AICAR and compound C) and AICAR
(2 mM)-induced MCOp production from [1-*C]palmitate (palmitate oxidation; pmol/dish/h). Basal
values weve determined in the presence of only radiolabeled palmitaie (0.2 pGi/mi). Data are presented
as averages = SEM. * P < (.05 vessus palmitate, palmitate + compound C, and palmitate + AICAR +
compound C. 3 P < 0.05 versus palmitate and palmitate + AICAR. * P < 0.05 versus palmitate + AICAR,
Data are compiled from four independent experiments with triplicates in each experiment.

was responsible for inducing fatty acid oxidation in
skeletal muscle cells.

DISCUSSION

Here, we describe the novel finding that AMPK and
ACG activity are regulated by palmitate in skeletal muscle
cells in a dose-dependent manner. The concentrations of
pahmitate applied ranged from 1 0 800 uM, which are
within the values observed either in physiological condi-
tions such as overnight fasting (~100-500 pM) and
prolonged exercise (~500-1,000 uM) or in pathological
conditions such as obesity (~600-800 pM) and type 2 di~
abetes mellitus (~700-900 pM) (21). However, although
plasma fatty acids can reach 800 pM, this is unlikely the
case for the extracelhular fluid to which skeletal muscle is
exposed in vivo. This raises the question of whether the
treatment of L6 muscle cells to high palmitate concentra-
tions {(400-800 pM) could be toxic to the cells and affect
cell viability. High levels of palmitte did not alter cell
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viability when measured by the trypan blue exclusion
method, as reporied in Methods, Additionally, even
though in our system the maximum phosphorylation re-
sponse of AMPK and ACCwas obtained in the presence of
400 M, the effect on oxidation was increased significantly
and remained high as palmitate concentrations were in-
creased up to 800 pM in the incubation medium. This
sustained functional response to high levels of palnitate
{400-800 uM) indicates that the muscle cells were viable
and well responsive under all experimental conditions.

ACC phosphorylation was coupled to AMPK phosphory-
lation and activation in the presence of palmitate concentra-
tions ranging from 1 to 100 pM. However, at concentrations
> 200 puM, ACC phospharylation remained high, despite
the total inhibition of AMPK phosphorylation by com-
pound C, a selective AMPK inhibitor. These results in-
dicated that palmitate regulates ACC phosphorylation/
activity by AMPK-dependent and -ndependent mecha-
nisms, hased on its abundance in skeletal muscle cells.

It has been demonstrated previously that the cytoplas-
mic process of fatty acid activation (formation of fauty
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acyl-CoA) consumes ATP and increases cytosolic AMP by
~30£fold, leading to AMPK activation in isolated hepa-
tocytes (16), Also, activation of heart AMPK in response
to physiological concentrations of LCFAs has been re-
ported (15). These findings are in agreement with our
results with skeletal muscle cells showing that palmitate
increases AMPK phosphorylation and also the phosphor-
yiation of its direct substrate ACC, which are also com-
patible with the observed increase in fatty acid oxidation,
In fact, the rate of palmitate oxidation by skeletal muscle
cells increased as the concentration of this fatty acid in
the medium was increased up to 400 pM and practically
reached a plateau thereafter, Interestingly, inhibition of
AMPK phosphorylation by compound C significantly re-
duced (80%) basal (conaining only labeled palmitate:
0.2 uGi/mi [1-¥Clpalmitic acid) and AICAR-induced
{~45%) palmitate oxidation for concentrations of this
fatty acid ranging from 0 to 100 uM. However, compound
C exerted no significant effect on either basal or AICAR-
induced palmitate oxidation as the concentration of this
fatty acid was increased from 200 to 800 pM, even though
AMPK phosphorylation was prevented by compound C.
Additionally, the combination of AICAR and palmitate
elicited a significant additive effect on oxidation {~75%)
up to 100 pM palmitate, but this effect was practically
abolished (~7.5%) when palmitate concentration ranged
from 200 to 800 uM. Importandy, no additive cffect on
AMPK and ACC phosphorylation was observed when cells
were exposed to a combination of AICAR and palmitate
(either 10 or 400 pM).

These findings indicate that LCFAs autoregulate their
metabolism by two separate pathways: one that depends
on AMPK activation, and another that direcdy modulates
ACC phosphorylation/activity and overrides the effects of
AMPK activation. The concenuation of LCFAs in the cell is
the major factor determining which of these pathways will
prevail in the regulation of fatty acdd mewbolisr in
skeletal muscle cells. Previous studies performed with per-
fused heart muscle (15) and with isolated rat hepatocytes
(18) have shown that not only palmitate but also acetate,
octanoate, and oleate increase AMPK activity {15, 16) and
fatty acid oxidation (15). In our experiments, we used only
palmitate, and further studies need to be performed 1o test
whether other fatty acids also regulate the phosphoryla-
tion/activity of the AMPK/ACC pathway and B-oxidation
in skeletal muscle. )

The facy that ACC remained phosphorylated even after
compound C prevented palmitateinduced AMPK phos-
phorylation suggests that fatty acids may also regulate ACC
activity by inducing the phosphorylaton of this enzyme by
an alternative Kinase. Additionally, it may be possible that
fatty acids inhibit phosphatases that might otherwise
dephosphorylate and activate ACC. The inhibition by pal-
mitate of phosphatases that target ACC would divert the
metabolism of LCFAs toward oxidation instead of lipid
synthesis in the presence of high levels of fatty acids, In
fact, in the present study, we also observed that ACC phos-
phorylation was accompanied by an upregulation of pal-
mitate oxidation in skeletal muscles cells. Further swudies

are necessary to precisely identify the mechanisms by
which fatty acids regulate ACC phosphorylation/activity
in skeletal musde cells and, therefore, autoregulate their
metabolic fate.

The AMPKR-independent effect of high levels of palmi-
tate on fatty acid oxidation may also have derived from a
potent feedback inhibition of ACC by long-chain fatty acyl-
CoA esters (2, 4, 22). There is compelling evidence that
citrate and acetyl-CoA function as allosteric activators of
ACC, whereas long-chain fatty acyl-CoA acts as an allosteric
inbibitor opposing the action of citrate on purified rat
hindlinb muscle ACC (23). Suppression of ipogenesis by
fatty acids has also been demonstrated in extracts of rat
epididymal fat pads (5) and in rat perfused livers (6), even
thaugh there is little evidence that these were through
allosteric inhibition of ACC. In rat skeletal muscle, re-
feeding after a fast rapidly decreased fatty acid oxidation
in vivo, and this has been attributed to a decrease in
circudating fatty acid levels releasing allosteric inhibition
of ACC in muscle (18). All of these observations are in
agreement with our findings, which indicate that fatty acid
abundance leads to ACC inhibition and suppression of
lipogenesis, From a functional perspective, this seems log-
ical, because it would be unnecessary and counterproduc-
tive to maintain the de novo lipid synthesis pathway active
under conditions of high cellular fatty acid levels. How-
ever, it was reported recently that long-chain acyl-CoA
esters inhibit the in vitro phosphorylation and activation
of recombinant AMPK by liver purified LKB1/STRAD/
MO25, suggesting that in the presence of LCFAs the
activation of the AMPK pathway may actually be impaired
(17). Even though AMPK activity was measured directly
by Taylor et al. (17), the in vitro analysis performed with
purified enzymes did not allow complex cellular metabolic
interactions of AMPK with its allosteric regulators to take
place. This is particularly important because in our experi-
ments using muscle cells, palmitate consistently increased
the phosphorylation of AMPK in a dose-dependent man-
ner, whereas palmitate-induced ACC phosphorylation was
regulated by AMPK-dependent and -independent mech-
anisms. From a metabolic pesspective, the activity of ACC
is what ultimately determines malomyl-CoA production
and whether faty acids will be produced or oxidized in
the cell (2, 4). Because ACC activation does not depend
exclusively on AMPK phosphorylation, the implications of
AMPR regulation by faty acids have to be analyzed in a
more complex and interactive system,

The implications of our findings are that the fatty acid
oxidative response that is normally triggered via AMPK
activation by endogenous hormones and nutrients, and
other pharmacological agonists (9, 10), may be impaired
in the presence of high fatty acid concentrations in skel-
etal muscle, In the presence of fatty acids, the AMPR/ACC
system becomes activated and the oxidative response of
the muscle cell may reach its maximum capacity, prevent-
ing any potential additional effect that could be triggered
by other AMPK agonists. In fact, we found that AICAR (a
well-known inducer of AMPK activity) did not elicit any
additive oxidative effect in L6 muscle cells in the presence
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of palmitate concentrations of > 200 uM. This is part-
cularly important because certain metabolic disorders,
such as obesity and type 2 diabetes, are accompanied by
chronically high levels of circulating fatty acids (~600-
900 pM) (21), which may limit the response of the AMPK/
 ACC pathway to endogenous and exogenous AMPK ago-
nists. Recently, it was reported that adipokines such as
leptin (9, 10) and adiponectin {24) exert direct antilipo-
toxic effects on skeletal muscle by activating the AMPR/
ACC pathway. Resistance to these adipokines could be
partially atiributable to high levels of fatty acids maximally
activating the AMPK/ACC pathway and impairing further
activation of the AMPK/ACC pathway by leptin or adi-
porectin in peripheral tissues. In fact, mice overexpres-
sing leptin in liver are skinny and present increased levels
of AMPK and ACC phosphorylation. However, these
animals developed obesity when exposed to a high-fat
diet accompanied by attenuation of AMPK and ACC
phosphorylation (25}, Interestingly, the levels of circulat-
ing fatty acids in these transgenic animals increased from
1.43 mEq/1 on a regular diet t0 2.17 mEq/1 on the high-fat
diet {25). It is important to note that this in vivo study did
not establish any cause-and-effect relationship between
fatty acids and leptin sensitivity in skeletal muscle, al-
though it suggests a potential link between these variables.
In conclusion, our results provide evidence that faity
acids autoregulate their mewbolic fate in skeletal muscle
cells by directly regulating the phosphorylation and acti-
vation of AMPK and ACC. These effects of fatty acids
on skeletal muscle may have important physiological
and pathological implications for the response of this tis-
sue to endogenous and exogenous agonists of the AMPR/
ACC pathway

The anthors thank Merck Research Laboratories for kindly
providing compound C for these experiments.
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Activation of AMP-Activated
Protein Kinase, Inhibition of
Pyruvate Dehydrogenase
Activity, and Redistribution

of Substrate Partitioning Mediate
the Acute Insulin-Sensitizing
Effects of Troglitazone in Skeletal
Muscle Cells

S. FEDIUC, AS. PIMENTA, MP. GAIDHU, anp R.B. CEDDIA*
School of Kinesiology and Health Science, York University, Toronto, Ontario, Canada

The aim of this study was to investigate the acute effects of troglitazone on several pathways of glucose and fatey acid (FA) partitioning and
the melecular mechanisms involved in these processes in skeletal muscle. Exposure of L6 myotubes to troglitazone for | h significantly
increased phosphorytation of AMPK and ACC, which was followed by ~30% and ~60% increases in palmitate oxidation and carnitine
palmitoyl transferase-1 (CPT- 1) activity, respectively. Troglitazone Inhibited basal (~25%) and insulin-stimulated (~35%) palmitate uptake
but significantly increased basal and insulin-stimulated glucose uptake by ~2.2- and 2.7-fold, respectively. Pharmacological inhibition of
AMPK completely prevented the effects of troglitazone on palmitace oxidation and glucase uptake. Intarestingly, even though troglitazone
exertedan insulin sensitizing effect, it reduced basal and insulin-stimutated rates of glycogen synthesis, incorporation of glucose into lipids,
and glucose oxidation to values corresponding to ~30%, ~60%, and 30% of the controls, respectively. These effects were accompanied by
anincrease in basaland insulin-stimulated phosphorylation of Aktry3os, Aktgerrs, and GSK3o/B. Troglitazone also powerfully suppressed
pyruvate decarboxylation, which was followed by a significant increase in basal (~35-cld) and insulin-stimutated (~3.5-fold) rates of
lactate production by muscle cells. In summary, we provide novel evidence that troglitazone exerts acute insulin sensitizing effects by
increasing FA oxidation, reducing FA uptake, suppressing pyruvate dehydrogenaseactivity, and shifting glicose metabolism toward lactate
production in muscle cells, These effects seem tobe at least partially dependent on AMPK activation and may account for potential acute
PPAR-y-independent anti-diabetic effects of thiazolidinediones in skeletal muscle.
). Cell, Physiol. 215: 392400, 2008. © 2007 Wiley-Liss, Inc.

Thiazolidinediones {TZDs)are a common class of drugs used
for treatment of type 2 diabetes mellitus. These oral
anti-diabetic agents, such as troglitazone, pioglitazone,
and rosiglitazone, improve insulin sensitivity and glucose
homeostasis in both humans (Inzucchi et al., 1998) and animals
(Kraegen et al, 1989; Lee et al,, 1994; Miles et al,, 1998). ttis
widely accepted that the molecular target of TZDs is the
peroxisome proliferator activated receptor-y (PPAR-y), a
transcription factor that belongs o the nudlear receptor family
and is predominantly expressed in adipose tissue {Auboeuf
eval, 1997). Activation of PPAR~y by TZDs increases the
wanscription of genes involved in fatty acid (FA) synthesis and
storage causing a reduction of plasma non-esterified fatty acid
{NEFA) levels (Castelein et al., [994; Guan et al., 2002).
Although a large body of evidence supports the importance
of TZD-mediated PPAR-y activation on the improvement of
insulin sensitivity, it appears that TZDs also exert metabolic
effects that are independent of the activation of this
transcription factor. In fact, it has been reported that after 10
20 min of infusing troglitazone in rats in vivo, blood glucose
levels were significantly reduced (Lee and Olefsky, 1995).
However, it was not clear whether this acure in vivo glucose
lowering effect was primarily due to actions of troglitazone on
fat tissue or by also affecting other tissues that may contribute
to glucose disposal. Interestingly, lipoatrophic (fatless) mice
treated with TZDs had improved insulin sensitivity, suggesting
non-adipocyte targets for these drugs (Burant et al,, 1997).

@ soo0r WILEY - LI1ISS. INC

More recently, it was observed that incubating rat extensor
digitorum longus (EDL) muscles with either troglitazone or
rosiglitazone for 30 min increased glucose uptake and FA
oxidation in this tissue (LeBrasseur et al, 2008). Due to the
short exposure 10 TZDs and also because muscle expresses
very low levels of PPAR-y {Auboewf et al., 1997}, these acute
effects of TZDs were unlikely dependent on activation of this
wranscription factor. In fact, the authors of the study presented
evidence that TZDs exert direct effects on glucose and lipid
metabolism in skeletal muscle, an effect that was attributed to
phosphorylation/activation of AMP.activated protein kinase
(AMPK) (LeBrasseur et al., 2006).
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AMPK is a fuel-sensing enzyme that when activated s on
catabolic pathways that produce ATP, while turning off anabolic
pathways that consume ATP to maintain cellular energy stores
{Carling, 2005). Ins its active state, AMPK phosphorylates and
deactivates its direct substrate acetyl-CoA carboxylase (ACC).
When ACC is inactive, a fall in malonyl~CoA occurs, which
disinhibits carnitine palmitoyl transferase-| (CPT-1) and
increases mitochondrial import and oxidation of long-chain
fatty acids (LCFAs) (McGarry, 2002). Therefore, the AMPK/
ACC pathway is thought to play a central role in the regulation
ofcellular lipid homeostasis. In this contexz, several studies have
reported that TZDs cause rapid activation of AMPK in L6
{Konrad etal., 2005}, H-2K® muscle cells (Fryer ecal,, 2002),and
in isolated rat EDL muscles (LeBrasseur etal,, 2006). However,
the metabolic implications of TZD-induced AMPK activation in
skeletal muscle, especially regarding LCFA oxidation and
substrate partitioning, have been controversial and not clearly
established. Previous short {30 min} and long-term (upto 25 h)
studies have reported that TZDs inhibit complex | respiration
and suppress glucose and palmitate oxidation in isolated rat
skeletal muscles (Furnsinn et al., 2000). This scenario seems
clearly at odds with the hypothesis that AMPK activation by
TZDs would increase LCFA oxidation and exert an anti-
lipotoxic effect in skeletal muscles. it could be argued that the
effects of TZDs on AMPK activation leading to oxidation of
LCFAs are overridden by other more powerful direct
inhibitory effects of these drugs on crudial steps of the
respiratory chain. However, in opposition to this idea are the
recent findings that troglitazone and pioglitazone rapidly induce
phosphorylationfactivation of AMPK and cause a significant
increase in palmitate oxidation in isolated rat EDL muscles
{LeBrasseur et al, 2006). Currently, there is no consensus
regarding the regulation of the AMPK/ACC system by TZDs
and its effeces on lipid metabolism and substrate partitioning in
skeletal muscles.

Here, we hypothesize that by promoting AMPK activity and
acutely altering glucose and lipid partitioning in muscle cells,

ZDs may also affect other metabolic pathways such as FA
uptake and lipogenesis in muscle cells. These alterations could
mediate potential insulin sensitizing effects of TZDs in skeletal
muscle cells. in fact, evidence has been provided thatin isolated
muscle incubations ranging from 30 min to 25 h (Furnsinn etal,
2000; Konrad et al,, 2005; LeBrasseur et al,, 2006), TZDs
improve glucose uptake in this tissue. Some of these studies
indicate that AMPK activation seems to be responsible for these
acute effects of TZDs in skeletal muscle {Konrad et al,, 2005;
LeBrasseur et al., 2006). However, it still remains to be
determined whether TZDs exert acute insulin sensitizing
effects exclusively by activating AMPK or by also independendy
affecting crucial steps of the insulin signaling pathway. In this
context, a recent investigation has reported that acute
treatment of Lé musdle cells with troglitazone does not alter
basal PI3-kinase activity or Akt phosphorylation (Konrad et al.,
2005, Surprisingly, this study did not provide data regarding the
effect of combining insulin and troglitazone on insulin signaling
and on glucose uptake and metabolism. This is particularly
important since in in vivo conditions TZDs and insulin are
simultaneously present. Therefore, analysis of potential
interactions between glucose and lipid metabolism under
conditions where insulin and TZDs are combined is of great
physiological relevance. To clarify these issues, we have
investigated the acute effects of troglitazone on AMPK
activation and various aspects of glucose and LCFA metabolism
either under basal or insulin-stimulated conditions in muscle
cells. Here, we provide novel evidence that troglitazone exerts
acuee insulin sensitizing effects by reducing FA uptake,
increasing FA oxidation, suppressing pyruvate dehydrogenase
(PDH) activity, and shifting glucose metabolism toward lactate
production in skeletal muscle cells.

JOURNAL OF CELLULAR PHYSIOLOGY

Experimental Procedures
Reagents

Alpha-modified Eagle’s medium (a-MEM) and FBS were
purchased from Wisent (Quebec, Canada). The NEFA and
lactate kits were obtained from Wako Chemicals, Inc.,
Richmond, VA and Trinity Biotech, St. Louis, MO, respectively.
Troglitazone, etomoxir, defarted albumin, palmitic acid,
phenylethylamine, and the MTT (3[-4,5-dimethylthiazol2-
yi]2.5idiphenyl tetrazolium bromide) assay kit were purchased
from Sigma (St. Louis, MO). 3{I-"‘C‘]palmitjc acid, p-
fU-HClglucose, 2-deoxy-o-Hlgluicose, and [ I-"*Clpyruvic
acid were purchased from Amersham Biosciences (Piscataway,
NJj. Compound C was kindly provided by Merck Research
Laboratories, Rahway, NJ. Antibodies against P-AMPK, P-Ake,
and P-GSK-3a/f were purchased from Cell Signaling
Technology, inc. (Beverly, MA). P-~ACC was obtained from
Upstate Biotechnology {Charlottesville, VA), and GAPDH was
obtained from Abcam, Inc. (Cambridge, MA). All other reagents
used in these experiments were of the highest grade available.

Cell culture and assessment of viability

L6 skeletal muscle cells were grown in «-MEM and
differentiated as previously described (Fediuc et al., 2006b).
Cells were serum-starved {o-MEM without FBS) for 4 h prior to
exposure to troglitazone (5, 50,and 100 wM}, insulin (100 nM),
compound C (10 and 20 uM), etomoxir (2.5 M), and various
combinations of these drugs. All controls were incubated with
equal arnounts of vehicle used for the previously mentioned
conditions. Cell viability was tested by using the MTT (3[.4,5.
dimethylthiazol-2-y1]2,5idiphenyl tetrazolium bromide) assay
kit after myotubes were exposed to all treatment conditions
(Fediuc etal., 2006b). No significant differences were observed
in cell viability after myotubes were exposed for | h to all
troglitazone, compound C, and etomoxir concentrations
mentioned above.

Determination of P-AMPK, P.-ACC, P-Akt
{Thr308 and Serd73), and P-GSK-3u/p

Cells were grown in six-weILfPlates and incubated for 60 min
in the absence or presence of either troglitazone {50 uM),
insulin {100 nM), compound C (10 and 20 uM), troglitazone plus
insulin, and troglitazone plus compound C. Determination of
P-Akt and P-GSK were performed after cells had been exposed
to insulin in the last 5, 10, and 20 min of the 60 min incubation
period. Immediately afer all treatments, cells were lysed in a
buffer containing 135 mM NaCl, | mM MgClh 2.7 mM KCl,
20 mM Tris, pH 8.0, 1% Triton, 10% glycerol, and protease and
phosphatase inhibitors {0.5 mM Na;VQy, 10 mM NaF, | pM
leupeptin, | pM pepseatin, | WM okadaic acid, and 0.2 mM
PMSF), heated {65°C, 5 min), and passed through a 25 gauge
syringe five times. Protein content was determined by the
Bradford method. Aliquots (30 pg of protein) were loaded onto
the gels and subjected to SDS-PAGE and then transferred two
polyviny| diffuoride membranes (Bio-Rad, Hercules, CA). Equal
protein loading was assessed by coomassie staining of all gels
and by blotting against GAPDHM. Membranes used for P-AMPK
and P-ACC blotting were derived from the same samples,
therefore, the same GAPDH blots are representative of
loading for both proteins. Antibodies used for the determination
of PAMPKyp.i72, PACCse 79, Po-Aktn308/P-Altsyrars,
P-GSK30/B, and GAPDM were applied as previously described
(Fediuc et al., 2006a, b).

Production of 1CO, from [1-'“Clpalmitic acid,
p-fU-"Clglucose, and [1-'*Clpyruvic acid

Palmitate, glucose, and pyruvate oxidation were measured
by the production of *CO, from [1-*Clpalmitic acid,
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o-[U-"*C)glucose, and [1-"*Clpyruvic acid, respectively.
Production of acetyl-CoA by the PDH complex depends on
decarboxylation of pyruvate that occurs at the site of carbon |
of the molecule; therefore determination of '*CO, from
[1-"*C]pyruvic acid allows us to trace the activity of the PD
complex (Curi et al,, 1988; Ceddia et al., 1999; Ceddia and
Sweeney, 2004). All determinations were performed as
previously described {Ceddia and Sweeney, 2004; Fediuc et al.,
2006b). Briefly, cells were incubatedfor [ hin 35 x [0 mm Perri
dishes with o-MEM containing each specific isotope in the
following concentrations: {1-'* Clpalmitic acid (0.2 i=Cifml) plus
non-labeled palmitate (20 M), o-{U-"Clghucose (0.2 uCifml)
or {1-"*Clpyruic acid (0.1 p.Ci/ml) plus 2 mM non-labeled
pyruvic acid either in the absence or presence of troglitazone
{50 M. insulin (100 M), compound C (10 and 20 pM),
troglitazone plus insulin, wroglitazone plus compound C, and
troglitazone plus insulin plus compound C. The rates of *CO,
production from [I-'*Clpalmitic acid, p-{U-'*Clglucose, and
[1-**C]pyruvic acid were determined in the presence of 5.5mM
non-labeled b-glucose. After [ h of incubation, produced *CO,
was collected for radioactivity counting (Ceddia et al,, 1999;
Ceddia and Sweeney, 2004; Fediuc et al., 2006b).

CPT-1 activity

Lé myotubes ware exposed to insulin (100 nM), etomoxir
(2.5 uM), troglitazone (50 p.M), and troglitazone plus insulin for
| h and then the activity of CPT-| was determined by usinga
radiometricassay (Spurway etal., | 994). Briefly, the assay buffer
contained 50 mM imidazole, 70 mM KCI, | mM KCN, 80 mM
sucrose, | mMEGTA, 2mMMgCl,, | mM dichiothreitol (DTT),
I mM ATP, 70 pM PalmitoathoA. 0.1% fat-free BSA, 40 pM
digitonin, and 0.5 ik Ci/ml L-[*H]carnitine. Cells were exposed o
the assay buffer for 5 min and the reaction was terminated by
aspirating theassay buffer and adding ice-cold PCA (4M) to each
well. Cells were then collected, lipid was extracted using
butanol, and used for scintillation counting, Etomoxir was used
as a negative control (Selby and Sherrate, 1989).

Palmitate and glucose uptake

For palmitate uptake, L6 myotubes were exposed to insulin
{100 oM}, troglitazone (5, 50, and 100 11M), and troglitazone
plus insulin for | h and then Incubated for 4 min in starve
medium containing 0.2 wCifml [1-*Clpalmitic acid and non-
labeled palmitate {20 uM) {Gaidhu et al., 2006). For glucose
uptake, cells were incubated in the absence or presence of
insulin ( 100 nM), troglitazone (50 pM), troglitazone plus insulin,
compound C (20 M)}, insulin plus compound C, troglitazone
plus compound C, and troglitazone plus insulin plus compound
C. Cells were exposed ro compound C 30 min prior to
receiving roglizazone while insulin was added to the medium in
the last 20 min of the | h incubation period. Subsequently, cells
were washed and incubated with Hepes-buffered saline
solugion containing 10 uM 2-deoxy-p-glucose (0.5 nCifml
2-deoxy-o-[*H]glicose) as previously described (Ceddia and
Sweeney. 2004). Both assays were teyminated by adding
ice-cold PBS and the cells were then lysed in 0.1 M KOH. An
aliquot of the lysate was used for radioactivity counting and the
remainder was used for protein determination by the Bradford
method (Gaidhu et al., 2006).

Glycogen synthesis, glucose incorporation Into lipids,
and lactate production

The rate of glycogen synthesis was assessed by the
incorporation of o-{U-'*Clglucose into glycogen (Fediuc et al.,
2006a). Briefly, myotubes were incubated for | hin starve
medium {(a-MEM without FBS) containing 5.5 mMo-glucose and
0.2 uCifml o-[U-"*Clglucose either in the absence or presence

of: Insulin (100 nM), troglitazone (50 M), or troglitazone plus
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insulin. The reaction was terminated by adding ice-cold PBSand
the cells were lysed in KOH, Glycogen was precipitated
overnight and transferred to scintillation vials for radioactivity
counting. Incorporation of glucose into total lipids was
determined after myotubes were exposed to 0.4 pCifml
p-[U-"Clglucose for 2 h (Gaidhu etal., 2006). Lactate released
into the medium was measured by a colorimetric assay using a
commercially available kit (Fediuc et al., 2006a).

Statistical analysis

Statistical analysis were performed by one-way ANOVA with
Tukey-Kraemer multiple comparison post-hoc tests. The level
of significance was set at P < 0.05. All data are presented as
means + SEM and expressed relative to control.

Results
AMPK and ACC phosphorylation

Troglitazone significantly increased AMPK phosphorylation by
~2.5-%0ld (Fig. 1A) and insulin did not affect the
phosphorylation state of this enzyme. However, the
troglimazone-induced AMPK phosphorylation effect was
completely suppressed by insulin (Fig. 1A). Troglitazone also
significantly increased {~3.5-fold) phosphorylation of ACC
(Fig. IB), indicating that the activity of AMPK was indeed
elevated by this drug. Treatment of myotubes with insulin
suppressed troglitazone-induced ACC phosphorylation

{Fig. 1B), which is in line with the inhibitory effect of this
hormone on AMPK phosphorylaton/activation,

Palmitate oxidation and CPT-1 activity

Treatment of myotubes with troglitazone led to an ~30%
increase in palmitate oxidation while insulin elicited an ~40%
reduction in this variable (Fig. 24). Interestingly, even though
troglitazone alone increased palmitate oxidation, exposure of
myotubes to a combination of troglitizone and insulin did not
fully reverse the suppressive effects of insulin on FA oxidation.
in face, the insulin plus wroglitazone group elicited rates of
palmitate oxidation that were ~29% lower than control but
only ~14% higher than insulin alone conditions (Fig. 2A). As
expected, etomoxir almost completely suppressed CPT-|
activity, which clearly demonstrates that our in vitro system
was responsive to metabolic stmuli (Fig. 2B). The activity of
CPT.1 in permenbilized myotubes was not affected by insulin
treatment; however, troglitazone significandy increased
(~60%) the activity of this enzyme (Fig. 2B). Interestingly,
CPT-| activity was also elevated (~55%) in cells exposed to
both insulin and troglitazone (Fig. 28).

Effect of compound C on

troghi imutated FA oxid

Western blot analysis of AMPK and ACC revealed that AMPK
phosphorylationfactivation was effectively inhibited by
compound C, a selective AMPK inhibicor. As previously
described, treatment of cells with troglitazone resulted ina
~2-and 2.34old increase in AMPK and ACC phosphorylation,
respectively (Fig. 1C,D). Compound C did not affect the basal
phosphorylation state of either enzyme, but completely
prevented the troglitazone-induced increase in AMPK and
ACC phosphorylation (Fig. 1C,D}. Troglitazone increased basal
FA oxidation by ~30% relative to control {Fig. 2C).
Interestingly, treatment with 10 and 20 wM of compound C led
to ~ 5% and 30% reductions in basal palmitate oxidation
refative to control, respectively (Fig. 2C). Strikingly, both
concentrations of compound C completely prevented
troglitazone-induced increases in FA oxidation by skeletal
muscle cells. In fact, the rates of troglitazone-induced palmitate
oxidation in cells exposed to either 10 or 20 uM of compound
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C were ~20% and ~40% lower than control values,
respectively (Fig. 2C).

Palmitate uptake

Insulin elicited a ~20% increase in palmitate uptake compared
to control {Fig. 3A). The incubation of myotubes with low
concentrations (5 uM) of troglitazone did not affect basal
palmitate uptake; however, it completely abolished the insulin.
stimulated increase in this variable. Interestingly, a higher
concentration {50 pM) of troglitazone reduced both basal and
insulin-stimulated palmitate uptake by ~23% compared to
control conditions (Fig. 3A). Further increases in troglitazone
concentration from 50 to 100 M did notaffect basal palmitate
uptake but the insulin-stimulated uptake was reduced by an
additional ~ 13% (Fig. 3A).

Effect of troglitazone on basal and insulin-stimulated
glucose uptake, glycogen synthesis, lactate product]
glucose oxidation, and glucose incorporation into Iipnds

As expected, insulin elicited an ~1.7-fold increase in glucose
uprake compared to control, while treatment of L6 myotubes
with troglitazone resulted in ~2-fold increase in this variable

R 23

|
|

1

Gon o

Tro+ €

(Fig. 3B). Interestingly, the combination of troglitazone and

|nsulm elicited an additive effect leading to a ~2.8-fold increase

in glucose uptake (Fig. 3B). Treatment of muscle cells with
compound C did not affect basal or insulin-stimulated rates of
glucose uptake; however it reduced troglitazone-induced
glucose uptake by ~30% compared to control (Fig. 3B).
Compound C also completely prevented the additive effect of
combining troghmzone and insulin on glucose uprake. In fact,
myotubes receiving insulin, trogfitazone, and compound C
elicited glucose uprake values that were also ~30% lower than
control (Fig. 3B). Further analysis of several pathways of glucose
metabolism revealed that, as expected, insulin significantly
increased glucose oxidation {~ [.5-fold), glycogen synthesis
{~2-fold), incorporation of glucose into lipids (~1.4-fold),
and lactate production (~2.5-fold) compared to conwrol

(Fig. 4A~D). Interestingly, troglitazone reduced basal and
insulin-stimulated rates of glucose oxidation {Fig. 44}, glycogen
synthesis (Fig. 4B), and incorporation of glucose into lipids
(Fig. 4C) to values corresponding to ~30%, ~30%, and
~60%, of the controls, respectively. The inhibitory effect of
troglitazone on glycogen synthesis was observed either when
insulin and troglitazone were added simultaneously (Fig. 4B) or
whien cells were pre-treated with troglitazone for | hand then

o Teo o] o+ G

Fig. |.

Effects of troglitazone (Tro, 50 uM), insulin (Ins, 100 nM), croglitazone plus insutin (Tro + Ins), compound C (C, 10 and 20 uM), and

troglitazone plus compound C{Tro + C)on AMPK (pam Aand C) mdACC {pans Band b) phmphorylaﬁon inLé myotubes. Control (Con) cells
o dC. D

were not exposed to insulin, trogl e, or

blats are shown for each

an
experimental condition for AMPK(pam A and C) and ACC {parts Band D) GAPDH was uud as |onding control. Data were compiled from three

independent experiments with d and pr

d as means £ $EM. *P <0.05 versus all groups.
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subsequently exposed toinsulin (data not shown). On the other
hand, troglitazone significantly increased basal (~3.5-fold) and
insulin-stimulated (~5.5-fold) rates of lactate production

(Fig. 4D). These dara indicate that wroglitazone promotes an
insulin-sensitizing effect by increasing glucose uptake and
shifting glucose metabolism toward lactate production in
skeletal muscle cells.

Effect of troglhi and compound C
on [1-''C]-pyruvate decarboxylation

Muscle cells exposed to troglitazone elicited a significant
reduction (~97%) in the rate of '~ CO; production from
{1-1%C]-pyruvate in comparison to control (17.86 & 1.26 nmol/
h/dishvs. 67275 £ 35.90 nmol/h/dish. P« 0.05). The additionof
compound C alone to the incubation medium neither affected
basal pyruvate oxidation (650.31 = 10.99 nmolihidish) nor
reversed the potent suppressive effect of troglitazone on this
variable (27.04 + 3.54 nmol/h/dish).

Effect of troglitazone on basal and insulin-stimulated
phosphorylation of Aktry,.308, Aktge,.a73, and GSK-3w/B

Cells exposed to insulin for § min elicited a marked (~60-fold)
increase in Aktyp.308 phosphorylation (Fig. 5) compared to
control. Troglitazone on its own led to ~4-fold increase in
Aktyn30s phosphorylation and when combined with insulin
produced an increase in this variable that was ~50% higher than
the effect of insulin alone. Also, insulin increased Aktseeq7s
phosphorylation by ~7-fold, while troglitazone increased it by
~2.7-fold relative to control. Again, the combination of
troglitazone and insulin elicited an increase in Aktserars
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phosphorylation that was ~50% higher than the effect of these
agents alone (Fig. 5). Under control and troglitazone treated
conditions GSK-3o/B phosphorylation was undetectable;
however, exposure of muscle cells to insulin for §, 10, and
20minresultedin ~6-, ~2 [~ and ~20-fold increases in GSK-3«
and 1.5-, 13-, [4-fold increases in GSK-3B phosphorylation,
respectively. Interestingly, exposure of muscle cells to both,
troglitazone and insulin, led to an increase in phosphorylation of
GSK-30/B that was higher than insulin alone (Fig. 5). In fact,
after Sand | Omin ofinsulin exposure, troglitazone-treated cells
elicited more than a 2-fold increase in GSK-3a/B
phosphorylation when compared to insulin alone. The effectof
troglitazone on insulin-stimulated GSK.3a/B phosphorylation
was even more pronounced (~4-fold) after 20 min of insulin
exposure {Fig. 5). All together, our data indicate that
wroglitazone potentiates the effects of insulin on major
intracellular signaling pathways involved in glucose uptake and
metabolism in L6 myotubes,

Discussion

In the present investigation, treatment of L6 myotubes with
troglitazone for | h resulted in a significant increase in AMPK
and ACC phosphorylation, which was also followed by an
increase (~30%) in palmitate oxidation. Interestingly, inhibition
of AMPK activation by compound C was accompanied by
suppression of phosphorylation of ACC and abolishment of the
increased FA oxidation induced by troglitazone. These findings
provide evidence thac AMPK is a molecular target for
troglitazone to induce acute LCFA oxidation in skeletal muscle
cells. Since muscle cells were exposed to troglitazone for a

9
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target, ACC. The latter is a critical enzyme that generates
malonyl-CoA, the precursor-of FA synthesis and the major
inhibitor of mitochondrial LCFA import and B-oxidation
{McGarry, 2002; Carling, 2005). These findings confirm our
original hypothesis that, by increasing LCFA oxidation
troglitazone could prevent intramyocellular lipid accumulation
in skeletal muscle cells independently of PPAR~y activation.
Additional support for this comes from other findings in our
investigation in which troglitazone: (a) inhibited basal and
insulin-stimulated palmitate uptake, (b) significantly increased
(60%) CPT-| activity, {c) inhibired PDHM activity, and {d}
suppressed basal and insulin-stimulated incorporation of
glucose into lipids.

One intriguing finding of our study was that insulin
completely supprassed troglitazone-induced palmitate
oxidation but the troglitazone-induced increase in CPT-|
activity was not affected by this hormone. One would expect
that because insulin stimulates glucose uptake, reduces
troglitazone-induced ACC phosphorylation, and accelerates
the de novolipid synthesis pathway, the activity of CPT-1 would
be reduced. This is particularly relevant because in all media
utilized for our experiments glucose (5.5 mM) was present,
which could provide enough substrate for the de novo lipid
synthesis pathway to be active and potentially inhibit CPT-|
activity. However, this was not the case in our experiments. In
fact, CPT-1 activity was equally elevated (~60%) in cells
exposed to troglitazone alone or when in combination with
insulin. This could be explained by the fact thatinsulin increased
glucose uptake but when combined with troglitazone glucose
metabolism was diverted toward lactate production, while
pyruvate decarboxylation, glucose oxidation, and de novo lipid
synthesis were powerfully suppressed. This shift of glucose
metabolism toward lactate production caused by troglitazone is
compatible with a reduction in citrate production, de-activation
of ACC, suppression of malonyl-CoA production, and

g insulin, or d C. All celis were exposed to the
treatrient conditions for a period of | b The rates of palmitate and
gh uptake dh ptakeof [ I-'“Clpalmiticacid and
2.deoxy-0.[°H]glucose during a 4 and 5 min assay, respectively, after
the | h incubation, as described in the hods, Data were piled
from three to four independent experiments with triplicates for each
condition and presented as means & SEM. *P <0.05 versus ail
conditions; *P< 0.05 versus Con, 1, T5, T5 4 1, and TH00 + |; P<0.08
versus Con, |, TS, T50, T100, T5 + |, and T50 + 15 3P < 0.05 versus Con,
50, T50+1, C, T50+C, and T50+1+ C; 5P<0.05 versusall
conditions; *P<0.05 versus Con, |, T50, 750+ |, C,and 1+ C.

short time period (60 min), the metabolic effeces observed in
our studies seem to be independent of PPARy-mediated gene
transcription. Furthermore, in vitro studies with isolated rat
muscles have also reported that 30 min exposure to
troglitazone concentrations similar to the ones applied in our
studies (5-100 p.M) induced rapid activation of AMPK and also
an increase in LCFA oxidation (LeBrasseur et al., 2006). The
concentrations of troglitazone utilized in our experiments are
similar to the plasma concentrations {~ 100 pM) that elicited
anti-hyperglycemic effects in Zucker diabetic fatty rats receiving
oral dosages of 500 mg/kg of woglitazone (Brown et al., [999).
in humans, it bas been reported that oral dosages ranging from
200 to 600 mg/day of troglitazone produced plasma
concentrations {measured as area under the plasma
concentration-time curve) as high as 50 wM (Plosker and Faulds,
1999). Therefore, itis possible that the acute effects observed in
our experiments utilizing concentrations varying from 5 to
100 uM may also occur under physiological conditions.
Here, we provide evidence that the mechanism by which
troglitazone promoted oxidation of LCFAs involved AMPK
activation and phosphorylation/inactivation of its downstream
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pr jon of down regulation of CPT-| activity. This is in line
with our novel findings that troglitazone powerfully suppressed
pyruvate decarboxylation by inhibiting the activity of the PDH
complex. Importantly, the oxidative effect of troglitazone on
LCFAs was abolished when cells were exposed to both insulin
and woglitazone. This indicates that insulin impairs LCFA
oxidation via a mechanism that does notact on CPT-1, since the
activity of this enzyme remained elevated when muscle cells
were simultaneously exposed to troglitazoneand insulin. it may
also be possible that the troglitazone-induced alteration in
LCFA trafficking was counteracted by a more potent insulin-
induced effect that diverts LCFAs away from mitochondria
preventing their oxidation.

Our findings can be partially related to the classical “glucose-
fatty acid cycle” proposed by Randle et al. (1963), in which
enhanced FA oxidation produces an increase in the acetyl-CoA
0 CoA.SH ratio and elevation of cytoplasmic citrate
concentration. These, in turn, would inhibit PDH,
phosphofructokinase (PFK), and hexokinase activity resulting in
decreased glucose uptake in muscle cells. indeed, in our
experiments we observed that troglitazone significandly
increased palmitate oxidation and powerfully suppressed PDH
activity in skeletal muscle cells. However, we also found that
basal and insulin-stimulated glucose uptake was significantly
increased, which is contrary to what was proposed for the
glucose-FA cyele (Randle et al., 1963). Furthermore, inhibition
of PFK is expected to impair the flux of substrate through the
glycolytic pathway, which again is incompatible with the
significant increase we found in both basal and insulin-
stimulated rates of lactate production by muscle cells exposed

to troglitazone. Therefore, the acute effects of wroglitazone on’

glucose and FA metabolism reported by us in skeletal muscle
cells seem to be mediated by mechanisms that are distinct from
those originally proposed by Randle et al. (1963).
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Currently, we do not have an explanation for the AMPK-
independent mechanism{s) by which troglitazone suppresses
PDH activity. t is possible that troglitazone increased the
activity of PDH kinase, the enzyme resporsible for
phosphorylating/deactivating PDH. In this context, the increase
in FA oxidationin the presence of troglitazone would have likely
increased mitochondrial acetyl-CoA and NADH lavels {Sugden
and Holness, 1994). The increases in the acety-CoA/CoA-SH

R |- S
Con Tro & 100 200 & W 20
. ﬂum’”% PoAkt (Thr308)

e - - - P-Akt (Serd 73}
I I I IR rosks
GAPDH

Fig. 5. Time course effects (5, [0, and 20min) ofinsulin {ins, 060 nM},
troglitazone (Tro, 50 M), and troglitazone plus insulin (Tro 4 ins) on
the phosphorylation of Akt-Thr308 ( P-Akt308), Akt-Serd?3
(P-Aktd73), GSK-3a (P-GSK-3a), and GSK-3 (P-GSK-3) In L6
myotubes. Cells were exposed to troglitazone for | h and insulin was
added in the last 5, 10, and 28 min of the | h troglitazone-incubation
period. Control (Con) cells were exposed to neither insulin nor
troglitazone.
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and NADM/NAD™ ratios, which are known to increase PDH
kinase activation, may have been responsible for suppressing
PDH activity. It may also be possible that troglitazone reduced
the activity of PDH phosphatase, the enzyme that catalyses the
dephasphorylationfactivation of PDH (Sugden and Holness,
1994). However, these mechanisms are only speculative and
therefore require future investigation.

Qur data provide novel evidence that although troglitazone
suppressed insulin-stimulated glycogen synthesis, de novo lipid
synthesis, and glucose oxidation, it promoted basal and insulin-
stimulated Akr and GSK-3a/B phosphorylation and exerzed
additive effects on insulin-induced glucose uptake and lactate
production. Phosphorylation of GSK-3a/B deacdvates this
enzyme and leads to dephosphorylation and activadon of
glycogen synthase, which promotes glycogen synthesis (Nielsen
and Waojtaszewski, 2004). In our experiments, exposure of Lé
myotubes 1o troglitazone reduced the rates of glycogen
synthesis to ~30% of the control values, despite the fact that
this drug significantly increased Aktermraosisersyay and GSK-3a/B
phosphorylation either under basal or insulin stimulated
conditions. As mentioned above, this may be explained by the
fact that troglitazone activated the glycolytic pathway and
powerfully shifted glucose metabolism toward lactate
production. This metabolic shift induced by troglitazone must
have limited availability of glucose for glycogen synthesis in
skeletal muscle cells. Additionally, the troglitazone~induced
suppression of glycogen synthesis may have been caused b
activation of AMPK by this drug. In fact, we (Fediuc ecal., 2006a)
and others (Carling and Hardie, 1989) have demonstrated that
AMPK activation may induce phosphorylation/inactivation of
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glycogen synthase and impair glycogen synthesis in skeletal
muscle, which may occur independently of GSK-3a/B (Fediuc
et al., 200éa).

Interestingly, troglitazone promoted a reduction in palmiate
uptake in skeletal muscle cells. Moreover, while insulin alone
stimulated palmitate uptake {~-20%). the addition of
troglitazone to the incubation medium completely prevented
the insulin-induced increase in palmitate uptake. In fact,
palmitate uptake was ~23-37% lower than control values in the
presence of trogliazone. Notably, the suppressive effect of
troglitazone on palmitate uptake was followed by an increase in
oxidation of this FA. One would expect that a reduction in
uptake and availability of palmitate in the cell would limit its
oxidation; however, in our experiments the opposite was
observed. This clearly indicates that troglitazone is also shifting
lipid metabolism toward oxidation despite the limited
intracellular supply of LCFAs. In the present study we have not
investigated the mechanisms by which troglitazone promotes
an increase in FA oxidation in a setting of limited availability of
this substrate. However, we hypothesize that the intracellular
trafficking of LCFAs may be changed in such a way that the
limited intraceliular pool of FAs is diverted toward the
mitochondria for oxidation. This is compatible with the fact that
lipid synthesis was suppressed and CPT-1 activity was elevated
in our cells exposed to troglitazone. With respect to this, it has
previously been reported that FA translocase (FAT/CD36), a
class of plasma membrane FA transporters, play an important
role in FA oxidation (Campbell et al., 2004), There is also
evidence that palmitate oxidation is reduced in skeletal muscles
of mice deficient in FAT/CD36 (Bonen et al.,, 2007). Based on
these findings, we hypothesize that by altering the trafficking of
FATI/CD36, and probably other fat transporters such as FA
transport protein | (FATPI)and FATP4, troglitazone increases
lipid oxidation despite suppressing the uptake of LCFAs in
skeleral muscle cells. However, these hypotheses depart from
traditional views of mechanisms involved in the regulation of
CPT-I actvity and B-oxidation and warrant further
investigation.

Another interesting aspectof our findings is that troglitazone
powerfully suppressed glucose oxidadon but significantly
increased palmitate oxidation. As previously discussed, the
increase in palmitate oxidation is compatible with increases in
AMPK and CPT-| activities. This s in line with previous studies
demonstrating that exposing isolated rat EDL muscles to TZDs
{troglitazone and pioglitazone, 5~250 uM) for 15~30 min
increased AMPK activity and induced palmitate oxidation
(LeBrasseur et al., 2006). However, other studies have
demonstrated thatlonger exposure (25 h) ofisolated rat soleus
muscle to troglitazone, rosiglitazone, and pioglitazone
inhibited CO, production from glucoseand palmitate (Furnsinn
et al., 2000; Brunmair et al., 2004). These effects have been
attributed to inhibition of mitochondrial complex | activity and
respiration by TZDs (Brunmair etal., 2004). The resuits of our
experiments where muscle cells were exposed to troglitazone
{50 uM) for 60 min indicate that mitochondrial respiration is
not directly inhibiced by this drug, since oxidation of palmitate
was actually significantly increased {~30%) by troglitazone. This
is also in agreement with other studies reporting that acute (I 5~
30 min) exposure of rat EDL muscles to TZDs (5-250 M)
increased palmitate oxidation (LeBrasseur et al., 2006). The
reduction in glucose oxidation observed in our experiments
may be at least partially explained by the potent shift of glucose
metabolism toward lactate production induced by troglitazone.
Additionally, we demonstrate that troglitazone suppressed the
activity of the PDH complex, an effect that appears to be
independent of AMPK activation, since it was not reversed by
compound C. By regulating the generation of acetyl-CoA from
pyruvate, the PDH complex has been demonstrated to play an
important role modulating glucose oxidation and the activity of
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the de novo lipid synthesis pathway in various tissues (Sugden
and Holness, 1994). Therefore, inhibition of PDH complex by
troglitazone is compatible with the substantial increase in
lactate production and inhibition of glucase incorporation into
lipids reported by us. In addition, this shift of glucose
metabolism toward lactate production caused by troglitazone
must have reduced citrate production, limited the availability of
substrate for activarion of ACC and suppressed the production
of malonyl-CoA. This is compatible with the increase (~60%) in
CPT-] activity observed in our studies. Furthermore our
findings are also in line with an increase in palmitate oxidation,
since this variable is not directy limited by the activity of the
PDH complex.

I summary, we provide novel evidence that troglitazone
exerts an acute insulin sensitizing effect despite a marked
reduction in basal and insulin-stimulated glycogen synthesis in
skeletal muscle cells. Acute troglitazone treatment also
increased phosphorylation of crucial intraceliular steps of
insulin signaling, which was accompanied by an increase in basal
and insulin-stimulated glucose uptake and by a shift of glucose
metabolism toward lactate production. This metabolic shiftwas
mediated by an inhibitory effect of troglitazone on PDH activity
independently of AMPK activation, since pharmacological
inhibition of this kinase did not prevent the inhibitory effect of
troglitazone on pyruvate decarboxylation. Additionally,
troglitazone reduced FA uptake and increased FA oxidation.
These effects were partially mediated by AMPK activation and
may account for potential PPAR-y-independent anti-diabetic
effects of TZDs in skeletal muscle cells.
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Inhibition of Insulin-Stimulated Glycogen Synthesis by
5-Aminoimidasole-4-Carboxamide-1-B-p-Ribofuranoside-
Induced Adenosine 5'-Monophosphate-Activated Protein
Kinase Activation: Interactions with Akt, Glycogen
Synthase Kinase 3-30/8, and Glycogen Synthase in

Isolated Rat Soleus Muscle

S. Fediue, M. P. Gaidhu, and R. B. Ceddia

School of Kinesiology and Health Science, York University, Toronto, Canada N3J 1P3

The aim of ti'nls study was to investigate the effects of 5-ami-
notmidasol b Ide-1-f-n-ribofur ide (AICAR)-n-
duced AMP~Mtlvuted protein Kinase activation on glycogen
metabolism in soleus (slow twlich, oxidative) and epitrochle-
aris (fast twitch, glvmlytic) skelotal muscles. 1solated soleus
and epitrochl 3! 3

is m waere | n the ab or
presence of insulin (100 nw), AICAR (2 mM), and AICAR plus
insulin. In soleus muscles exposed to insulin, givcogen syn-
thesls and glycogen content increased 6.4- and 1.3-fold, re-
spectively. AICAR treatment significantly suppressed (~60%)
insulin-stimulated glycogen synihesis and completely pre-
vented the inerease in glycogen content induced by insulin,
AICAR dld not affect either basal or insulln-stimulated ghu-
cose uptake but significanily increased insulin-stimufated
(~20%) lactate production in soleus muscles. Interestingly,
basal glucose uptake was significantly increased (~1.4-fold) in

{he epitrochlearis muscle, even though neither basal nor in-
sulinstimulated rates of glycogen synthests, glycogen con-
tent, and lactate production were affected by AICAR. We nlso
report the novel evidence that AICAR markedly reduced in-
sulin-induced Akt-Tha308 phospharylation after 16 and 30
min exposure to insulin, which coincided with a marked re-
duction in glycogen synthase kinase 3 {GSK)-3a/g phosphor-
ylation. Enportantly, phosphorylation of glycogen synthase
was increased by AICAR treatment 456 min afier insulin stim-
ulation. Our results indicate that Al(‘ARnlnduccd AMP-actl-
vated protein klmme acti d a time-d re-
duction in AkL308 horylatlon, activati of glycogen
synihase kinnse-ﬁlam, and the Inactivation of glycogen syn-
thase, which are compatible with the acute reduction in in-
sulin-stimulated glycogen synthesis in oxidative but not gly-
colytie skeletal muscles, (Endocrinology 14'7: 51705177, 2006)

MP-ACTIVATED PROTEIN KINASE (AMPKj is a het-
erotrimeric enzyme that has been proposed to func-
tion as a sensor of cellular energy status. It is comprised of
a catalytic subunit {a) and two regulatory subunits (8 and v).
AMPK is activated by a rise in the AMP to ATP ratio of the
cell and also via phosphorylation of the a-subunit by up-
stream kinases. Once active, AMPK shuts down anabolic
pathways and increases catabolic reactions in an attempt fo
restore the intracellular AMP to ATP ratio (1, 2).

A commonly used pharmacological agent to induce acti-
vation of AMPK is the compound S-aminoimidasole-4-car-
boxamide-I-g-p-ribofuranoside (AICAR), which has fre-
quently been used to characterize the effects of AMPK
activation on glucose homeostasis in a variety of tissues {1,

First Published Online July 27, 2006

Abbreviations: ACC, Acetyi-CoA carboxylase; AICAR, S-aminoimi-
dazole-4-carboxarnide-1- B D-nlmiumnabxl AMPE, AMP-activated pro-
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wnﬁ\awe kinase; IR‘? msulin receptor sul:mtrate, KHB, Krebs-Harseleit
bicarbonate; p, phosphorylated; Pl3-kinase, phosphatidylinositol
3-kinase.
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2). AICAR is rapidly taken up by cells and phosphorylated to
form S-aminoimidazole-4-carboxamide-1-g-p-ribofuronosil-
5'-monophosphate, an’' AMP mimetic. 5-Aminoimidazole-
4-carboxamide-1-B-p-ribofuronosil-5'-monophosphate  in-
duces activation of AMPK without altering intracellular
ATP and AMP levels (1). It has been repeatedly reported
by in vitro and in vivo studies that AICAR-induced AMPK
phosphorylation/activation causes an increase in glucose
uptake in skeletal muscles {3-5), improves insulin sensitivity
in obese ZDF rats {6) and human type 2 diabetics (7). To date,
there seems to be a consensus that AMPK activation leads to
an increase in glucose uptake in skeletal muscle. Based on
these evidences, AMPK has emerged as a potential drug
target for the treatment of metabolic diseases such as insulin
resistance and type 2 diabetes mellitus (8). In recent years, the
major research focus has been on the effects of AMPK acti-
vation on basal and insulin-stimulated glucose uptake with
very little being published regarding the metabolic fate of
glucose in muscle cells, especially regarding the effects of
AMPK activation on muscle glycogen synthesis.

Because AMPK is activated under conditions of cellular
stress to promote ATP synthesis and restore the AMP to ATP

‘ratio, it is expected that energy consuming processes, such as

glycogen synthesis, would be shut down by activation of
AMPK in skeletal muscle (9). In support of this hypothesis,

5170

Downloaded from endo.endojournals.org on October 18, 2006

224



Fediuc ef al. » Regulation of Glycogen Synthesis by AMPK

Carling and Hardie (10) provided evidence that AMPK phos-
phorylates isolated and purified glycogen synthase (GS),
therefore decreasing its activity. However, subsequent in
vitro and in vive studies provide conflicting results regarding
the role of AMPK activation in skeletal muscle glycogen
metabolism. It has been demonstrated that incubation of
isolated flexor digitorum brevis and epitrochlearis (fast
twitch muscles) with AICAR did not alter either G5 or gly-
cogen phosphorylase activity (11). Glycogen phosphorylase,
which catalyzes the degradation of glycogen to glucose-1-
phosphate, is an important determinant of the rate of gly-
cogenolysis. Activation of glycogen phosphorylase by
AMPX is expected to lead to a reduction in glycogen content
in skeletal muscle. In this context, Young ef al. {12) demon-
strated that either basal or insulin-stimulated glycogen syn-
thesis were unaffected by AICAR treatment in soleus mus-
cles (primarily slow twitch), even though glycogen
phosphorylase activity and lactate production were in-
creased. However, in this previous iz vitro study reporting
that acute AICAR treatment induced an increase in glycogen
phosphorylase activity, glycogen content in skeletal muscle
was not measured (12). To complicate this matter further, it
has been demonstrated that rats chronically treated (5-28 d)
with AICAR have increased (up to 2-fold) muscle glycogen
contentt (13-15). Interestingly, white fast-twitch muscles elicit
the most pronounced increases in glycogen content after
chronic AICAR treatment (13, 14), suggesting important fiber
type differences regarding the role of AMPK activation in
muscle glycogen metabolism. Even though these i vivo stud-
ies provide relevant information regarding the metabolic
responses to AICAR-induced AMPK activation, they do not
allow for separation of direct from systemic effects of AICAR
on skeletal muscle glycogen metabolism.

Another aspect that remains poorly explored is the role of
AMPK activation in insulin-stimulated skeletal muscle gly-
cogen synthesis and the impact on whole-body insulin-stim-
ulated glucose homeostasis. This is particularly important,
given the fact that insulin-stimulated muscle glycogen syn-
thesis has been demonstrated to account for the majority of
whole-body glucose uptake and virtually the entire nonoxi-
dative glucose metabolism in both normal and diabetic sub-
jects (16). In this context, it has been demonstrated that
AICAR-induced AMPK activation causes phosphorylation
of the insulin receptor substrate (IRS)-1 on Ser-789 residues
in C,Cy, myotubes, suggesting cross talk between AMPK and
early steps of insulin signaling that could have important
implications for glycogen metabolism {17). Importantly,
there is evidernice that serine-phosphorylated forms of IRS-1
fail to assaciate with an active phosphatidylinositol 3-kinase
(PI3-kinase), resulting in decreased translocation of glicose
transporters and other associated downstream events related
to glucose metabolism (18). From a glycogen synthesis per-
spective, it is hypothesized that AMPK activation could
cause IRS-1 phosphorylation on serine residues, impair
downstream insulin signaling events that depend on PI3-
kinase activation, reduce phosphorylation and inactivation
of glycogen synthase kinase (G5K)-3, and cause inactivation
of glycogen synthase in skeletal muscle. However, no data
supporting this hypothesis have been published.

The experiments outlined in this investigation are de-
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signed to elucidate the effects of AICAR-induced AMPK
activation on insulin-stimulated glycogen metabolism and
major intracellular insulin-signaling events relevant to the
regulation of glycogen synthesis in oxidative and glycolytic
skeletal muscles. Here we show that AICAR-induced AMPK
activation reduces insulin-stimulated glycogen synthesis in
isolated soleus muscles. Additionally, we provide novel ev-
idences that AMPK activation caused time-dependent alter-
ations in insulin-induced Akt-Thr308, GSK-3a/B, and GS
phosphorylation, which are compatible with the acute re-
duction in insulin-stimulated glycogen synthesis in oxidative
skeletal muscles.

Materials and Methods
Animals

Male albino rats from the Wistar strain {Charles River Laboratories,
Memitreal, Québer, Canada) weighing 40-60 g were used in all exper-
iments. The animals were housed in cages with free access to water and
standard rat chow, except for the night before the experiments during
which they were not allowed to eat. The animals were maintained in a
constant-temperature (22 C}, with a fixed 12-h light, 12-h dark cycle
(0700-1900 h}. All animal procedures were approved and performed in
acvordance with the York University Animal Care Committee
guidelines.

Chemicals

AICAR was purchased from Toronto Research Chemicals (Toronto,
Ontario, Canada). Glycogen, fatty -acid-free albumin, amyloglucosid
hexokinase, and glucose-b-phosphate dehydrogenase were obtained
from Sigma {St. Louis, MO). Human insulin (Humulin R) was purchased
from Eli Lilly Ine. (Toronto, Ontario, Canada). p{U-*Clglucose was
purchased from GE Healtheare Radiochemicals (Québec City, Québec,
Canada). 2-{1,2-*H]deoxy-p-glucose and p-[1-*Cmannitol were pur-
chased from American Radiolabeled Chemicals, Inc. (5t. Louis, MO},
Lactate reagent and standards were purchased from Trinity Biotech
(Borkeley Heights, NJ). ATP, nicotinamide adenine dinucleotide phos-
phate, mannitol, and 2-deoxy-D-glucose were cbtained from BioShop
Canada Ine. (Burlington, Ontario, Canada). All other reagents used for
the experiments were of the highest grade available.

Muscle extraction and incubation

Before muscle extraction, all animals were anesthetized with asingle
ip injection of ketamine/xylazine (0.2 ml per 100 g body weight). Sub-
sequently the soleus (15-20 mg) and epitrochlearis (10-15 mg) muscles
were quickly extracted and mounted onto thin, stainless steel wire clips
to maintan optimal resting length. The incubation procedures were
performed as previously described (19). Briefly, immediately after ex-
traction, the muscles were placed in plastic scintiflation vials containing
2 mi of gassed [30 min with 0C0,955% (vol/vol}] Krebs-Hanseleit
bicarbonate (KHB) buffer with 4% fat-free BSA and 6 M ghicose. The
scintillation vials were then sealed with rubber stoppers, and gasifica-
fion was continued for the entire 1-h preincubation period. After pre-
incubation, the muscles were transferied te asecond set of vials with 1.5
ml of KHB buffer containing p-{U-HClghucose (0.2 pCi/mly All muscles
were maintained in either the absence or presence of the following
conditions: insadine (100 nag), AICAR {2 mm), and AICAR plus insulin for
the entire T-h incubation. For the AICAR plus insulin conditions, all
muscles were exposed to AICAR for 30 min before the addition of
insulin,

Measurementi of glycogen synthesis in isolated muscle

Glz;mgen synthesis was assessed by measuring the incorporation of
-{U-HClglucose into glycogen as previously described (19). Briefly,
upon texniination of the incubation experiment as outlined above, mus-
cles were quickly washed inice-cold PBS, blotted on filter paper, frozen
(N), and digested in 0.5 ml of 1 M KOH at 70 C for 1 h. Of the digested
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muscle solution, aliquots were taken for protein determination (Brad-
ford method), determination of glycogen content, and glycogen syn-
thesis. Formation of glycogen from labeled glucose was estimated by
adding 10 mg of carrier glycogen to the hydrolysates. ":ubsequenﬂv
glycogen was precipitated overnight with 100% ethanol. The precipitate
was resuspended in 0.5 ml of water and its radivactivity was determined
using a scintillation counter (19).

Measurement of glycagen content and lactate production

After incubation of muscles in the presence of the various conditions
outlined above, the muscles were digested in 0.5 ml of 1 M KOH. For
analysis of glycogen content, the pH of muscle digest was titrated to 48
before the addition acetate of buffer (pH 4.8} and 0.5 mg/ml amylo-
glucosidase. Subsequently glycogen was hydrolyzed at40 C for2hand
glucose was analyzed enzymatically (20) and the absorbance read in a
spectrophotometer (Ultraspec 2100 pro; Biochrom Litd., Cambridge, UK)
at 340 nm wavelength. Lactate cor tion was méasured in depro-
teinized and neutralized le incubation nn using a commer-
cially available kit.

Measurement of glueose transport inte muscle

Soleus and epitrochlearis muscles were extracted as described above.
Subsequently they were preincubated for 1 h in KHB buffer containi
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‘ MgCly, 2.7 s KCI, 20 mu Tris (pH 8.0, 1% Triton X-100, 10% glycerol,

and pmtease and phasphatase inhibitors (0.5 my NagVO,, 10 mm NaF,
1 pM Jenpeptin, 1w pepstatin, 1 uM okadaic acid, and 0.2 mM phe-
nylmethylsulfonyl fluoride), and heated (65 C, 5 min). An ahquot of the
homogenate was used to determine the protein concentration in each
samptle by the Bradford method,

Before loading onto SDE-PAGE gels, the samples were diluted L1
twol/val) with 2% Laemmmdi sample buffer [62.5 mans Tris-HCl (pH 6.8),
2% {wt/vol) sodium dodecyl sulfate, 50 mm dithiothreitol, and 0.01%
{wt/vol) bromophenol blue]. Aliquots of muscle homogenates contain-
ing 75 pg of protein were run through SDS-PAGE gels [12% for p-AMPK,
7.5% for P-ACC, and 10% for P-Akt (Thr308 ind Serd73), P-GSK-3a/8,
PG5S, and GAPDH] and then transferred to polyvinyl difluoride mem-
branes (Bio-Rad Laboratories, Burington, Ontario, Canada), The phos-
phorylation of AMPK was determined using a P~AMPK (Thr172) anti-
body, which detects AMPKa only when activated by phosphorylation
at The-172. The phosphorylation of Akt was determined using P-Akt
{Thr308) and P-Akt {S8erd73) antibodies, which detect Akt only when
phosphorylated at Thr-308 or Ser-473, The phosphorylation of GSK was
determined using a P-GSK-3a/ 8 (Ser21/9) antibody, which detects GSK
only when phosphorylated at Ser-21 and Ser-9. G5 and ACC phosphor-
ylaticm was detected using P-G8 and P-ACCespecific antibodies, which
mcogzuze GS and ACC when phosphorylated at serine 641 (Ser641) and
serine 79 (Ser79), respectively. Bqual loading of all gels was confirmed

8 mM glucose, 32 mM mannitol, and 0.1% BSA. After the ;Jremcubahom
all muscles were exposed for 1 h to the following conditions: insulin (160
), AICAR (2 mu), and AICAR plus insulin. All AICAR plus insulin
conditions received AICAR for 30 min before the 1-h incubation period.
After the incubation, all museles were washed for 10 min in KHB buffer

taining 40 mm itol at 29 C and, if present during the previous
incubation period, insulin (100 nM) and AICAR (2 mm). For measure-
ment of glucose transport, the muscles were transferred to new flasks
and incubated for 20 min at 29 C in 1.5 ml KHB buffer containing 0.5
#Cifol 21, 2—‘H]deoxy‘n~gluzose (2-DG, and 8 mum nonlabeled 2-DXG)
and 0.1 wCi/ml [U-1C itol as an extraceltular space marker (21).
To terminate the expmment. immediately after the 20-min glucose
uptake period, muscles were blotted (4 C) and quickly frozen in liquid
N,. Muscles were then digested in 0.5 ml of 1 M KOH at 70 C and
centrifuged (1000 x g) A!nquot; (450 ) of the muscle extract super-
natantand the inc were ted for radioactivity usmg
a scintillation counter with channels preset for simultaneous *H and 1*C
counting. The ts of p-[U-*C] ito} and 2- DC present in the
samples were used tocalculate extracellular space and gl transport,
respectively, as prrevxously descn'bed (22}. The intracellular water corn-
tent of the was ¢ btracting the d extracel~
halar space water from total musde water, Total water content was
assumed to be 77%, which is the average value for soleus and epitroch-
learis muscles after drying the tissues to a constant weight in our
laboratory.

Western blot determination of phosphorylated (p}-AMPK,
p-acetyl-CoA carboxylase (ACC), p-Akt (Thr308, Serd73),
p-GSK-3a/ B, p-GS, AMPKal, AMPKa2, and
glyceraldehyde-3-phosphate dehydrog (GAPDH)

Soleus muscles were incubated in the absence or presence of insulin
{100 nm), AICAR 2 mm}, and AICAR plus insulin. All muscles were
preincubated in KHB buifer as previously described. To investigate
time-dependent alterations in phosphorylation levels of Akt (Thr308 and
Serd73, GSK-3a/B, and 8, we exposed the musdes to insulin for 15,
30, and 45 min. AICAR was added to the incubation medium 30 min
before adding insulin and remained in the medium thereafter. Control
muscles received neither AICAR nov insulin, To test the effectiveness of
AICAR ko induce AMPK activation, we measured the phosphorylation
state of ACC, a downstream target of AMPK (23). In addition, we also
examined the distribution of AMPKal and AMPKa2 in soleus and
epitrochlearis muscles to determine the fiber type-specific distribution
of the two AMPK catalytic isoform subunits, Immediately after all treat-
ments, muscles were frozen in liguid N, and stored at —80 C until
analysis. For preparation of muscle lysates, the solei and epitrochlearis
muscles were homogenized in buffer containing 135 mM NaCl, 1 mm

by Cox taining of all gels and use of GAPLIH as a loading control.
Specific antibodies against P-Akt, P-G8K-3a/8, P-GS, and P-AMPK
were purchased Cell Signaling Technology Inc. (Beverly, MA}. Specific
antibodies against the a-1 and a-2 subunits of AMPK were purchased
from Santa Cruz Biotechnology, Inc. (S8anta Cruz, CA). P-ACC was
obtained from Upstate  Biotechnwlogy (Charlottesville, VA), and
GAPDH was from Abcam, Inc, (Cambridge, MA). All antibodies were
applied in a 1:1000 dilution, except GAPDH, which was used in a 1:5000
dilution,

Statistical analyses

All stafistical analyses were performed by one-way ANOVAs fol-
lowed by Fisher post hoc tests. The level of significance was set at P <
0.05.

Results
Effect of AICAR on glycogen synthesis in soleus and
epitrochlearis muscles

As expected, in soleus muscle, insulin elicited a 6.4-fold
increase in glycogen synthesis, compared with the control
condition (Fig. 1A}, Interestingly, whereas treatment with
AICAR alone did not alter the basal rate of glycogen syn-
thesis, it resulted in a approximately 60% reduction of gly-
cogen synthesis in the presence of insulin, Treatment of ep-
itrochlearis muscles with insulin resulted in a 1.8-fold
increase in glycogen synthesis relative to control (Fig. 1B).
AICAR treatment did not affect either basal or insulin-stim-
wlated conditions in epitrochlearis muscles.

Effect of AICAR on glycogen content in soleus and

epitrochlearis muscles

To further characterize the effects of AICAR treatment on
glycogen metabolism, glycogen content was assessed. In so-
leus, 1 h treatment with insulin resulted in a significant
increase (~27%) in glycogen content relative to control (Fig.
2A). Interestingly, AICAR completely reversed the increase
in glycogen content induced by insulin in soleus muscles.
Incubation of epitrochlearis muscles {Fig. 2B) with insulin,
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Fe. 1. Effect of insulin (100 nM), AICAR {2 mw), and AICAR plus insulin (A + I) on glycogen synthesis in isolated soleus {A) and epitrochlearis
{B) muscles. Glycogen synthesis was estimated from the incorporation of D-{U-*Clglucose into glycogen for 1 h in the presence of the various
conditions as indicated. Control muscles weore exposed to neither ATCAR nor ingulin, Muscles in the A + I condition were preincubated with
AICAR for 30 min before insulin and p-{U-**Ciglucose was added to the medium. Data were compiled from three independent experiments with
triplicates in each experiment and presented as means * SEM. *, P < 0.05 vs, control, AICAR, and A + I; #, P < 0.05 vs. control, insulin, and

AICAR; $, P < 0.05 vs. control and AICAR.

AICAR, and AICAR plus insulin did not have any effect on
glycogen content.

Effect of AICAR on lactate production in soleus and
epitrochiearis muscles

To determine whether the effects of AICAR on glycogen
synthesis would also cause other metabolic changes in soleus
and epitrochlearis muscles, lactate production was assessed.
In soleus (Fig. 3A), incubation with insulin resulted in a
significant, approximately 1.6-fold, increase in lactate pro-
duction relative to control. The effect of AICAR on the basal
condition showed a trend toward increased lactate produc-
. tion but did not reach statistical significance (Fig. 3A). How-
ever, incubation of the soleus with AICAR and insulin
caused a 2-fold increase in lactate production relative to
control, which was approximately 21% higher than that of
insulin alene (Fig. 3A). The epitrochlearis muscles (Fig. 3B}
also showed a similar increase in lactate production (~1.7-
fold) when treated with insulin. However, AICAR did not
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affect insulin-stimulated lactate production in these muscles
(Fig. 3B).

Effect of AICAR on glucose uptake in soleus and
epitrochlearis muscles

In soleus muscles, treatmentt with insulin resulted in an
approximately 3.3-fold increase in glucose uptake relative to
control (Table 1). The addition of AICAR to the medium did
not affect either the basal or insulin-stimulated rate of glu-
cose transport in the soleus (Table 1). As expected, epitroch-
learis muscles elicited an increase in glucose uptake (~1.7-
foldy in the presence of insulin. AICAR treatment also caused
a significant increase (~1.4-fold) in glucose uptake in ep-
itrochlearis muscles (Table 1). The addition of AICAR to the
insulin-stimulated epitrochlearis muscles resulted in approx-
imately 2.0-fold increase in glucose uptake. However, this
increase was not statistically different from the insulin or
AICAR only conditions.
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Fia. 2. Effect of insulin (100 nM), AICAR {2 mm), and AFCAR plus insulin (A + I) on glycogen content in isolated soleus (A} and epitrochlearis
(B) muscles. Contrel muscles were exposed to neither AICAR nor insulin. Muscles in the A + I condition were preincubated with AICAR for
30 min before insulin was added to the medium. Data were compiled from three independent experiments with triplicates in each experiment
and presented as means * SEM. *, P < 0.05 vs, control, AICAR, and A + L
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Fig. 8. Effect of insulin {100 nM), AICAR (2 mM), and AICAR plug insulin (A + I) on lactate production in isolated soleus (A) and epitrochlsaris
{B) muscles, Control muscles were exposed to neither AICAR nor insulin. Muscles in the A + I condition were preincubated with AICAR for
80min before insulin and D-{U-"*Clglucose was added to the medium. Data wore compiled from three independent experiments with triplicates
in sach experiment and presented as means * 8BM. *, P < 0.05 vs. control, AICAR, and A + I; #, P < 0.05 vs. control, insulin, and AICAR: §,

P < 0.05 vs. control and AICAR.

Effect of AICAR on the phosphorylation of AMPK, ACC,
Akt, GSK-3a/B, and GS in soleus muscles

The effectiveness of AICAR treatment to increased AMPK
phosphorylation/activation was determined by Western
blot. As expected, AICAR treatment led to a marked increase
in AMPK and ACC phosphorylation, respectively (Fig. 4A).
In addition, we also examined the differential expression of
the AMPKal and AMPKe?2 catalytic subunits in both, soleus
and epitrochlearis muscles. The AMPKal content was mark-
edly higher (~1.6-fold) in epitrochlearis than soleus muscles,
whereas AMPKa2 appeared similar in both muscles (Fig.
4B). To determine whether the effects of AICAR-induced
AMPK activation affected major intracellular pathways of
insulin signaling, we examined the phosphorylation states of
Akt Thr308, Akt Serd73, GSK-3a/B, and GS. As anticipated,
exposure of the soleus muscle to insulin for 15 min resulted
in an approximately 9-fold increase in Akt Thr308 phosphor-
ylation, compared with control. Even though this effect de-
creased as exposure time to insulin increased, Akt Thr308
phosphorylation remained markedly elevated after 45 min of
insulin exposure, compared with control (Fig. 4C). AICAR on
its own did not cause any changes in the phosphorylation
state of Akt Thr308. However, pretreatment of soleus mus-
cles with AICAR resulted in approximately 33 and 55% re-
ductions in Akt Thr308 phosphorylation after 15 and 30 min
of insulin exposure, respectively (Fig. 4C). Insulin also in-
creased Akt Serd73 phosphorylation {~1.6-fold), but this was
unaffected by AICAR. To further investigate the effects of
AICAR on enzymes involved in glycogen metabolism, we
examined the phosphorylation state of GSK-3e/8 {Fig. 4C).

TABLE 1. Effect of Insulin, AICAR, and ATCAR plus insulin on
2-deoxy-D-glucose uptake (pmol/ul per 20 min) in soleus (Sol) and
epitrochlearis (Epi} muscles

Control Insulin AICAR AICAR plus insulin
Bol 156+ 0.07 519+0.17 1.92+0.22 4.81 * 0.21¢
Epi 226+ 0.09 881 +021° 316+ 028" 4,43 + 0.28"

Data presented as means * SEM.
“ P« 0.05 vs. control and AICAR.
¥ P < 0.05 vs. control.

This enzyme is a downstream target of Akt and is active
when in its dephosphorylated state. Under control condi-
tions, GSK-3c/ B phosphorylation was virtually undetect-
able. A pronounced increase in the phosphorylation state of
GSK-3a was observed in the presence of insulin (Fig. 4C).
Interestingly, AICAR markedly reduced the 15-, 30-, and
45-min insulin-stimulated phosphorylation of GSK-3a. The
phosphorylation of GSK-38 under insulin stimulation was
not as high as GSK-3«; however, the effect of AICAR on the
insulin-stimulated condition followed a similar pattern to
that of GSK-3a (Fig. 4C). These data indicate that AICAR
prevented the insulin-induced suppression of GSK-3a/8 ac-
tivity in soleus muscles. - - .

Analysis of G8 phosphorylation revealed that this enzyme
was highly phosphorylated under basal conditions, and
AICAR alone did not affect basal GS phosphorylation. As
expected, treatment of soleus muscles with insulin elicited a
time-dependent reduction in GS phosphorylation, reaching
its lowest after 45 min exposure to insulin (Fig. 4C). Inter-
estingly, AICAR treatment initially decreased the GS phos-
phorylation after 15 and 30 min of insulin exposure. How-
ever, GS phosphorylation markedly increased after 45 min of
exposure to insulin (Fig, 4C).

Discussion

Here we provide evidence that acute exposure of soleus
muscles to AICAR, a known activator of AMPK, profoundly
inhibited (~#(%]) the insulin-induced increase in glycogen
synthesis. AJCAR treatment also prevented the insulin-in-
duced increase in glycogen content in soleus muscles. Inter-
estingly, neither basal nor insulin-stimulated glucose uptake
was affected by AICAR in soleus, whereas epitrochlearis
muscles elicited a significant increase in this variable. This
differential response to AICAR in isolated soleus and ep-
itrochlearis muscles has also been reported in previous stud-
ies (24, 25); however, no data regarding the effects of AICAR
on other glucose pathways have been reported in these stud-
ies. It has been argued that the lack of a stimulatory effect of
AICAR on glucose transport in slow-twitch skeletal muscles
could be due to fiber type-specific differences in the expres-
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Fia. 4. A, Induction of AMPK and ACC phosphorylation by
AICAR in soleus muscles. B, Exprossion of AMPKel and
AMPKa2 catalytic subuniis in soleus {Sol) and epitrochle- C
aris (Epi} muscles. C, Time-course effects {15, 30, and 45
min) of insulin {1, 100 nM), AICAR (A, 2 mM), and AICAR
plus insulin {A + I) on the phosphorylation of AKtThr 308
(P-Akt308), AkiSer478 (P-Ak#473), GSK-3a (P-GSK-3z},
GBSK-38 (P-GSK-3p), and GS {P-GS) in isolated soleus mus-
clas, Muscles were exposed to insulin for 15,30, and 45 min.
AICAR was added to the incubation medium 30 min prior
to adding insulin and remained in the medium thereafter.
Controls {C} represent soleus muscles not subjected to any
treatment.

sion of AMPK subunits (24, 26). In fact, it has been demon-
strated that the presence of all three AMPK subunits is re-
quired for AICAR-induced increases in glucose transport in
mouse skeletal muscle (26). Here we report clear differences
in AMPKa subunit content in slow-twitch and fast-twitch
muscles (Fig. 4B). Whereas AMPKa?2 was equally present in
both muscles investigated, AMPKal was faintly detected in
soleus, which could justify the different responses in glucose
uptake to AICAR observed here.

In our system, we also observed that insulin-stimulated
lactate production was increased by AICAR treatment, and
because AICAR did not affect insulin-stimulated glucose
uptake, it indicates that AICAR-induced AMPK activation
shifted insulin-stimulated glucose metabolism toward lac-
tate production instead of accumulation as glycogen in iso-
lated soleus muscles. However, the AICAR-induced reduc-
tion in glycogen synthesis cannot be completely accounted
for by the increase in lactate production, suggesting that
other pathways may also participate in this metabolic shift.
Previous investigations have demonstrated that glucose ox-
idation increases in isolated soleus muscles exposed to
AICAR (27), which may also have been the case in the present
study, In addition, our data are in partial agreement with a
previous in vitro study showing that AICAR increased lactate
production in soleus muscles exposed to low concentrations
of insulin (12). However, in their study neither basal nor
insulin-stimulated rates of glycogen synthesis were affected
by AICAR, even though an increase in glycogen phosphor-
ylase activity was reported (12). This is intriguing because
increased glycogen phosphorylase activity is expected to
decrease glycogen synthesis. In our investigation, the
marked AICAR-induced decrease in insulin-stimulated gly-
cogen synthesis as well as suppression of the increase in
glycogen content in solei is compatible with the increased
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glycogen phosphorylase activity previously reported by
Young et al. (12). There are important methodological dif-
ferences between our study and the one by Young ¢t al. (12)
that may justify the differences regarding the effectof AICAR
on insulin-stimulated glycogen synthesis. We used intact
soleus muscle {~15-20 mg) from 40- to 60-g rats, whereas
Young et al. (12) used muscle strips from 130- to 140-g rats.
Splitting the muscles may have influenced the response of
the Hissue to AICAR and insulin treatments. Also, the dif-
ferences in AICAR concentrations (2 vs. 1 mm) may account
for the differences in glycogen synthesis reported in these
two independent studies.

Previous in vivo studies also reported that glycogen con-
tent is not affected by AICAR treatment in red and white
gastrocnemius muscles, even though major time-dependent
fiber type differences have been reported regarding the ac-
tivity of GS and glycogen phosphorylase (11). Additionaily,
in the same study, in vifro incubations of two fast-twitch
muscles {flexor digitorum brevis and epitrochlearis) with
AICAR affected neither S nor glycogen phosphorylase ac-
tivities (11). This is in line with our in vitro data showing that
basal glycogen content was not affected by acute AICAR
treatment in isolated soleus and epitrochlearis muscles.
Haowever, in another i vivo study, it was actually reported
that glycogen synthesis was increased in white but not red
quadricep muscles after AICAR treatment (5). The reasons
for these discrepant results are not clear but may be attrib-
uted to the use of different muscle groups in various studies.
In fact, it has been reported that major differences in the
expression of AMPK isoforms in skeletal muscles with dis-
tinct fiber type compositions exist (28-30). For instance, Ai
et al, (30) showed that the epitrochlearis, composed predom-
inantly of type Il fibers, expresses more AMPKal subunits
than type I fibers, which is in agreement with data presented
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in this manuscript (Fig. 4B}. On the other hand, type I1 fibers
exhibit a 5-fold greater expression of the y-3 subunit than
type I fibers (31). Even though specific muscle groups have
been classified according to fiber type composition, current
data on the expression and activity of AMPK isoforms in
different muscle fibers, and their respective functional im-
plications, still lack clarity. Therefore, the hypothesis that
differential expression/activity of AMPK isoforms is respon-
sible for the dissimilar results regarding the effects of AICAR
treatment on glycogen metabolism requires additional
investigation.

To examine whether the effects of AICAR on insulin-in-
duced glycogen synthesis in soleus muscles are fiber type
specific, we also used epitrochlearis muscles in our experi-
ments. We found that AMPK activation does not alter either
the rate of glycogen synthesis or glycogen content in fast-
twitch muscles under basal and insulin-stimulated condi-
tions (Figs. 1B and 2B). Additionally, lactate production was
also unaffected by AICAR, indicating that the metabolic shift
toward lactate production does not seem to occur in ep-
itrochlearis muscle (Fig. 3B). Previous investigations have
shown that either ip (11} or sc (5) injections of AICAR in-
crease blood lactate levels in rats. However, because these
were in vivo studies, we do not know how much of this lactate
was derived from muscles vs. other tissues that might also
have been affected by AICAR treatment.

Here we show novel evidence that AICAR interfetes with
the intracellular insulin signaling steps that are crucial to
regulate glycogen metabolism. As expected, after soleus
muscles were exposed to insulin for 30 min, GS phosphor-
ylation was decreased relative to control, therefore increas-
ing its activity. Interestingly, insulin-induced reduction in
phosphorylation of GS was even more accentuated after 15
and 30 min of AICAR treatment, suggesting an initial in-
crease in GS activity in soleus muscles. However, this was not
accompanied by an increase in glycogen synthesis (Fig. 1A)
after 1 h incubation with ATICAR. This suggests that the
AICAR-induced increase in GS phosphorylation in soleus
after 45 min of exposure to insulin overcame the initial re-
duction in phosphorylation at 15 and 30 min. Furthermore,
the time-course incubation of soleus muscles for the purpose
of insulin signaling determination was performed up to 45
min, whereas the rate of glycogen synthesis and glycogen
content were assessed after 1 h incubation. This leaves an
additional 15 min during which G3 may have become even
more deactivated. These data are in agreement with previous
in vitro experiments showing that AMPK from rat liver phos-
phorylates GS purified from rabbit skeletal muscle (10).
However, a time-course analysis of the effects of AMPK on
S phosphorylation was not performed in those experiments.

Because AMPK activation has also been shown to effect
insulin signaling enzymes upstream of G8 (17, 32, 33), we
examined whether AICAR had similar effects on GSK-3w and
-3 phosphorylation. When activated {dephosphorylated),
GBK-3a and -38 phosphorylate/deactivate GS and hence
lead to decreased glycogen synthesis. As expected, insulin
elicited a powerful effect on GEK-3a phosphorylation, and
rematkably, treatment of the insulin-stimulated condition
with AICAR led to a pronounced decrease in phosphoryla~
tion of this enzyme. Phosphorylation of GSK-38 followed a

Fediue ef el  Regulation of Glyeogen Synthesis by AMPK

pattern similar to GSK-3a; however, the former did not ap-
pear to be affected to the same extent by insulin. The de-
creased phosphorylation of G8K-3a and -38 by AICAR in
insulin-stimulated soleus muscles may have been due to a
direct effect of AICAR on this enzyme (32). Data from Jurkat
T cells demonstrates that AICAR can have a direct inhibitory
effect on GSK-3 phosphorylation, thus increasing its activity.
In addition, treatment of differentiated hippocampal neu-
rons with AICAR led to dephosphorylation/activation of
GSK-3a and -38 (33). However, these findings have notbeen
shown in skeletal muscle cells.

The suppressive effects of AICAR on GSK-3 phosphory-
lation could also be linked to alterations in activity of up-
stream kinases such as Akt. Therefore, we also examined the
effects of AICAR on insulin-stimulated phosphorylation of
Akt-Berd73 and Akt-Thr308. Once again we observed a tran-
sient high degree of phosphorylation of Akt-Thr308 with
insulin after 15 min of incubation, which appeared to fade at
30 and 45 min. However, AICAR reduced the insulin-in-
duced phosphorylation of Akt-Thr308 at both 15 and 30 min
of incubation. Phosphorylation of Akt-Serd73 was not af-
fected by AICAR at any time points. Qur data are in partial
agreement with a recent study (33) showing that AICAR
treatment reduces phosphorylation of Akt-Thr308 and Akt-
Serd73. However, itis important to point out that whereas we
examined the effects of AICAR on insulin-stimulated muscle
tissue, the investigation by King ef al, (33) tested the effects
of AICAR on basal Akt phosphorylation in hippocampal
cells. The use of different tissues and administration of
AICAR to basal or insulin-stimulated states may account for
the differences between our investigation and that by King
et al. (33).

Amnother plausible mechanism by which AICAR exerts its
effects on insulin-stimulated glycogen synthesis is mediated
by events that take place upstream of Akt. In fact, it has
previously been shown that AMPK directly affects early
insulin-signaling events by phosphorylating IRS-1 on the
Ser789 residue (17). Even though phosphorylation of IRS-1
on Ser789 residue did not impair insulin signaling in C,C,,
myotubes (17), other investigations have shown that serine
phosphorylation of IRS-1 s linked to reduced capacity of
insulin to activate PI3-kinase (34, 35). Additionally, AICAR
has also been shown to have a direct effect on inhibiting
GSK-3 phosphorylation, thus activating it (32, 33). In turn,
activated GSK-3 phosphorylates IRS-1 on serine residues,
and this has also been demonstrated to attenuate insulin
signaling via its phosphorylation of IRS-1 in CHO cells (34).
In our system, AICAR treatment elicited a marked reduction
in GSK-3a /8 phosphorylation, which may have also influ-
enced early steps of insulin signaling in isolated soleus mus-
cle and downstream events associated with glycogen
synthesis.

Inconclusion, we demonstrate thatacute AMPK activation
by AICAR leads to suppression of insulin-stimulated glyco-
gen synthesis in soleus but not epitrochlearis muscles. Ad-
ditionally, we provide novel evidence that AICAR-induced
AMPK activation affects major steps of the insulin signaling
cascade in skeletal muscle. The suppression of glycogen syn-
thesis and decrease in glycogen contentby AICAR in isolated
rat soleus muscles is compatible with the transient and time-
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dependent reduction in Akt308 phosphorylation, activation
of GSK-3 a/B, and the inactivation of G8 reported here.
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