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AMP-activated protein kinase (AMPK) has been proposed to be an important 

energy-sensing enzyme, responding to increases in the AMP:ATP and Cr:PCr ratio.  

However, AMPK regulation of fatty acid (FA) metabolism and glucose oxidation is not 

completely understood.  There is controversy regarding the effects of AMPK activation 

on fat-carbohydrate substrate selection and the role that AMPK plays in regulating the 

use of endogenous triacylglycerol (TAG) stores.  It was hypothesized that an AICAR-

induced decrease in glucose oxidation would be secondary to stimulation of FA oxidation 

occurring with adequate FA availability, and therefore inhibit TAG hydrolysis.  In order 

to gain further insight into the role of AMPK in the regulation of substrate use during 

contraction, the second set of acute studies examined the regulatory role that AICAR 

activation of AMPK may be playing with tetanic contraction, specifically whether 

AICAR would increase AMPK activation above the threshold set by high intensity 

tetanic contraction and therefore see further increased rates of substrate oxidation. 

 

Acute AICAR treatment in isolated skeletal muscle activated AMPKα2 and 

simultaneously increased FA and glucose oxidation, while having no effects on 



 

intramuscular TAG metabolism, regardless of FA availability. Pyruvate dehydrogenase 

was also activated by AICAR, supporting the effects on glucose oxidation.  AMPKα2 

was activated by contraction and was further activated by the combination of AICAR and 

contraction.  This led to further stimulation of FA oxidation, but inhibited TAG 

hydrolysis, suggesting that FA metabolism is very sensitive to AMPK activation.  The 

already maximal rates of glucose oxidation were not further increased by AICAR. 

 

Based on the above results, we hypothesized that 8 weeks of metformin and/or 

exercise (AMPK activators) would have insulin-sensitizing effects and prevent the 

progression of diabetes in the high-fat fed female Zucker diabetic fatty (ZDF) rat, an 

inducible model of diabetes.  Metformin and exercise prevented the progression of 

diabetes, primarily by reducing plasma membrane-associated fatty acid translocase 

expression (FAT/CD36) and reducing the content of reactive lipid intermediates (DAG, 

ceramide) postulated to interfere with the insulin-signaling pathway in skeletal muscle.  

FA oxidation was unaffected by these treatments.  Therefore, increasing FA oxidation in 

skeletal muscle may not be necessary and reducing FA transporters and reactive lipid 

species may be an important contributor in preventing diabetes. 
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CHAPTER 1: REVIEW OF LITERATURE 
 
AMP-Activated Protein Kinase 

Introduction 

Protein kinases are the largest known eukaryotic protein superfamily, with at least 

500 genes encoding different members of this class of proteins (71).  These proteins are 

enzymes that alter the function of other proteins by covalently attaching the gamma 

phosphate of ATP to a protein alcohol (on Ser or Thr) and/or protein phenolic (on Tyr) 

target.  This forms the major cellular system that responds to extracellular signals 

(hormones, neurotransmitters, growth and differentiation factors, nutritional and 

environmental stress) and changes cellular function and metabolism in eukaryotic cells 

(71, 72).  Protein kinases can also rapidly switch the activities of cellular proteins through 

a G protein-mediated cycle, involving GTP as the phosphate donor, as well as allosteric 

(non-covalent) regulation, whereby a ligand binds to modify the activity of downstream 

proteins (72). 

 

AMP-activated protein kinase (AMPK) has emerged as an important metabolic 

enzyme, and it has been suggested that this enzyme cascade plays a role in the regulation 

of a variety of metabolic processes in skeletal muscle, by phosphorylating and 

modulating the activity of key, rate-limiting enzymes.  Early studies identified AMPK as 

an important regulator of cholesterol synthesis and de novo lipogenesis in liver (10, 31).  

Later studies demonstrated AMPK-mediated effects on fatty acid (FA) metabolism 

(increased FA oxidation, decreased triacylglycerol (TAG) synthesis) (125, 130) and 

stimulation of glucose uptake (13, 125) in skeletal muscle. 
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Abnormalities in FA metabolism in skeletal muscle in obese, insulin resistant 

states include reductions in FA oxidation (89, 102, 105) and accumulation of 

intramuscular lipids (1, 11, 25, 136, 160, 178, 179, 190).   Skeletal muscle oxidative 

capacity has been shown to be a better predictor of insulin sensitivity than TAG 

accumulation (23), suggesting that AMPK may be involved in the regulation of FA 

partitioning and quite possibly, the prevention of insulin resistance and Type 2 diabetes 

mellitus (T2DM).  However, the role that AMPK plays in the regulation of FA 

metabolism and glucose utilization is unclear and the potential of AMPK activation in the 

prevention of T2DM in the obese state is largely unknown. 

 

Therefore, the primary objectives of this thesis were to examine 1) the acute 

metabolic effects of activating AMPK; and 2) whether interventions known to activate 

AMPK in skeletal muscle (the anti-diabetic drug metformin and exercise) could prevent 

the progression of T2DM in an obese, high-fat fed rodent model, the Zucker diabetic fatty 

(ZDF) rat. 

 

The following literature review will begin by outlining the discovery of AMPK 

and the AMPK signaling cascade.  The regulation of fat and carbohydrate (CHO) fuel 

selection in resting and contracting skeletal muscle and the role that AMPK plays in acute 

and chronic regulation of fat and CHO metabolism will be discussed. This review will 

then discuss the pathogenesis and abnormalities of FA metabolism in skeletal muscle 

insulin resistance.  Lastly, this review will outline interventions known to activate AMPK 
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(exercise, adipokines, anti-diabetic agents) and potentially alter FA metabolism in obese 

insulin resistant states. 

 

Discovery of AMP-activated Protein Kinase 

An unknown protein was initially described in 1973 as an “activity” that 

phosphorylated and inactivated 3-hydroxy-3-methylglutaryl-CoA reductase (HMG-CoA 

reductase), altering cholesterol synthesis in liver (10).  This protein was later named 

AMP-activated protein kinase (AMPK), as this single protein was activated by AMP to 

elicit an ATP-dependent inactivation of both HMG-CoA reductase (phosphorylation of 

Ser781) and acetyl-CoA carboxylase (ACC; phosphorylation of Ser79) in rat liver (31).  

Initially it was unclear whether AMPK had a significant role in other tissues, as the assay 

was dependent on the use of these two hepatic enzymes to quantify activity.  The 

development of a synthetic peptide based on the amino acid sequence around Ser79 of 

ACC (SAMS peptide, sequence: HMRSAMSGLHLVKRR) which replaced the cAMP-

dependent protein kinase phosphorylation site at Ser 77 with an Arg residue, allowed for 

the specific study of AMPK activity in multiple tissues (42).   Initially, high basal AMPK 

activity suggested that this enzyme may play a more important role in tissues with very 

high rates of lipid metabolism (liver, mammary gland) and less AMPK activity in other 

tissues such as kidney and skeletal muscle suggested that AMPK may not be important in 

all tissues (42).  However, further studies indicated that AMPK may in fact play an 

important functional role in skeletal muscle.  Skeletal muscle possesses abundant AMPK 

mRNA (42) and AMPK protein is present predominantly in a dephosphorylated (less 

active) isoform (191), suggesting that it has a significant capacity for stimulation. 
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Further study of the structure of AMPK in subsequent years allowed for the 

identification of the enzyme as a heterotrimeric complex, consisting of an initially 

identified catalytic alpha (α) subunit (p63) (30), and two regulatory subunits, beta (β) and 

gamma (γ) (171).  Further investigation demonstrated that the AMPK heterotrimeric 

complex is composed of different isoforms (α1, α2, β1, β2, γ1, γ2, γ3), each being 

expressed by seven different genes.  The predominant complex found in most cells is the 

α1β1γ1 enzyme, with skeletal muscle possessing the unique property of expressing all 

three γ isoforms (73). AMPK exists in the cytoplasm but also as a localized nuclear 

fraction (2), with the α2 subunit showing sublocalization in both the cytosol and the 

nuclei of muscle, and is involved in metabolic gene transcription (157). 
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Figure 1: AMPK Signaling Cascade 
AMPK is activated by phosphorylation via at least two upstream AMPK kinases, LKB-1 
and Ca2+-calmodulin protein kinase kinase (CaMKK), as well as allosterically by 
increases in the AMP:ATP and Cr:PCr ratio.  Activated AMPK then phosphorylates and 
regulates the activity of key rate-limiting enzymes in FA oxidation (via acetyl-CoA 
carboxylase (ACC) and malonyl-CoA decarboxylase (MCD)) and triacylglycerol (TAG) 
synthesis (sn-glycerol-3-phosphate acyltransferase (GPAT). 
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AMPK Signaling Pathway 

AMPK is activated by a number of putative upstream kinases, as well as 

allosterically by an increase in the AMP:ATP and Cr:PCr ratios, signaling a decrease in 

energy provision within the cell, with a subsequent cascade leading to the inhibition of 

energy consuming processes and an activation of ATP producing pathways (Figure 1 and 

Figure 2).  Indeed, AMPK has been demonstrated to be involved in the stimulation of FA 

oxidation (125, 130), inhibition of TAG synthesis (3, 130), increased GLUT4 expression 

(97), activation of GLUT4 translocation (152) and stimulation of glucose uptake (125), 

leading to increased ATP synthesis and a restoration of cellular homeostasis.  The 

enzyme cascade involves a number of important enzymes and regulators, both upstream 

and downstream of AMPK itself (Figure 1). 

 

i) Upstream Cascade Intermediates 

Recent evidence suggests that at least two upstream AMPK kinase (AMPKK) 

enzymes may be involved in the regulation of AMPK phosphorylation and activity.  

Early evidence in rat liver extracts identified a distinct endogenous “kinase kinase” which 

activated both highly purified native AMPK and the 63 kDa catalytic subunit in the 

presence of Mg[γ32P]ATP (194). Activation of AMPK by AMPKK required AMP, was 

antagonized by high ATP concentrations and AMPKK was not inactivated by protein 

phosphatases.  With the use of Mg[γ32P]ATP and subsequent chromatography techniques, 

the major site of phosphorylation and activation of AMPK by AMPKK was discovered to 

be threonine-172 (Thr172) on the catalytic α-subunit (75). Enhanced techniques allowed 
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for a more rigorous >1000-fold purification process of AMPKK from rat liver, although 

this AMPKK was not isolated to purity (75).  Due to the persistent technical difficulties 

in purifying the AMPKK enzyme(s) using conventional protein purification processes 

(chromatography) and no subsequent cDNA cloning analyses available, candidate 

“kinase kinase” enzymes were not identified. 

 

Later evidence in yeast (Saccharomyces cerevisiae) identified three protein 

kinases, Elm1p, Pak1p and Tos3p that phosphorylate and activate Snf1 (sugar non-

fermenting 1), the yeast homolog of AMPK (85, 183).  Additionally, Tos3 

phosphorylated and activated mammalian AMPK in vitro (85) demonstrating functional 

conservation of this kinase cascade between yeast and mammals.  The closest 

homologues in the mammalian genome are the tumour suppressor LKB1 and 

Ca2+/calmodulin-dependent protein kinase kinase (CaMKK), making these two proteins 

candidates for putative AMPKK enzymes. 

 

LKB1 was subsequently shown to be capable of phosphorylating and activating 

bacterially expressed AMPK in vitro (85).  LKB1 also co-purified with AMPKK during 

chromatography purification of cell extracts from rat liver, was able to phosphorylate and 

activate the catalytic α isoforms of AMPK, and subsequent immunoprecipitation with 

anti-LKB1 resulted in an immunocomplex that was able to activate AMPK, accounting 

for the majority of the kinase kinase activity compared to the remaining supernatant 

(209).  However, mechanisms regulating LKB1 activity in skeletal muscle are poorly 

understood.  LKB1 is present in muscle in high amounts (155) and may be constitutively 
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active and not respond to changes in AMP in vitro (209) or in rat skeletal muscle (155). 

LKB1 is not activated by in situ contraction, 5-aminoimidazole-4-carboxamide 

ribonucleoside (AICAR) and phenformin (a metformin analogue), all of which activate 

AMPK via either AMP-dependent (contraction, AICAR) and AMP-independent 

(phenformin) mechanisms (Figure 2) (155).  This leads to the possibility that LKB1 may 

be involved in an AMP-dependent mechanism which may allow for AMP to bind 

specifically to AMPK, inducing an allosteric change in the conformation of the enzyme 

and making AMPK a better substrate for LKB1, with LKB1 itself not requiring AMP. 

 

The presence of other upstream AMPKKs was suggested when significant basal 

AMPK activity was still exhibited in mouse embryo fibroblasts (MEF) (77) and HeLa 

cells (91) which lack LKB1 and rat liver cells expressing a dominant negative LKB1 

isoform (209).  Activation of AMPK in MEF and HeLa cells occurs with a Ca2+ 

ionophore, A23187, which is subsequently antagonized by the CaMKK inhibitor STO-

609, suggesting a (CaMKK) Ca2+-dependent mechanism (77, 91).  Two isoforms of 

CaMKK (α and β) exist in mammalian cells, with overexpression and siRNA cell models 

suggesting that CaMKKβ may be the important isoform for both basal and activated 

(hydrogen peroxide, osmotic stress and ionomycin) AMPK activity (77, 91, 208).  

 

These recent studies raise the possibility that multiple ‘kinase kinase’ cascades 

may converge on AMPK.  However, the presence of additional upstream activators that 

absolutely require AMP is suggested by early studies showing that purified rat liver 

AMPK absolutely required AMP for phosphorylation and activation by an upstream 
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AMPKK (75).  Also limiting the study of these enzymes in skeletal muscle is the fact that 

the generation of LKB -/- mice is embryonically lethal (203) and the lack of specificity of 

the CaMKK inhibitor STO-609, which also inhibits AMPK and LKB1 (77).   

 

ii) Downstream Cascade Intermediates 

Much work has investigated the roles that malonyl-CoA, ACC and malonyl-CoA 

decarboxylase (MCD) play in the regulation of fat metabolism in multiple tissues.  

Malonyl-CoA is the first committed intermediate in de novo synthesis of FA in liver and 

is formed through the rate-limiting carboxylation of acetyl-CoA through ACC (Reaction 

1) and is removed by MCD (Reaction 2). 

 

Acetyl-CoA + HCO3
- + ATP    Malonyl-CoA + ADP + Pi [Reaction 1] 

Malonyl-CoA  Acetyl-CoA + CO2  [Reaction 2] 

 

Malonyl-CoA was first shown to inhibit CPT-I by McGarry et al. in 1977 (120).  

CPT-I spans the outer mitochondrial membrane and is the rate-limiting enzyme in FA 

entry and subsequent oxidation and ketogenesis in liver.  Malonyl-CoA inhibition of 

CPT-I is a key regulatory step in tissues such as liver and adipose tissue to ensure that 

when glucose is abundant, it is directed to fat synthesis, while a coordinate inhibition in 

FA oxidation occurs.  Malonyl-CoA and CPT-I were later found to be present in a variety 

of non-hepatic rodent tissues, including heart and skeletal muscle, with isolated skeletal 

muscle mitochondrial CPT-I being ~200-times more sensitive to malonyl-CoA inhibition 
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than the liver isoforms, requiring a much lower (~34 nM) malonyl-CoA I50 concentration 

than in liver (I50=2700 nM) (121).  

 

Since skeletal muscle has very little or no capacity for de novo lipogenesis, there 

was speculation that malonyl-CoA may be playing a role in other FA-related processes.  

Indeed, malonyl-CoA content decreases substantially during fasting and starvation in 

liver, heart and skeletal muscle (121), when these tissues rely on FA oxidation as the key 

source of energy.  This led to the hypothesis that malonyl-CoA may be an important 

regulator of CPT-I and subsequent FA oxidation in multiple tissues and that there may be 

situations where inhibition of CPT-I is relieved by decreased concentrations of malonyl-

CoA, allowing for increased FA oxidation in skeletal muscle. 

 

Similar situations to fasting/starvation include prolonged submaximal exercise 

bouts, in which FA oxidation is a major energy source for working muscle.  Winder et al. 

found that malonyl-CoA content decreased in rat gastrocnemius muscle after an acute 30 

min treadmill exercise protocol (21m/min, 15% grade) (198).  Further studies showed 

that malonyl-CoA decreases in both a fiber-type and time-dependent manner, with the 

most rapid decreases seen in oxidative red quadriceps (Type IIA; 5 min, 52% of resting 

malonyl-CoA) > gastrocnemius (mixed fiber type; 10 min, 30-40% of resting malonyl-

CoA) > soleus (Type I; 20 min, 61% of resting malonyl-CoA) > white quadriceps (Type 

IIB; initial 5 min 55% increase; 120 min, 25% of resting malonyl-CoA) (199). With the 

exception of white quadriceps, changes in malonyl-CoA content occurred before any 

significant increase in plasma FA, suggesting that malonyl-CoA and CPT-I are 
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mechanisms that regulate substrate selection for oxidation within rat skeletal muscle itself 

(199).   However, it is important to note that although the AMPK-malonyl-CoA-CPT-I 

axis was the prevailing hypothesis for the regulation of FA oxidation during fasting and 

exercise, functional FA oxidation measurements were never measured until in vitro 

activation of AMPK was possible (See Regulation of Fat and Carbohydrate Fuel 

Selection in Skeletal Muscle). 

 

Subsequently, much work was done to investigate the regulatory role of ACC in 

various rat tissues.  Data emerged from a number of laboratories suggesting that ACC 

was present in multiple extra-hepatic tissues, including liver (17, 189), heart (17, 189) 

and skeletal muscle (17, 188, 189, 200).  Early evidence suggested that purification of 

ACC from cytosolic fractions of rat liver yielded two biotin-containing, high molecular 

weight proteins, a predominant 265 kDa species (~85-90% of total mass) and a 280 kDa 

species (~10-15% of total mass) (17).  Further analyses of tissue distribution of these two 

species demonstrated that both isoforms were present in liver, brown adipose tissue and 

mammary gland, while the 280 kDa species was only present in heart and diaphragm 

muscle (17).  Additional characterization of rat gastrocnemius and quadriceps skeletal 

muscle has suggested that a biotin-containing cytosolic ACC is present in skeletal 

muscle, with malonyl-CoA formation being dependent on the presence of ACC, citrate 

(allosteric activator and precursor of cytoplasmic acetyl-CoA via ATP citrate lyase), 

bicarbonate and ATP (188). Isoform-specific examination suggested that both 265 kDa 

and 280 kDa ACC protein contents in liver decreased with fasting, leading to decreased 

malonyl-CoA content (121) and were induced with refeeding of a high-carbohydrate diet. 
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However, the protein content of the 280 kDa isoform in skeletal muscle was unaltered by 

nutritional manipulations (17), suggesting different functions of these two ACC isoforms 

in different tissues. 

 

The first direct evidence of an interaction between ACC and AMPK emerged in 

1996 when Winder and Hardie (200) demonstrated in vitro that ACC purified from rat 

gastrocnemius and quadriceps was phosphorylated by purified rat liver AMPK in the 

presence of ATP and the extent of phosphorylation was enhanced by AMP.  Coordinate 

regulation of AMPK and ACC was also demonstrated in vivo in rodent red quadriceps 

muscle after a short-term (up to 30 min) treadmill exercise bout where AMPK activity 

was increased by 5 min and sustained over 30 min, which was accompanied by sustained 

decreases in ACC activity and malonyl-CoA content, all occurring by 5 min (200).  

However, it was not known whether changes in ACC activity were contraction-mediated 

(ie. due to changes in Ca2+ and/or increased AMP) or attributed to hormonal changes 

(increased epinephrine) that occur during exercise.  Further investigation using in situ 

electrical stimulation of the hindlimb of rats allowed for the isolation of contraction-

mediated effects with no associated changes in epinephrine and allowed for the 

contralateral leg to act as a control.  Indeed, in situ electrical stimulation showed a rapid 

(5 min) decrease in ACC activity, leading to decreased malonyl-CoA content (10 min) in 

the gastrocnemius-plantaris muscle group.  However these changes were not concurrent 

with increased upstream AMPK activity, which was not significantly increased until 20 

min of electrical stimulation (92).  The reasons for this disparity may not have been due 

to a lack of regulation of ACC by AMPK. Small, undetectable increases in AMPK 
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phosphorylation and activity may lead to rapid and amplified ACC activity.  Possibly 

more important was the estimated free AMP concentration that increased early in the 

protocol (10 min), suggesting that allosteric activation of AMPK by the increased 

AMP:ATP ratio is also an important regulator of AMPK.  Allosteric regulation of AMPK 

is not quantifiable after tissue lysis and protein extraction.  The AMPK-SAMS activity 

assay is an important and valid technique for examining AMPK regulation of 

ACC/malonyl-CoA and FA oxidation, however, the assay only measures activity 

attributed to the increased phosphorylation state of AMPK. 

 

Changes in malonyl-CoA content are also regulated by malonyl-CoA 

decarboxylase (MCD), which is seldom measured in skeletal muscle.  Therefore, most 

studies have typically only examined the synthesis rates of malonyl-CoA (ie. ACC) and 

negated the degradation rates via MCD. The few studies that have examined MCD in rat 

skeletal muscle have shown that MCD degrades malonyl-CoA and is regulated by AMPK 

activation with in situ contraction (154), treadmill exercise (137) and AICAR (154).  

Activity of MCD is similar to ACC activity in soleus muscle (3), and AMPK 

coordinately deactivates ACC and activates MCD (137), allowing for dual control of 

malonyl-CoA content. 

 

Although malonyl-CoA content decreases during exercise in rat skeletal muscle, 

there is much speculation as to the extent to which malonyl-CoA plays a role in the 

regulation of FA oxidation in both rat and human skeletal muscle during exercise.  

Resting values of malonyl-CoA in human muscle are ~1/10 of that in rat muscle (~0.2 
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nmol/g in human muscle vs. ~1.5-2 nmol/g in rat muscle) (9, 43, 134).  Furthermore, the 

IC50 concentration of malonyl-CoA for CPT-I is ~34 nM (121), suggesting that CPT-I is 

maximally inhibited even at rest and reductions in malonyl-CoA would not further impact 

FA oxidation rates.  In human muscle, malonyl-CoA content decreases only modestly at 

the onset of low intensity exercise (1 min; 35% VO2max) but returns to rest values after 10 

min (135) and remains unchanged during moderate intensity exercise in humans (134, 

135), where fat utilization is predominant.  At higher intensity exercise outputs, an 

expected increase in malonyl-CoA to inhibit FA oxidation does not occur (135) and even 

modest decreases (-12-17%) in malonyl-CoA content has been observed (43), suggesting 

that malonyl-CoA does not diminish FA oxidation at high power outputs.  

Compartmentalization of malonyl-CoA is possible, as malonyl-CoA content is typically 

measured in whole muscle homogenate and raises the possibility that there may be a shift 

in sensitivity of local mitochondrial concentrations of malonyl-CoA that would interact 

with CPT-I. 

 



 

 15 

Figure 2: AMPK Regulation of Fat and Carbohydrate (CHO) Metabolism 
AMPK activation leads to increased GLUT4 translocation and increased glucose uptake, 
and the stimulation of energy producing pathways, including FA oxidation, while 
inhibiting energy consuming pathways, such as TAG synthesis.  Less known are the 
effects of AMPK on important rate-limiting enzymes, such as pyruvate dehydrogenase 
(PDH) activity and subsequent glucose oxidation.  AMPK regulation of hormone 
sensitive lipase (HSL) is poorly understood, as it appears that AICAR activation of 
AMPK inhibits HSL. 
 
 
Regulation of Fat and Carbohydrate Fuel Selection in Skeletal Muscle 

Skeletal muscle is a major contributor to whole-body energy metabolism, 

accounting for >80% of total insulin-stimulated glucose disposal, and predominantly 

utilizes FA during fasting and low- to moderate-intensity exercise (151).  With evidence 

suggesting that AMPK is a component of an important energy-sensing system, this 

protein kinase cascade offered a more contemporary hypothesis for substrate selection in 

skeletal muscle.  This differed from the traditional glucose fatty-acid cycle originally 

proposed by Randle et al (144) in 1963 to explain the substrate-driven reciprocal 
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relationship between rates of glucose and FA oxidation. In certain states such as fasting, 

starvation and diabetes, FA released from adipose tissue stores increase and accumulation 

of plasma FA and ketone bodies from incomplete hepatic FA oxidation occurs.  These 

FA and ketone bodies are available for uptake and preferential use by muscle.  In studies 

mainly conducted in heart and diaphragm muscle, four main regulatory steps in CHO 

metabolism were identified as being inhibited by increased FA and ketone bodies through 

the accumulation of their respective allosteric inhibitors.  These included membrane 

transport (inhibition of hexokinase (HK)), phosphorylation of glucose (hexokinase 

reaction, by an increase in glucose-6-phosphate, G-6-P), phosphofructokinase (PFK) 

activity (inhibition by increased cytosolic citrate), and pyruvate dehydrogenase (PDH) 

activity (mediated by increased [acetyl-CoA]/[CoA]).   

 

Since the original glucose-fatty acid cycle hypothesis was proposed, there has 

been much debate as to the extent to which this reciprocal substrate-driven cycle may 

regulate glucose and FA oxidation in skeletal muscle. Cardiac and diaphragm muscle 

differ from skeletal muscle as they display high oxidative capacity, and a significant 

ability to oxidize exogenous FA and regulate substrate use based on constant contractile 

activity. Skeletal muscle is a dynamic tissue, which is not as oxidative and must respond 

to sudden changes in energy utilization (rest to contraction).  There is evidence that this 

cycle may be occurring at rest, as a select number of in vivo studies in healthy humans 

have shown that elevated plasma FA levels inhibit whole-body glucose disposal during 

hyper- and euglycemic hyperinsulinemic clamps (104, 149). On the contrary, a number of 

studies in healthy (207), obese (14) and diabetic (15) humans have failed to demonstrate 
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similar effects of elevated FA inhibiting whole-body glucose metabolism at rest. 

Furthermore, extrapolating these results to skeletal muscle, especially contracting skeletal 

muscle, is presumptuous. The classic study to support the existence of the glucose fatty-

acid cycle in contracting perfused rat hindlimb muscle is that by Rennie & Holloszy in 

1977 (147).  However, many subsequent studies have failed to support the operation of 

this cycle in contracting muscle in both rodent (52, 53, 55) and human (54) models, 

where it is clear that elevations in citrate and acetyl-CoA content are not responsible for 

decreased CHO utilization.  Pooled data from short-term intense exercise protocols in 

humans suggest that increased FA may spare glycogen by regulating the post-

transformational modification of glycogen phosphorylase through changes in high-energy 

phosphates (AMP, ADP, Pi) (52, 54). 

 

Therefore, a more contemporary hypothesis of the regulation of glucose and FA 

metabolism in contracting skeletal muscle may be mediated by changes in the energy 

charge (activation of AMPK through increased AMP:ATP ratio) and fine-tuning with 

substrate changes (ie. malonyl-CoA). 

 

Acute AMPK Regulation and Substrate Use in Resting Skeletal Muscle 

i) Regulation of Intramuscular Triacylglycerol 

The study of acute AMPK regulation of metabolism has been made possible by 

the development of a cell-permeable AMPK activator, 5-aminoimidazole-4-carboxamide 

ribonucleoside (AICAR). AICAR enters the cell and is phosphorylated by adenylate 

kinase to form the AMP analogue, 5-aminoimidazole-4-carboxamide ribonucleoside 
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monophosphate (termed ZMP). This phosphorylated ZMP compound is sustained at high 

levels within the cell (125) and mimics the increased AMP:ATP ratio observed during 

metabolic stress (hypoxia, contraction, exercise) (Figure 2) (153) and has been shown to 

activate purified AMPK in vitro (40). Early studies in rat hepatocytes (40) and adipocytes  

(40, 181) demonstrated that incubation with AICAR resulted in 3- to 8-fold increased 

AMPK activity, decreased lipid synthesis and inhibited lipolysis induced by the β-

adrenergic agonist isoprenaline.  At least some of AICAR’s effects in these cells were 

shown to be due to increased phosphorylation and inactivation of known targets of 

activated AMPK, HMG-CoA reductase in hepatocytes (40) and ACC in hepatocytes and 

adipocytes (181).  Adipocyte hormone sensitive lipase (HSL) contains two 

phosphorylation sites, the basal (Ser565) and cAMP-dependent protein kinase (protein 

kinase A) regulatory (Ser 563) sites and it was further postulated that AMPK may be 

phosphorylating the basal site, thereby modifying the activity of HSL during times of 

adrenergic stimulation and playing an anti-lipolytic role in vivo (181).  However, 

regulation of skeletal muscle TAG hydrolysis is poorly understood.  A muscle-specific 

isoform of HSL has been identified (110) and is activated by both epinephrine (109) and 

contraction (111), in at least a partially additive manner, suggesting regulation by distinct 

mechanisms.  Skeletal muscle AICAR-stimulated AMPK activation would be expected to 

stimulate intramuscular TAG hydrolysis and subsequent FA oxidation for energy 

production.  Paradoxically, AICAR treatment has been shown to inhibit epinephrine-

stimulated HSL activation in L6 myotubes (193) and an anti-lipolytic effect of AICAR 

treatment has been demonstrated in rat soleus muscle (3) and in C2C12 myotubes (130).  
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ii) Regulation of FA Oxidation 

The first evidence of a direct link between a decrease in malonyl-CoA content, 

and an increase in FA oxidation in skeletal muscle was with the use of AICAR.  AICAR 

decreases malonyl-CoA content in isolated soleus muscle (3), similar to the known 

effects of treadmill exercise (200) and in situ muscle contraction (92) in rats.  Merrill et 

al. (126) showed that during a 45-minute rat hindlimb perfusion protocol, changes in 

gastrocnemius-plantaris AMPK regulatory cascade (increased AMPK activity, decreased 

ACC activity and decreased malonyl-CoA) were associated with increased hindlimb FA 

oxidation by 15 minutes of AICAR exposure. Furthermore, AICAR treatment in highly 

oxidative mouse soleus muscle in vitro increased FA oxidation while simultaneously 

inhibiting TAG synthesis (130). These effects were postulated to include both the 

AMPK-ACC-malonyl-CoA axis to partition FA to oxidation, and the inhibition of 

mitochondrial sn-glycerol-3-phosphate acyltransferase (GPAT) (Figure 2). GPAT is 

thought to be the first committed step in TAG synthesis, although this was only 

demonstrated in isolated rat hepatocytes and not in intact muscle due to very low levels 

of GPAT expression in the latter tissue (130).  Further investigation of changes in 

malonyl-CoA content via stimulation with AICAR in isolated EDL led to a two-fold 

increase in MCD activity (154).  This suggests that activation of AMPK not only 

phosphorylates and inactivates ACC but also phosphorylates and activates MCD, 

allowing for dual control of malonyl-CoA content and FA oxidation in muscle. 
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iii) Regulation of Glucose Uptake 

Also important was the finding that AICAR simultaneously increased glucose 

uptake (Figure 2) into hindlimb muscles over the 45-minute protocol that demonstrated 

increased FA oxidation rates (126).  There has been debate as to the extent that AICAR 

activates AMPK and stimulates glucose uptake in specific muscle fiber types. Acute 

AICAR treatment increases AMPK activity 60-90 min after AICAR injections or 

infusions in glycolytic and oxidative muscle fibers (2, 12, 13, 97, 201). Subsequent 

stimulation of glucose uptake with AICAR in glycolytic muscle has been consistently 

shown both in vivo and in vitro (2, 8, 12, 97), while increased glucose uptake only seems 

to occur with in vivo infusion of AICAR in oxidative soleus and red gastrocnemius (RG) 

(12, 13).  This raises the possibility of the dissociation of AMPK activity from glucose 

uptake in oxidative skeletal muscle.  Nonetheless, AMPK activation may be increasing 

the ability of muscle to meet energy needs by stimulating both fatty acid oxidation and 

glucose uptake.  

 

Further study pertaining to AMPK regulation of glucose uptake has involved the 

use of the putative AMPK inhibitors, adenosine 9-β-D-arabunofuranoside (araA) and 

iodotubercidin.  Preincubation with araA and iodotubercidin decreased AICAR-induced 

AMPKα2 activity (131) and decreased 3-O-methyl-glucose uptake (3-O-MG) in isolated 

rat epitrochlearis muscle (131) and isolated rat ventricular papillary muscle (152).  

Insulin-stimulated glucose uptake involves an insulin receptor-associated PI3-kinase 

mechanism, and both of these putative inhibitors had no effect on insulin-stimulated 
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glucose uptake in ventricular papillary muscle (152), suggesting that AMPK activation 

during metabolic stress and subsequent increases in glucose uptake are independent of the 

PI3-kinase signaling pathway.  This PI3-kinase independent pathway has also been 

shown with the combination of AICAR and wortmannin, a specific PI3-kinase inhibitor 

(78).  However, the specificity of these putative AMPK inhibitors has been a matter of 

debate.  Specifically, iodotubercidin also inhibits basal (no AICAR) AMPKα2 activity 

and contraction-stimulated 3-O-MG uptake is inhibited with araA but not iodotubercidin 

(131), suggesting that these substances may have non-specific effects on regulatory steps 

in basal and contraction-stimulated conditions. 

 

iv) Regulation of Glucose Oxidation 

Few studies have specifically examined the effect of AICAR on subsequent 

glucose oxidation.  In isolated human endothelial cells, AICAR simultaneously increased 

both FA and glucose oxidation, leading to an increase in ATP provision (41).  The only 

study to date using isolated skeletal muscle showed that 60 min of AICAR exposure in 

oxidative soleus muscle from fed rats decreased glucose oxidation secondary to an 

increase in FA oxidation (ie. glucose fatty-acid cycle) (100).  However, teleologically, 

one would expect that in response to a decrease in cellular energy charge, AMPK 

activation would simultaneously increase ATP production from both FA and glucose 

oxidation in skeletal muscle. 

 



 

 22 

v) Acute AMPK Regulation of Gene and Protein Expression 

AMPK signaling has been shown to be involved in rapid, short-term mRNA and 

protein synthesis regulation that may be involved in altering metabolic function under 

conditions of fuel depletion, such as fasting and exercise.  Specifically, AICAR treatment 

in isolated EDL muscle (217) or after a single subcutaneous AICAR injection (177) 

increases uncoupling protein-3 (UCP-3) (177, 217) and hexokinase (HK)-II (177) 

mRNA, and UCP-3 protein expression in as little as 30 minutes (217).  Longer-term 

upregulation of GLUT4 mRNA 13 hours after a subcutaneous AICAR injection has also 

been demonstrated in white and red quadriceps, but not soleus muscle (215).  These data 

suggests rapid AMPK-mediated upregulation of genes involved in increased uptake and 

metabolism of FA and glucose. 

 

Chronic AMPK Regulation and Substrate Use in Resting Skeletal Muscle 

AMPK is activated during exercise (200) and is associated with increased glucose 

uptake and FA metabolism in skeletal muscle.  Therefore, it has been suggested that 

chronic effects of endurance exercise that increase insulin sensitivity may be reproduced 

by repeated injections of AICAR in rats.  Chronic AICAR treatment (daily injections, 

ranging from 5 days (28, 84, 97) to 2 (184) or 4 (201) weeks) has multiple effects on rat 

skeletal muscle, including increased total muscle GLUT4 protein expression (84, 97, 

201), increased insulin-stimulated plasma membrane GLUT4 protein content (28), 

increased insulin-stimulated glucose uptake (28, 97), increased HK protein content (84, 

201) and increased glycogen content (84). 
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The potential for increased mitochondrial biogenesis and oxidative capacity with 

chronic AICAR treatment has also been observed with increased PPARgamma-

coactivator-1α (PGC-1α) protein content (184), increased activity of mitochondrial 

enzymes (201), increased UCP-3 as well as changes in fiber type composition in EDL 

with decreased percentage of Type IIb (fast glycolytic) and concomitant increases in 

Type IIa (fast oxidative-glycolytic) fibers (184). 

 

Additionally, chronic AICAR administration in models of insulin resistance and 

diabetes have demonstrated beneficial effects on insulin sensitivity.  In insulin resistant 

obese Zucker rats, daily AICAR injections decreased fasting glucose and insulin, 

normalized oral glucose tolerance and increased insulin-stimulated glucose uptake and 

total muscle GLUT4 expression in mainly fast-twitch muscle fibers (27).  Additionally, 

obese Zucker rats showed decreased plasma triglycerides and free fatty acids, increased 

plasma HDL and decreased systolic blood pressure (27), suggesting that AICAR may be 

activating AMPK in other tissues such as liver.  As well, in ob/ob and db/db mice, 

AICAR (2x/day for 8 days) decreased blood glucose concentrations and increased total 

GLUT4 protein content in muscle, although this was accompanied by increased serum 

TG content (70).  This raises potential safety concerns of AICAR as a pharmacological 

activator of AMPK, as large doses are required (at least 1mg/g body weight) and the 

potential for effects in multiple tissues, especially the liver, as AICAR induces liver 

hypertrophy (201).  Nonetheless, chronic effects of exercise have been mimicked with 

AICAR injections and this has raised the possibility of the use of AMPK activators in 

treating individuals with T2DM. 
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AMPK Regulation of Metabolism During Muscle Contraction and Exercise 

 

Acute AMPK Regulation and Substrate Use During Contraction & Exercise 

i) Regulation of FA Oxidation 

Early studies in rats showed that treadmill exercise decreased malonyl-CoA levels 

(198) was due to concomitant activation of AMPK, which subsequently phosphorylated 

and inactivated ACC (200) and provided strong evidence that AMPK activation could 

increase FA oxidation for ATP provision (125). However, AMPK may not be critical for 

the regulation of malonyl-CoA levels and subsequent FA oxidation during lower intensity 

muscle contraction (145) and exercise (131, 146, 198-200). In rats, malonyl-CoA levels 

decrease during moderate- to high-intensity treadmill exercise (21 m/min, 15% grade, at 

least 20 min) (198-200) and upon examination of different treadmill exercise intensities 

over 20 min (10, 20, 30, 40 m/min, 5% grade), it was suggested that although ACC 

activity and malonyl-CoA content decreased over all intensity levels in fast-twitch 

oxidative red quadriceps muscle, AMPK activity only increased at intensities above 20 

m/min (146).  This has also been confirmed in rats for a longer duration of one hour, 

demonstrating that AMPKα2 was only elevated after running at 32m/min, but not 18 

m/min (131).  In addition, low intensity electrical stimulation protocols in perfused rat 

hindquarters suggest that although malonyl-CoA is decreased (~50%) and FA oxidation 

is increased (~75%), AMPKα2 activity is not elevated (145).  

 

Whether the AMPK-ACC-malonyl-CoA axis is important in determining 

substrate utilization in humans is a matter of debate. Indeed, activation of AMPKα2 
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across different exercise intensities does not support AMPK having a major role in FA 

oxidation in humans. AMPKα2 activation has been observed during moderate- (above 

60% VO2max) (35) to high-exercise intensity (80-85% VO2max) (35, 206) exercise, 

whereas maximal rates of FA oxidation occur most prominently with lower intensity 

exercise (151).  Furthermore, calculated FA oxidation rates increase in parallel with ACC 

phosphorylation at low- and moderate-intensity exercise (35), suggesting that ACC is 

very sensitive to exercise and undetectable changes in AMPK may possibly be having an 

effect on the downstream signaling cascade.  In addition, resting levels of malonyl-CoA 

in humans are much lower than rats (43, 134) and malonyl-CoA levels do not decrease 

during 70 minutes of sub-maximal (~65% VO2max) cycling exercise (134).  

 

ii) Regulation of Glucose Uptake 

Merrill et al. demonstrated that AICAR stimulated glucose uptake in perfused rat 

hindlimb muscle (125), and provided the first evidence that the AMPK signaling pathway 

might be responsible for contraction-mediated increases in glucose uptake in skeletal 

muscle.  In isolated rat epitrochlearis muscle, glucose transport rates were increased with 

electrical stimulation, AICAR and insulin, whereas AMPK was activated by electrical 

stimulation and AICAR, but not with insulin (13, 78).  The combination of AICAR and 

insulin had additive effects on glucose uptake, and wortmannin (a specific PI3-kinase 

inhibitor) inhibited insulin-stimulated glucose uptake but had no effect on AICAR or 

contraction-stimulated glucose uptake.  These data, along with the lack of additivity of 

glucose uptake when AICAR and contraction were combined (12, 78) suggests that 
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AICAR and contraction stimulate glucose transport by similar insulin-independent 

mechanisms and that AMPK was involved in contraction-stimulated glucose uptake. 

 

However, there is much debate as to the extent to which AMPK is necessary for 

exercise-stimulated glucose transport in skeletal muscle.  A more robust 3- to 5-fold 

activation of AMPK has been observed in glycolytic epitrochlearis muscle (2), while 

more modest 2- to 3-fold AMPK activation in oxidative soleus muscle (78) is seen in 

short-term (10 min), tetanic contraction protocols.  In oxidative rat soleus muscle, 

AICAR did not increase 2-deoxyglucose transport or AMPK activity from fasted rats (2) 

whereas in soleus muscle from rats with high glycogen content, contraction increased 

glucose transport without any increases in AMPK activity (44).  More definitive evidence 

came from detailed studies by Mu et al. (128), who constructed transgenic mice 

expressing an inactive “dominant negative” AMPKα2 subunit mutant, which completely 

replaces the endogenous AMPKα1 and AMPKα2 subunits in the heterotrimeric 

αβγ complex.  Basal AMPK activity is almost undetectable in these mice and there is no 

increase in contraction-mediated AMPK activity; however, only AICAR- and hypoxia-

stimulated glucose uptake were completely abolished, while there was only a partial 

reduction in contraction-stimulated glucose uptake (128), suggesting that although 

AMPK has been shown to be involved in contraction-stimulated glucose transport, it is 

not necessary and there are likely other mechanisms that regulate this process, such as a 

Ca2+-mediated mechanism. 
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Chronic AMPK Regulation: Effects of Endurance Exercise 

AMPK has been suggested to be involved in some of the chronic adaptations to 

endurance training, such as increased mitochondrial content and increased respiratory 

capacity.  AMPK activity is decreased in rat (48) and human (133) muscle after prior 

exercise training, which is not due to differences in cellular energy charge (AMP, ATP), 

but rather might be due to increased glycogen stores observed in trained individuals.  

Acute elevation of glycogen by prior exercise and diet manipulation in rats is associated 

with reduced AMPK activation either with AICAR (204) or with exercise in humans 

(205).  The regulatory β-subunit of AMPK contains a glycogen-binding domain, which 

may interact with muscle glycogen to decrease the activity of AMPK when glycogen is 

plentiful.  This glycogen regulatory mechanism might allow for the interplay between the 

allosteric (AMP/ATP) regulation of glycogenolysis through glycogen phosphorylase and 

PFK, without allowing for AMPK activation, ensuring that when glycogen stores are 

plentiful, they are preferentially used for ATP synthesis.  When glycogen stores deplete, 

however, AMPK is activated and blood-borne glucose and FA may be oxidized for 

energy (71). 

 

Although little is known regarding the underlying mechanisms that induce chronic 

adaptations from endurance training, it is plausible that increases in mitochondria and 

GLUT4 may be AMPK-mediated.  AMPK may be involved in activation of gene 

transcription, as AMPKα2-containing isoforms are known to localize to the nucleus (2).   

PGC-1α is an important gene transcription coactivator involved in mitochondrial 

biogenesis, and PGC-1α mRNA in rat epitrochlearis muscle increases after an acute 6-



 

 28 

hour swimming exercise bout, which was associated with a four-fold activation of AMPK 

(185) and is sustained during short-term exercise training up to seven days (68).  These 

sustained changes in PGC-1α mRNA are associated with increased levels of 

mitochondrial enzyme and GLUT4 protein expression in as early as five days (7) and 

suggests that AMPK may be involved in the mechanisms that allow for greater substrate 

utilization after endurance training. 

 

Mechanisms of Skeletal Muscle Insulin Resistance: Association with Obesity and 

Type 2 Diabetes 

 

Prevalence and diagnosis of diabetes 

Type 2 diabetes mellitus (T2DM) is the most common chronic metabolic disease 

in Western society (106), with a prevalence of 4.8% in Canada.  Data from the National 

Diabetes Surveillance System, National Population Health Survey, and the Canadian 

Community Health Survey estimate 1,128,500 cases of diabetes diagnosed by health 

professionals in Canada; however, with an estimated one-third of cases that remained 

undiagnosed, up to 1.7 million Canadians are estimated to be living with diabetes (79).  

The diagnosis of diabetes is made in an individual displaying one of the following 

criteria; 1) symptoms of diabetes (including fatigue, excessive thirst, excessive urination, 

unexplained weight loss) plus a casual plasma glucose value ≥11.1 mmol/L; or 2) fasting 

plasma glucose values (+6 hr) ≥7.0 mmol/L; or 3) a 2-hour oral glucose tolerance test 

(OGTT) plasma glucose value ≥11.1 mmol/L (123).  Independent risk factors for T2DM 

include being overweight, physical inactivity, smoking and high blood pressure.  Among 
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individuals with self-reported diabetes, 74.3% are overweight and 65.1% are inactive 

(79), suggesting that increasing rates of obesity may be linked to the development of 

diabetes.  These modifiable risk factors may also play a role in preventing diabetes and 

decreasing the burden of diabetes-related complications of the kidneys, eyes and 

vasculature.  Indeed, the economic burden of diabetes is estimated at $1.6 billion in direct 

and indirect health care costs (79), indicating that steps need to be taken to decrease the 

prevalence of T2DM. 

 

Abnormalities in fat metabolism and the pathogenesis of insulin resistance in skeletal 

muscle 

The mechanisms of the development of T2DM are not fully understood but may 

involve at least three stages including 1) insulin resistance, characterized by normal or 

elevated insulin levels (hyperinsulinemia) to overcome resistance and maintain 

normoglycemia; 2) post-prandial hyperglycemia, as the pancreas cannot produce enough 

insulin in response to a glucose load; and 3) fasting hyperglycemia, impairing or 

destroying beta cells, leading to reduced insulin production and full-blown diabetes (4).  

It is the insulin resistant stage that is the focus of much research into the underlying 

mechanisms that prevent insulin signaling to increase glucose uptake and utilization in 

muscle in overweight and obese states.  It is becoming increasingly apparent that defects 

in skeletal muscle FA metabolism are involved.  At the level of FA uptake, the putative 

transporter, fatty acid translocase/CD36 (FAT/CD36) protein content at the plasma 

membrane is higher in obese Zucker rats (117) and obese humans (21).  Also of particular 

interest is the role that the accumulation of reactive lipid species and the reduced capacity 
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for FA oxidation in skeletal muscle appear to play in the etiology of obesity-related 

insulin resistance. 

 

i) Muscle Lipid Accumulation 

The accumulation of intramuscular TAG was originally thought to be associated 

with insulin resistance in both high-fat (HF) fed rats (178) and humans (136).  However, 

during in vitro muscle contractions of rat muscle, FA are both oxidized and esterified into 

TAG at high rates (49) and increased TAG synthesis rates are seen at rest in rat soleus 

muscle after 8 weeks of endurance training (50).  Furthermore, the paradoxical findings 

that endurance-trained athletes actually have increased insulin sensitivity and oxidative 

capacity, despite elevated skeletal muscle TAG (65) suggest that it is likely that elevated 

TAG stores may only be a marker of dysfunctional muscle FA metabolism in sedentary 

and obese individuals.  The accumulation of more reactive lipid intermediates, such as 

diacylglycerol (DAG) and ceramide may be the more likely mechanistic link for insulin 

resistance associated with obesity.  Indeed, acute insulin resistance can be induced by 

elevating plasma FA with the infusion of Intralipid/heparin during hyperinsulinemic-

euglycemic clamp conditions in as little as 3-6 hours (18, 69, 95, 149).  As well, chronic 

insulin resistance can be induced in rodents on a HF diet in as little as 3-4 weeks (11, 

187).  Acute and chronic FA exposure is suggested to inhibit insulin-stimulated glucose 

transport and/or glucose phosphorylation (19, 149) and is thought to be related to the 

increase in DAG and ceramide content (Figure 3), which disrupt the insulin-signaling 

pathway. 

 



 

 31 

 

 

Figure 3: Proposed mechanism of inhibition of the insulin-signaling pathway by 
diacylglycerol (DAG)/protein kinase C (PKC) and ceramide 
Insulin binds to the insulin receptor and induces autophosphorylation of tyrosine (Tyr-P) 
residues and activates IRS-1, thus stimulating a cascade of reactions that activate GLUT4 
translocation and glucose uptake.  An increase in DAG content is postulated to 
allosterically activate certain PKC isoforms in muscle.  Activated PKC induces 
phosphorylation of serine (Ser-P) resides on the insulin receptor or IRS-1 and disrupts 
insulin signaling.  Ceramide is formed via two major pathways 1) through serine 
palmitoyl transferase (SPT) and 2) through de novo synthesis from sphingomyelin.  
Ceramide is postulated to inhibit downstream components of the insulin-signaling 
pathway, namely Akt/protein kinase B (PKB).  Both DAG and ceramide are increased in 
insulin resistant states and disruptions of the insulin-signaling pathway are thought to 
inhibit GLUT4 translocation and glucose uptake. 
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Specifically, DAG species are allosteric activators of protein kinase C (PKC) 

isoforms and increased DAG content have been observed acutely over 6 hours of lipid 

infusion (95) and in chronic insulin resistant states, such as HF- fed rats (11, 160), obese 

Zucker rats (190) and obese humans (25).  Specific isoforms of PKC have been suggested 

to be translocated to the cell membrane and activated by DAG in skeletal muscle in 

insulin resistant states.  Notably, PKCθ (11, 69) and PKCε (11, 160) in rats and PKCβ 

and PKCδ in humans (95) translocate to the plasma membrane and are activated during 

acute lipid infusion. Subsequent PKC phosphorylation of Ser/Thr residues of insulin 

receptor substrate-1 (IRS-1) occurs, thereby interrupting insulin-stimulated tyrosine 

phosphorylation of IRS-1 (95, 218). 

 

Ceramide species are part of a specific plasma membrane sphingomyelin-

signaling pathway and are thought to be specific second messengers in this system.   

Total skeletal muscle ceramide content is negatively associated with insulin sensitivity 

(179). Furthermore, with acute Intralipid/heparin infusion in humans, a decrease in 

insulin sensitivity is observed (-25%) which was accompanied by ~50% increase in 

ceramide content (179). Chronically, increased skeletal muscle ceramide content is 

observed in models of insulin resistance, including obese Zucker rats (190) and obese 

humans (1).  Ceramides cause insulin resistance by inhibiting more distal components of 

the insulin-signaling pathway, specifically Akt/protein kinase B (PKB) (161, 182). 
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 ii) Muscle Oxidative Capacity in Obese, Insulin Resistant States 

Obesity-related, insulin resistant states are characterized by an impaired capacity 

to oxidize FA in skeletal muscle, which appears to exacerbate lipid accumulation in 

skeletal muscle. Insulin sensitivity is significantly correlated with muscle oxidative 

capacity (23) and shown to be a better predictor of insulin sensitivity than TAG stores in 

obesity, T2DM and with training (23, 66, 124, 148).  Indices of oxidative capacity are 

reduced, including a decrease in Type I muscle fibers (83) mitochondrial content (86) and 

function (103), CPT-I activity (25, 101, 105, 162) and oxidative enzyme capacity (25, 

162), as well as increased cytoplasmic fatty acid binding protein (FABPc) and plasma 

membrane fatty acid binging protein (FABPpm) (162). In support of this, initial studies 

by Kelley et al. suggested that fasting FA oxidation in obese subjects (BMI ~33-34 

kg/m2) was reduced despite similar FA uptake across the leg (101).  However, subsequent 

studies directly examining skeletal muscle FA metabolism (intact muscle strips, 

homogenates) suggests that there may be a “threshold” of decreased FA oxidation seen in 

morbidly obese (BMI ~40-53 kg/m2) (89, 105), but not modestly obese subjects (BMI 

~30-34 kg/m2) (89, 175).  The increased adiposity may have even more severe, 

detrimental effects on muscle oxidative capacity. 

 

iii) Exercise and Endurance Training Interventions as a Proposed Mechanism to 

Increase Insulin Sensitivity in Obese, Insulin Resistant States 

 

Dietary-induced weight loss does not appear to be sufficient to correct insulin 

resistance in obese states (67), as accompanying endurance training interventions appear 



 

 34 

to be an important factor in increasing insulin sensitivity (66).  It is suggested that 

exercise interventions that increase insulin sensitivity involve both reducing the 

accumulation of reactive lipid species and increasing FA oxidation (oxidative capacity) in 

muscle.  Indeed, prolonged acute exercise (46) and exercise training (47) decreases the 

content and composition of ceramides in rat skeletal muscle.  Furthermore, one-legged 

exercise training in healthy subjects (80) and cycling exercise in obese (25) subjects has 

shown no differences in TAG composition, but rather increases in polyunsaturated 

structural phospholipids (80) and reductions in total DAG and ceramide content (25) have 

been observed.  

 

Furthermore, increased mitochondrial FA oxidation, CPT-I activity and insulin 

sensitivity have been observed in obese subjects after training (25).  Interestingly, 

increased FA utilization after training in obese subjects may not only require CPT-I, but 

also FAT/CD36, which has been shown to increase localization with CPT-I after a diet 

and exercise weight loss regime (-12 ± 0.1 % body weight loss, -9.1 ± 2.0 % body fat 

loss), potentially leading to increased FA oxidation rates (159).  

 

Whether AMPK signaling is related to decreased reactive lipid intermediates and 

increased oxidative capacity in skeletal muscle is a matter of debate.  In healthy rats 

undergoing a moderate intensity treadmill exercise protocol, an increase in the regulatory 

AMPKγ3 isoform was seen only in oxidative red quadriceps muscle (48).  On the other 

hand, in healthy humans who participated in 3 weeks of one-legged knee-extensor 

exercise training, increases in catalytic AMPKα1 and AMPKα2 activity, coinciding with 
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increased AMPKα phosphorylation and increased ACC phosphorylation were observed 

(60).  Obese, insulin resistant rodents have abnormalities in the LKB-1-AMPK-PGC-1α 

pathway in skeletal muscle, including decreased LKB-1 expression, decreased AMPKα 

and ACC phosphorylation and decreased PGC-1α protein expression (170).  With 

training, LKB-1, AMPKα1 and PGC-1α protein content increases (170).  In addition, a 

12-week training program in healthy subjects decreased malonyl-CoA, increased the 

activity of MCD and increased PGC-1α protein expression without any observed changes 

in AMPK phosphorylation (108), suggesting that changes downstream of AMPK can 

persist and may be related to increased FA oxidation. 

 

iv) Roles of Adipokines and Anti-diabetic Agents in Insulin Resistance, Obesity and Type 

2 Diabetes 

 

Adipokines. Our understanding of adipocyte biology has changed substantially over the 

past decade, as evidence has emerged to suggest that adipose tissue is not simply an inert 

organ that stores TAG.  Rather, adipose tissue is also an endocrine organ that secretes a 

large number of hormones, adipokines and lipids, which exert regulatory effects on 

energy homeostasis/body weight, and glucose and fat metabolism in multiple tissues.  A 

number of these factors, termed adipokines, have been discovered, including tumor 

necrosis factor-α (TNF-α) and resistin, thought to play a role in insulin resistance.  On 

the other hand, leptin and adiponectin are suggested to regulate FA oxidation and 

accumulation in muscle, thereby increasing insulin sensitivity and potentially having 

effects on reactive lipid species. 
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Leptin (127, 129, 172, 174) and adiponectin (24, 186, 210) stimulate skeletal 

muscle FA oxidation and leptin also prevents lipid accumulation by decreasing TAG 

esterification (129, 172).  These effects have been shown to be mediated, at least in part, 

through the activation of AMPK (24, 127, 210).  The partitioning of FA to oxidation may 

be part of the insulin sensitizing effect that leptin (98, 163) and adiponectin (24) have in 

muscle, as it is likely that these adipokines may also have effects on reactive lipid 

intermediates, DAG and ceramide.  Studies of rats fed a HF diet for 4 weeks (172) and 

studies in rectus abdominus muscle obtained from obese humans subjects suggest that 

leptin- (174) and adiponectin-stimulated (24) FA oxidation is impaired (ie. leptin and 

adiponectin resistance) and this may be a factor in the development of insulin resistance 

in skeletal muscle.  Indeed, plasma levels of leptin are increased, suggesting resistance 

(87, 119, 122) while levels of adiponectin are decreased (5, 195) in obese humans.  

Additionally, although the treatment of recombinant leptin was originally proposed to 

induce weight loss in obese subjects, this was a variable effect only seen at high doses of 

leptin (~20-fold increases) (82).  Lifestyle factors (diet, exercise) may play a role in at 

least partially reversing leptin resistance, as observed in HF-fed rats in which a small 

proportion of fat is replaced by omega-3 polyunsaturated FA (172) and in endurance 

trained HF-fed rats (176). 

 

Anti-diabetic drugs. Interest in the AMPK pathway for the treatment of T2DM has 

emerged since the discovery that AMPK is indirectly activated by metformin (61, 216) 

and thiazolidinediones (TZDs), including rosiglitazone (61) and troglitazone (113).   
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Although metformin (dimethylbiguanide⋅hydrochloride) has been prescribed as an 

anti-diabetic drug for many years, its mechanism of action has remained elusive. 

Bioavailability of metformin is suggested to be ~40-60% (158) and liver concentrations > 

180 µM can be achieved in rats after a 50 mg/kg dose, which is lower than doses typical 

required for efficacy in diabetic rats (> 100 mg/kg) (216).  Many of metformin’s effects 

are proposed to be mediated through enhanced insulin sensitivity of the liver, primarily 

due to decreased hepatic glucose output, but limited evidence of increased insulin-

stimulated glucose uptake (22, 216) have also been reported.  Recent evidence suggests 

that metformin’s effects may be due, at least in part, to the activation of AMPK in liver 

(37, 76, 211, 216) as well as skeletal muscle (61, 132, 216). Acute activation (ie. 6-24 

hours) of the AMPK cascade in muscle cell culture (61) and liver (76) is thought to be 

mediated through an adenine nucleotide-independent mechanism (61, 76). However, 

prevention of acute lipid-induced (5 hr lipid infusion) insulin resistance in rodents with 

one-week prior treatment of metformin (and the TZD, rosiglitazone, below) was 

associated with changes in liver, but not muscle and adipose tissue AMPK activity (37, 

211).  The length of time of chronic treatment of metformin might be of importance for 

AMPK activation, as metformin treatment in human subjects with T2DM (initially 500 

mg/day, increased to 2g/day) increased AMPKα2 activity by 4 weeks (+52%) and up to 

10 weeks (+80%) (132).  This activation was associated with increased AMPKα 

phosphorylation (Thr172), and decreased ACC activity, likely due to a decrease in 

muscle energy charge (decreased ATP at 4 weeks; decreased PCr at 10 weeks) (132), 

indicating a possible adenine nucleotide-dependent mechanism in humans.  The proposed 
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mechanism that may explain both metformin (56) and TZD (26) activation of AMPK is 

through the inhibition of Complex I of the respiratory chain, potentially resulting in 

inhibition of ATP production (ie increased AMP:ATP ratio). 

 

There is controversy regarding metformin’s acute effects on FA metabolism. With 

the use of adenoviral-mediated expression of both constitutively active and kinase-dead 

AMPKα in human HepG2 hepatocytes, AMPK phosphorylation has been shown to be a 

necessary component of metformin’s effects to decrease intracellular TAG levels (214).  

An increase in FA oxidation in hepatocytes has been shown in as little as 4 hours (216), 

while another study found no effect on FA oxidation or TAG esterification in hepatocytes 

(62).  There is a paucity of data regarding metformin’s direct effects on skeletal muscle 

FA metabolism.  A recent study suggests that metformin activation of AMPKα2 in 

skeletal muscle may have direct muscle effects on FA metabolism (38). Metformin 

prevented the insulin-induced suppression of FA oxidation in oxidative SOL and also 

suppressed insulin-stimulated incorporation into TAG in glycolytic epitrochlearis muscle 

(38).  These direct alterations in FA metabolism in muscle may be part of the mechanism 

by which metformin increases glucose uptake and insulin sensitivity in muscle. 

 

A newer class of anti-diabetic drugs, the TZDs, are insulin-sensitizing agents used 

to treat T2DM.  Their proposed mechanism of action in skeletal muscle was traditionally 

thought to be secondary to effects in adipose tissue, as TZDs are agonists of the nuclear 

transcription factor, peroxisome proliferator-activated receptor-γ, (PPARγ), which is 

almost exclusively expressed in adipose tissue.  PPARγ increases insulin sensitivity 
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through changes in gene transcription that increase adipocyte differentiation (166), thus 

decreasing FA release and increasing adiponectin plasma levels in lean, obese and 

diabetic subjects (212), and stimulating AMPK and FA oxidation in skeletal muscle (24, 

210).  Whether PPARγ is directly involved with insulin sensitivity in skeletal muscle is a 

matter of debate, as PPARγ is expressed in very low levels (166).  Muscle-specific 

PPARγ deletion causes insulin resistance in mice, which was not reversed with 3 weeks 

of TZD treatment (81). However, rosiglitazone incubation in cell culture derived from 

human skeletal muscle (61) and troglitazone in isolated rat EDL (113) activate AMPK by 

an increase in the AMP:ATP ratio (61, 113) and increase glucose uptake in muscle (113).  

Furthermore, it is likely that TZDs have an effect on skeletal muscle FA metabolism, as 2 

weeks of troglitazone treatment increased FA oxidation in isolated SOL muscle from 

male Zucker diabetic fatty (ZDF) rats (93).  Interestingly, cultured muscle cells from 

subjects with T2DM demonstrate a decrease in FA uptake compared to cells cultured 

from healthy subjects, and exposure to chronic (4 days) TZDs, normalized FA uptake, 

increased FA oxidation, which was associated with increased FAT/CD36 protein 

expression (197), suggesting increased oxidative capacity. 



 

 40 

CHAPTER 2: STATEMENT OF THE PROBLEM AND RATIONALE FOR THE STUDIES 
 

 

The primary purpose of this thesis was to examine the acute and chronic effects of 

AMPK activation on skeletal muscle FA and glucose metabolism in rodent skeletal 

muscle. 

 

The initial studies of this thesis investigated the acute effects of AMPK activation 

on FA and glucose oxidation, both at rest and during tetanic contraction in isolated rat 

soleus muscle.  Previous studies have been limited and equivocal in determining whether 

AMPK activation with AICAR leads to simultaneous increases in FA and glucose 

oxidation.  With AMPK proposed to be an important regulatory enzyme sensing changes 

in energy status through increases in the AMP:ATP and Cr:PCr ratio, it would seem 

teleological that AMPK would upregulate ATP provision from all available energy 

sources.  Also, the regulation of endogenous TAG metabolism is poorly understood.  

Specifically, AICAR activation of AMPK has a paradoxical anti-lipolytic effect in 

hepatocytes and adipocytes (40, 181) and inhibits isoprenaline-induced HSL activation in 

L6 myocytes (193).   Furthermore, the role of AMPK in contraction-mediated regulation 

of FA metabolism and glucose oxidation is a matter of debate, as data from low-intensity 

hindlimb muscle stimulation (145) and dominant inhibitory AMPK mutant mice strains 

(128) suggest that AMPK is only one factor in the regulation of substrate use in 

contracting skeletal muscle. Therefore, the acute (60 min) effects of AICAR treatment on 

FA metabolism and glucose oxidation, at rest and during contraction, were examined in 

isolated rat soleus muscle.  Regulation of AMPK was assessed with the AMPK-SAMS 
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activity assay.  FA metabolism was measured using the pulse-chase technique, which 

allows for the simultaneous determination of rates of endogenous and exogenous FA 

oxidation as well as esterification and hydrolysis of endogenous TAG.  To determine the 

mechanisms of substrate provision at rest, PDHa and its allosteric regulator, pyruvate 

were examined.  It was hypothesized in the studies at rest, that an AICAR-induced 

decrease in glucose oxidation that is secondary to a stimulation of FA oxidation should 

occur with adequate FA availability, but not lower FA levels when rates of oxidation 

are low.  The hypotheses in the contraction studies were that AICAR would increase 

AMPK activity above the threshold set by high intensity tetanic contraction; and 

furthermore, that the combination of AICAR and contraction would result in 

additional increases in FA and glucose oxidation.  Additionally, it was hypothesized 

that AICAR would inhibit TAG hydrolysis both at rest and during contraction. 

 

AMPK has also been proposed to be a potential therapeutic target for the 

alleviation of insulin resistance in obese states. In skeletal muscle, AMPK is activated by 

exercise (200, 206), adipokines (127, 210), antidiabetics such as metformin (132, 216) 

and TZDs (61, 113), all of which increase insulin sensitivity.  Based on results from acute 

studies in this thesis, it was postulated that activators of AMPK (metformin, exercise or 

their combination) would prevent derangements in glucose homeostasis in the female 

ZDF rat, a HF diet, inducible model of diabetes; and further, to determine whether 

improvements may be related to changes in skeletal muscle FA metabolism and AMPK 

regulation.  Female ZDF rats were fed either a control diet or a diabetogenic, HF diet 

either alone or in combination with metformin supplemented in the food, treadmill 
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exercise or the combination of exercise and metformin for 8 weeks.  Insulin sensitivity 

was assessed by the examination of soleus muscle basal and insulin-stimulated glucose 

transport in vitro.  Additionally, acute (60 min) FA oxidation and esterification to TAG 

was assessed with 14C palmitate tracers in vitro and chronic changes in fat transporters 

and reactive lipid species were assessed in skeletal muscle. It was hypothesized that 

metformin and exercise, alone or in combination, would improve systemic glycemic 

control and skeletal muscle insulin-stimulated glucose transport.  Furthermore, 

improvements would be related to decreased FA uptake and improved partitioning of 

FA to oxidation and away from accumulation in skeletal muscle. 



 

 43 

CHAPTER 3: AMP-KINASE ACTIVATION WITH AICAR SIMULTANEOUSLY INCREASES 
FATTY ACID AND GLUCOSE OXIDATION IN RESTING RAT SOLEUS MUSCLE 

 
 

As published, with minor modifications: 
 
Angela C. Smith, Clinton R. Bruce, and David J. Dyck. AMP-kinase activation with 

AICAR simultaneously increases fatty acid and glucose oxidation in resting rat 
soleus muscle. J Physiol 565(2): 537-546, 2005. 

 
 

Introduction 

 
AMP-activated protein kinase (AMPK) is an important energy sensor within 

skeletal muscle.  AMPK is activated allosterically by an increase in the AMP:ATP and 

Cr:PCr ratio, as well as covalently by AMPKK (74).  AMPK is activated by muscle 

contraction (2, 78, 94), and pharmacologically by AICAR.   AICAR is a cell-permeable 

compound, which is phosphorylated to form ZMP, and mimics the effects of AMP on the 

AMPK signaling cascade.  The metabolic effects of AICAR include an increase in 

glucose uptake (13, 78, 125, 131), and a repartitioning of FA toward oxidation (3, 100, 

125, 130) and away from intramuscular TAG esterification (130).  Thus, pharmacological 

activation of AMPK appears to result in an increase in ATP-producing pathways, as is 

also observed during contraction. 

 

Regulation of TAG hydrolysis in skeletal muscle is poorly understood. AICAR-

stimulated AMPK activation would be expected to stimulate TAG hydrolysis and 

subsequent oxidation for energy production.  Paradoxically, AICAR treatment has been 

shown to have an anti-lipolytic effect in rat soleus muscle (3) and C2C12 myotubes (130).  

In adipose tissue, AMPK phosphorylates HSL, having no effect on the activity of the 
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enzyme in its basal state, but inhibits further phosphorylation by protein kinase A (64), 

preventing isoprenaline-induced lipid hydrolysis (40, 181).  

 

Another area of controversy is the effect of AICAR on glucose oxidation in 

skeletal muscle.  Previous studies have measured AICAR’s ability to increase glucose 

uptake (13, 78, 125, 131) and increase glycogen synthesis (6).  However, few studies 

have specifically examined the effect of AICAR on glucose oxidation.  In isolated human 

endothelial cells, AICAR simultaneously increased FA oxidation and glucose oxidation, 

leading to an increase in ATP production (41).  The only study using isolated skeletal 

muscle showed that 60 min of AICAR exposure in oxidative rat soleus muscle decreased 

glucose oxidation secondary to an increase in FA oxidation (ie. glucose-fatty acid cycle) 

(100).  However, teleologically, one would expect that in response to a decrease in 

cellular energy charge, AMPK activation would simultaneously increase ATP production 

from both FA and glucose oxidation. 

  

Therefore, in the present study we utilized palmitate and glucose tracers to 

examine AICAR’s acute effects on FA and glucose metabolism, as well as pyruvate 

dehydrogenase  activation (PDHa), a key regulatory site of glucose oxidation.  We 

utilized high-fatty acid (HFA, 1 mM) and low-fatty acid (LFA, 0.2 mM) buffers to 

determine whether AICAR-induced changes in glucose oxidation were dependent on 

changes in FA oxidation.  Thus, an AICAR-induced decrease in glucose oxidation that is 

secondary to a stimulation of FA oxidation should occur with adequate FA availability, 

but not lower FA levels, when rates of oxidation are low.  Furthermore, we also wished to 
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confirm that AICAR-induced AMPK stimulation results in a reduction in TAG 

hydrolysis.  Specifically, we also examined whether any AICAR-induced reduction in 

hydrolysis was dependent on FA availability, as increased FA availability is known to 

reduce lipolysis (49), potentially due to AMPK activation. 
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Methods 

 
Animals and Preparation of Muscle Strips 

 
Female Sprague-Dawley rats (Charles River Laboratory, QC; wt: 215 ± 2 g) were 

used for all experiments.  Animals were housed in a controlled environment on a 12:12-h 

reversed light-dark cycle and fed Purina rat chow and water ad libitum.  All procedures 

were approved by the Animal Care Committee at the University of Guelph.  Animals 

were anesthetized with an intraperitoneal injection of pentobarbital sodium (6mg/100g 

body mass) prior to all experimental procedures.  Longitudinal soleus muscle strips were 

carefully dissected with tendons intact using a 27-gauge needle.  Each strip was sutured, 

removed and suspended on brass hooks in a 7 mL incubation reservoir in order to 

maintain resting tension.  Seven milliliters of warmed (30°C), pre-gassed (95% O2-5% 

CO2) modified Kreb’s-Henseleit buffer (KHB) containing 4% FA-free bovine serum 

albumin (Boehringer, QC, Canada), 10 mM glucose, and 1 mM palmitate, was 

immediately added to the incubation reservoir.  This was the base buffer for all 

experiments and was maintained at 30°C, and continuously gassed during all stages 

except the Chase Phase (see below).  A layer of heavy mineral oil was placed on top of 

the incubation buffer at all stages of the procedure in order to maintain gassing pressures.  

At the termination of the dissection procedure, the rats were humanely euthanized with an 

intracardiac injection of pentobarbital sodium.  Muscle viability was assessed by 

measuring phosphagen content (ATP, PCr, Cr) in a separate set of experiments. 
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Figure 4: Incubation protocol for time-course experiments for AMPK, pyruvate 
dehydrogenase activation (A), FA metabolism (B), and glucose oxidation (C). 
For time-course experiments (A) soleus strips were incubated in the presence or absence 
of AICAR  (2 mM) and muscle strips were freeze-clamped at the time-points indicated, 
for further analysis of AMPKα1 and AMPKα2 activities, pyruvate dehydrogenase 
activation (PDHa) and pyruvate concentration.  For FA metabolism (B), rodent soleus 
muscle strips were incubated (30°C) in modified Kreb’s-Henseleit buffer (KHB) through 
four stages: PREINCUBATION (PREINC); PULSE, ([9,10-3H]palmitate; WASH; and 
CHASE, ([1-14C]palmitate) to monitor exogenous and endogenous FA metabolism. 
During the WASH and CHASE (last 60 min), soleus strips were incubated in the 
presence or absence of AICAR (2 mM), in KHB with low-fatty acid (LFA, 0.2 mM) or 
high-fatty acid (1 mM) concentration.  For glucose oxidation (C), soleus strips were 
incubated in the presence or absence of AICAR (2 mM), in KHB with low-fatty acid 
(LFA, 0.2 mM) or high-fatty acid (1 mM) concentration throughout the protocol (60 min) 
and glucose oxidation was monitored during the last 30 min. 
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Time-Course for AMPK Activation 

Muscle Incubations.  AMPKα1 and AMPKα2 activities were examined after 30, 40 and 

60 min of AICAR treatment (Figure 4A).  Briefly, muscle strips were incubated in KHB 

with or without the addition of 2 mM AICAR (Toronto Research Chemicals, Toronto, 

ON, Canada).  At the end of the incubation period, the muscle strips were quickly freeze-

clamped and stored in liquid nitrogen until further analysis. 

 

Immunoprecipitation and AMPK Activity.   Muscle strips (~25 – 30 mg) were 

homogenized in buffer (50 mM Tris · HCl, pH 7.5, 1 mM EDTA, 1 mM EGTA, 1 mM 

dithiothreitol, 50 mM NaF, 5 mM Na pyrophosphate, 10% glycerol, 1% Triton X-100, 

10 µg/ml trypsin inhibitor, 2 µg/ml aprotinin, 1 mM benzamidine, 1 mM 

phenylmethylsulfonyl fluoride).  The homogenates were incubated with AMPKα1 and 

AMPKα2 (Upstate, Charlottesville, VA) antibody-bound protein A beads (Sigma, St. 

Louis, MI) each for 2 h at 4°C.  Immunocomplexes were washed with PBS and 

suspended in 60 µl dilution buffer (50 mM Tris (pH 7.5), 1 mM DTT, 10 % Glycerol, 

0.1% Triton-X) for AMPK activity assay (34).  Briefly, 20 µl of sample was combined 

with 20 µl of reagent mixture (5mM Hepes pH 7.5, 1 mM MgCl2, 0.5% glycerol, 1 mM 

DTT, 100 µM SAMS peptide (Upstate Scientific, Charlottesville, VA), 250 µM ATP 

with 32Pγ-ATP (Amersham Biosciences, QC, Canada), 100 µM AMP).  The reaction 

proceeded for 15 min, after which 23 µl of reaction mixture was spotted onto p81 filter 

paper (Upstate Scientific, Charlottesville, VA) and washed three times in 1% phosphoric 

acid.  Filter papers were dried and placed in organic scintillant for counting. 
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Lipid Metabolism (Pulse-Chase Experiments, Figure 4B) 

Pulse and Wash.  After an initial preincubation period (30 min), the buffer was 

drained from the reservoir and 7 mL KHB with 2 µCi  [9,10-3H]palmitate (Amersham 

Biosciences, QC, Canada) was added to the reservoir.  Strips were pulsed for 30 min to 

prelabel the endogenous lipid pools (intramuscular DAG and TAG).  After the pulse 

phase, the buffer was drained and the muscles were washed for 30 min in the absence of 

radiolabeled palmitate to allow for the removal of non-incorporated [3H]palmitate.  

During the wash, the buffer either remained at 1 mM palmitate (HFA) or was decreased 

to 0.2 mM palmitate (LFA).  During this period, some strips were exposed to 2 mM 

AICAR to ensure sufficient time for AICAR to diffuse into the muscle and activate 

AMPK prior to the Chase Phase.  At the end of the wash phase, one strip from each pair 

was removed and extracted for endogenous lipids to determine prelabeling. 

 

Chase Phase (Experimental Phase).    The remaining muscle strips continued to be 

incubated for 30 min in pre-gassed, modified KHB containing 0.5 µCi [1-14C]palmitate 

(Amersham Biosciences, QC, Canada).  Strips were incubated in the presence or absence 

of 2 mM AICAR, either at HFA or LFA.  During this phase the gas was turned off to 

prevent the escape of 14CO2.  Exogenous palmitate oxidation and esterification were 

monitored by the production of 14CO2 and incorporation of [1-14C]palmitate into 

intramuscular lipids, respectively.  Intramuscular lipid hydrolysis and oxidation were 

monitored simultaneously by measuring the net change in lipid [3H]palmitate content and 

the production of 3H2O, respectively. 
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Palmitate Oxidation.   Exogenous [1-14C]palmitate oxidation was determined as 

outlined previously (50) with minor modifications.  At the end of the chase phase, a 3.5 

mL aliquot of buffer was transferred to a 50 mL Erlenmeyer flask, which was quickly 

sealed with a rubber stopper fitted with a stopcock and needle.  The buffer was acidified 

with 3 mL of 1 M H2SO4 and the 14CO2 was captured over 120 min in a 0.5-mL 

microcentrifuge tube containing 400 µl of 1 M benzethonium hydroxide (Sigma, 

Oakville, ON, Canada) suspended from the stopper.  The microcentrifuge tube was 

placed in a scintillation vial and counted using standard liquid scintillation techniques.  

Loss of 14C through isotopic exchange at the level of Kreb’s cycle was accounted for by 

collecting a 0.5 mL aliquot of the aqueous phase produced during the muscle lipid 

extraction as previously described (50).  Endogenous [9,10-3H]palmitate oxidation was 

quantified by measuring 3H2O production.  Two milliliters of the chase incubation buffer 

was transferred to a 13 mL plastic centrifuge tube containing 5 mL of 2:1 chloroform-

methanol (vol/vol). Samples were shaken for 15 min before adding 2 mL of 2 M KCl-

HCl and were shaken for an additional 15 min.  The samples were then centrifuged at 

5,000 x g, at 4°C for 10 min. A 1 mL aliquot was removed from the upper aqueous phase 

and quantified by liquid scintillation counting. 

 

Extraction of Muscle Lipids.    After incubation, the muscles were removed, blotted 

and weighed, and placed in 13 mL plastic centrifuge tubes containing 5 mL ice-cold 2:1 

chloroform-methanol (vol/vol) and homogenized using a Polytron homogenizer.  

Connective tissue was weighed and subtracted from the initial wet weight of the muscle.  

Samples were then centrifuged at 5000 x g, 4°C for 10 min.  The supernatant was 
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removed and transferred to a clean centrifuge tube.  Distilled water (2 mL) was added and 

the samples were shaken for 10 min and centrifuged at 5,000 x g, 4°C for 10 min to 

separate the aqueous and lipophilic phases. 

 

The chloroform phase was transferred to glass centrifuge tubes and gently 

evaporated under a stream of N2.  The samples were redissolved in 100 µl 2:1 

chloroform-methanol containing internal standards of dipalmitin and tripalmitin (Sigma, 

Oakville, ON, Canada) to ensure proper lipid identification.  Fifty microliters of each 

sample was spotted on a silica gel plate that had been oven-dried overnight.  Silica gel 

plates were placed in a sealed tank containing solvent (60:40:3 heptane-isopropyl ether-

acetic acid) for 60 min.  Plates were then removed, permitted to dry and sprayed with 

dichlorofluorescein dye (0.02% wt/vol in ethanol) and visualized using long-wave 

ultraviolet light.  The DAG and TAG bands were scraped into scintillation vials for 

counting. 

 

Glucose Oxidation 

Glucose oxidation (Figure 4C) was determined in a separate set of experiments.  

The preincubation period utilized 7 mL KHB (LFA or HFA, 10 mM glucose) as 

described in the pulse-chase experiments, either in the presence or absence of 2 mM 

AICAR.  After the 30 min preincubation, the buffer was drained and 7 mL of pre-gassed, 

modified KHB containing 2 µCi of [U-14C]glucose was added to the reservoir.  The 

muscle strips were incubated for an additional 30 min in the presence or absence of 2 mM 

AICAR.  Gaseous 14CO2 was captured as described previously. 
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Time-Course for PDH Activation and Pyruvate Content 

In a separate series of experiments, we investigated the effect of AICAR on PDH 

activation after 30, 40 and 60 min by incubating muscle strips in the absence or presence 

of AICAR (Figure 4A).  Freeze-clamped soleus (10 - 15 mg) was used for the 

determination of PDHa, as described previously (143). The remainder of the muscle was 

freeze-dried, powdered, and dissected free of all visible blood and connective tissue and 

analyzed for pyruvate concentration. Briefly, freeze-dried muscle (~5 mg) was extracted 

with 0.5 M perchloric acid containing 1 mM EDTA and neutralized with 2.2 M KHCO3. 

Pyruvate was analyzed fluorometrically (138). 

 

Calculations and Statistics 

AMPK activity was expressed as picomoles 32P transferred to SAMS peptide per 

minute per milligram protein. To calculate palmitate (nmol/g wet weight) oxidized or 

incorporated into lipid pools, the specific activity of the incubation buffer (dpm 

radiolabeled palmitate/nmol total palmitate) was used.  Intramuscular TAG hydrolysis 

was calculated as the net loss of preloaded [3H]palmitate (nmol/g) from lipid pools (DAG 

and TAG) between paired soleus strips.  Glucose oxidation was calculated with the 

specific activity of labeled glucose in KHB in the same manner as palmitate.  

Results are presented as mean ± SEM. One-way ANOVA tests were used to 

analyze muscle viability data over the two-hour incubation. Two-way ANOVA followed 

by Student-Newman Keuls post-hoc analyses were used to assess statistical significance 

between time points for AMPK activity, with and without AICAR.  Students’ t-tests were 
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used to analyze the effect of AICAR on FA and glucose metabolism. Two-way repeated 

measures ANOVA followed by Student-Newman Keuls post-hoc analyses were used to 

assess statistical significance between time points for PDHa and pyruvate, with and 

without AICAR.  Significance was accepted at P ≤ 0.05.  
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Results 

 
Viability of Incubated Muscle 

There were no significant differences in ATP, PCr and Cr (Table 1), and most 

importantly, all measured parameters remained stable after the initial 30 min when 

measurements for glucose oxidation and lipid metabolism were made. 

 

Time-Course for AMPK Activation with AICAR 

AICAR treatment had no effect on AMPKα1 activity (Figure 5A).  However, 

over 60 min, AICAR resulted in significant increases in AMPKα2 activity (Figure 5B).  

By 60 min of incubation with AICAR, AMPKα2 activity in soleus strips was higher 

(+192%; P  < 0.05) than strips not treated with AICAR. 

 

Effects of AICAR on FA Metabolism 

Exogenous FA Metabolism.  AICAR treatment significantly increased exogenous FA 

oxidation in both LFA (+33%; P < 0.05; Figure 6A) and HFA conditions (+36%; P < 

0.05; Figure 6B).  Although incorporation into TAG was not significantly different with 

AICAR (Figure 6C, 6D), there was an increase in the amount of FA partitioned toward 

oxidation relative to TAG esterification at both LFA (+15%; P < 0.05; Figure 6E) and 

HFA (+49%; P < 0.05; Figure 6F). There were no significant differences in palmitate 

incorporation into DAG with AICAR (Table 2). 

 

Endogenous FA Metabolism.  There were no significant effects on DAG or TAG 

hydrolysis with AICAR treatment in the LFA condition.  Correspondingly, there was also 
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no effect on endogenous oxidation with AICAR. These results were not different at HFA 

with AICAR treatment (Table 2). 

 

Effects of AICAR on Glucose Oxidation 

AICAR increased glucose oxidation, both in the LFA (+105%; P < 0.05; Figure 

7A) and HFA conditions (+170%; P < 0.0001; Figure 7B). 

 

Changes in Calculated ATP Production with AICAR 

 Calculated total ATP production (Table 3) increased with AICAR both with LFA 

(+89%; P < 0.05) and HFA (+131%; P < 0.001) as a result of increased ATP production 

from glucose (LFA: +104%; P < 0.05; HFA: +165%; P < 0.001) and FA oxidation  

(LFA: +17%; P < 0.05; HFA: +30%; P < 0.05). 

 

Time-Course for PDHa and Pyruvate Content with AICAR 

Over 60 min, AICAR treatment resulted in significant increases in PDHa (Figure 

8A).  By 60 min of incubation with AICAR, PDHa was higher than strips not treated with 

AICAR (+71%; P < 0.005), and also significantly different from AICAR treatment after 

30 min (+126%; P < 0.05).  Muscle pyruvate was not significantly different during 60 

min of AICAR treatment (Figure 8B). 
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Table 1: Muscle viability (ATP, phosphocreatine (PCr), and creatine (Cr)) in isolated SOL 
incubated in modified Kreb’s Henseleit buffer over 120 minutes. 
Values are mean ± SEM, mmol/kg dry mass, n = 4 - 6 per time point. 

 ATP PCr Cr 

0 min (Fresh) 24.3 ± 2.0 45.7 ± 6.4 57.2 ± 5.3 

30 min 19.3 ± 1.8 35.0 ± 5.0 60.2 ± 3.0 

90 min 19.8 ± 2.4 35.1 ± 5.4 50.4 ± 6.9 

120 min 19.6 ± 3.1 36.8 ± 7.9 47.5 ± 5.0 
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Table 2: Intramuscular diacylglycerol (DAG) esterification and hydrolysis, intramuscular triacylglycerol (TAG) hydrolysis and 
endogenous oxidation at rest in the presence (+) and absence (-) of AICAR (2 mM) for 60 min. 
Values are means ± SEM, nmol g wet wt-1, n = 7. 

 DAG TAG 
 LFA, 0.2 mM HFA, 1 mM LFA, 0.2 mM HFA, 1 mM 
 Esterification Hydrolysis Esterification Hydrolysis Hydrolysis Endogenous 

Oxidation Hydrolysis Endogenous 
Oxidation 

- 
AICAR 

2.9 ± 0.5 1.5 ± 1.0 8.4 ± 0.7 1.4 ± 0.4 20.6 ± 3.1 14.0 ± 1.0 6.6 ± 2.8 15.9 ± 1.8 

+ 
AICAR 

2.8 ± 0.3 1.1 ± 0.4 8.9 ± 0.8 1.9 ± 0.7 14.3 ± 3.2 13.7 ± 1.5 6.1 ± 4.8 17.4 ± 2.1 
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Table 3: Calculated ATP production from glucose and FA oxidation in the presence (+) or absence (-) of AICAR (2 mM) for 60 min. 
Values are means ± SE, µmol g wet wt-1, n = 6-8 per group. Significantly different from No AICAR within the same FA 
concentration (P ≤ 0.05); †Sum of exogenous and endogenous FA oxidation. 
 
 

 ATP Production (LFA, 0.2 mM) ATP Production (HFA, 1.0 mM) 

 Glucose 
Oxidation 

FA 
Oxidation† 

Total Glucose 
Oxidation 

FA 
Oxidation† 

Total 

- AICAR 19.6 ± 2.5 4.0 ± 0.2 23.6 ± 2.5 22.6 ± 2.6 8.3 ± 0.4 31.1 ± 2.6 

+ AICAR 40.1 ± 7.4 4.7 ± 0.3 44.8 ± 7.2 61.1 ± 2.9 10.8 ± 0.8 71.9 ± 3.2 
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Figure 5: Time-course for AMPKα1 (A) and AMPKα2 (B) activity in the presence or 
absence of AICAR in isolated rat soleus muscle. 
Values are means ± SEM, pmol min -1 mg protein-1, n = 5 - 8 per group. Significantly 
different from 30 min of same condition (P ≤ 0.05); †Treatment effect of AICAR 
significantly different from No AICAR (P ≤ 0.05). 
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Figure 6: Effect of AICAR on fatty acid oxidation and TAG esterification in isolated rat 
soleus muscle 
Effect of AICAR on fatty acid oxidation in low fatty acid (0.2 mM, LFA: A) or high fatty 
acid (1 mM, HFA: B) modified KHB; TAG esterification (LFA: C; HFA: D); and 
oxidation:TAG esterification ratio (LFA: F; HFA: G) in isolated rat soleus muscle. 
Values are means ± SEM, nmol g wet wt-1, n = 7 per group. Significantly different from 
No AICAR (P ≤ 0.05). 
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Figure 7: Effect of AICAR on glucose oxidation in isolated rat soleus muscle 
Effect of AICAR on glucose oxidation in low fatty acid (0.2 mM, LFA: A), or high fatty 
acid (1 mM, HFA: B) modified KHB in isolated rat soleus muscle. Values are means ± 
SEM, n = 6-8 per group. Significantly different from No AICAR (P  ≤ 0.05). 
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Figure 8: Effect of AICAR on time course for pyruvate dehydrogenase activation and 
pyruvate content in isolated rat soleus muscle 
Time-Course for pyruvate dehydrogenase activation (PDHa, A) and pyruvate content (B) 
in the presence or absence of AICAR in isolated rat soleus muscle. Values are means ± 
SEM, n = 6 – 8 per group. Significantly different from 30 min of same condition (P ≤ 
0.05); **Significantly different from 30 min of different condition (P ≤ 0.05); †Trial 
effect of AICAR being significantly different from No AICAR (P ≤ 0.05). 
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Discussion 

 
With the use of palmitate and glucose tracers, we were able to directly examine 

the acute effects of AICAR on FA and glucose metabolism in isolated rodent soleus 

muscle. We confirmed previous results that in resting muscle AICAR activates AMPKα2 

activity (97, 145) leading to stimulation of FA oxidation (125, 130, 145).  In addition, 

several novel observations were made in this investigation: 1) AICAR increased glucose 

oxidation regardless of the level of FA available to the muscle, indicating an increase in 

total energy provision; 2) PDHa increased during 60 min of AICAR treatment, 

supporting the observed increase in glucose oxidation; however, this was not due to an 

increase in pyruvate; and 3) AICAR had no independent effects on resting endogenous 

FA metabolism (TAG hydrolysis, oxidation). 

 

Effect of AICAR on Skeletal Muscle FA Metabolism 

Exogenous Oxidation.  In agreement with previous studies (100, 125, 130, 145), we show 

that AICAR increased FA oxidation ~40%, demonstrating that AMPK is a key regulator 

of FA oxidation in soleus.  Indeed, 60 min of AICAR administration activated AMPKα2 

~2-fold, which has been previously demonstrated in this muscle (1.5- to 3-fold; (97, 

204)).  Increases in FA oxidation are presumably due to the downstream effects of 

AMPK activation, including inhibition of ACC (202), increases in MCD (154), ultimately 

decreasing malonyl-CoA levels (3) with subsequent relief of the inhibition on CPT-I, a 

rate-limiting step in FA oxidation in muscle. 
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TAG Esterification and Endogenous Hydrolysis. The regulation of intramuscular lipid 

metabolism, both at rest and during contraction, is poorly understood.   To our surprise, 

we failed to see a significant decrease in TAG esterification with AICAR in both fat 

conditions.  These findings are in direct contrast to those of Muoio et al. (130), who 

demonstrated a decrease in TAG esterification in mouse soleus. Mitochondrial sn-

glycerol-3-phosphate acyltransferase (GPAT) is a rate-limiting step in TAG esterification 

and has been suggested to be the likely mechanism by which AMPK may be regulating 

TAG esterification (130).  However, the degree by which AMPK-mediated mitochondrial 

GPAT activity plays a role in altering TAG esterification is a matter of debate.  Indeed, 

regulation of mitochondrial GPAT in skeletal muscle has been difficult to determine 

(137, 193) and the current study does not support an AMPK-mediated effect on GPAT 

for TAG esterification.  Differences in TAG esterification may be due to time-course of 

exposure to AICAR [60 minutes (present study) vs. 180 minutes (130)], or a species 

difference.  Murine muscle has a higher metabolic rate, is highly oxidative (130) and may 

respond more quickly to AICAR.  However, even with no changes observed in TAG 

esterification, we did observe an increase in the ratio of FA oxidized relative to TAG 

esterification, which has been suggested to play a role in increased insulin sensitivity in 

skeletal muscle (139).  The oxidation:TAG ratio provides a reasonable index of the 

relative partitioning of FA toward storage or oxidation, however, a more complete 

analysis of FA partitioning would include rates of FA uptake.  AICAR has been shown to 

increase AMPK activity and FAT/CD36 translocation from intracellular vesicles to the 

sarcolemmal membrane in cardiac myocytes, which is associated with initial increases in 

FA uptake rates (118), suggesting that AMPK regulates FA uptake through the 
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translocation of of FAT/CD36 to the plasma membrane.  Rates of FA uptake were not 

measured in this study, however total uptake into DAG, TAG and through oxidation was 

not different with AICAR treatment (data not shown), suggesting that AMPK activation 

is indeed involved in FA partitioning in skeletal muscle. 

 

Intuitively, one would expect that AICAR-induced AMPK activation would 

stimulate TAG hydrolysis and subsequent oxidation in muscle to provide energy for ATP 

production, similar to that observed during contraction (49).  Regulation of intramuscular 

TAG hydrolysis is poorly understood in skeletal muscle. Hormone sensitive lipase, a key 

enzyme involved in TAG hydrolysis, has been identified in muscle (110, 140) and is 

stimulated by epinephrine and contraction by at least partially distinct mechanisms (109). 

However, TAG hydrolysis is inhibited by AICAR in soleus (3) and in C2C12 myotubes 

(130), demonstrating a similar anti-lipolytic effect as observed in adipocytes (40, 181).  

Therefore, we expected to observe a similar anti-lipolytic effect with AICAR in resting 

soleus.  However, AICAR had no effect on resting TAG hydrolysis rates, likely as these 

were already very low.  To our surprise, reducing the FA substrate was not a strong 

enough stimulus to drive TAG hydrolysis to investigate potential AICAR mediation of 

this process.  It is also possible that the duration of this protocol (AICAR treatment over 

60 min) may have been too short to observe any differences in lipolytic rate with AICAR.  

It should also be noted that with HFA, there was a slight mismatch between TAG 

hydrolysis and endogenous oxidation.  This discrepancy may be due to possible 

reincorporation (recycling) of a small amount of 3H tracer which may ultimately 

underestimate TAG hydrolysis, and also because calculated endogenous oxidation may 
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be overestimated, as it is based on the specific activity of the TAG pool.  In addition, the 

calculation of TAG hydrolysis is derived from paired muscle strips from one soleus 

muscle, which could increase variability.  Nonetheless, AICAR had no effect on 

endogenous FA oxidation in resting soleus, which may be the more accurate measure of 

endogenous metabolism, as this is measured in a single muscle strip. 

 

Effects of AICAR on Skeletal Muscle Glucose Metabolism 

To our knowledge, this is the first study in isolated rat skeletal muscle to show 

that glucose oxidation is increased in the presence of AICAR and that this effect is 

independent of the increase in FA availability and oxidation.  In fact, we observe even 

higher rates of glucose oxidation at HFA than at LFA in the presence of AICAR, results 

that argue against a glucose-fatty acid cycle phenomena and reinforce the idea that 

activation of FA oxidation through AMPK does not lead to concomitant decreases in 

glucose oxidation.  Previous studies have shown conflicting results for the role that 

AICAR-stimulated AMPK activation plays in regulating glucose oxidation.  It has been 

proposed that increased FA oxidation may inhibit the uptake and subsequent oxidation of 

glucose in resting muscle (ie. the glucose-fatty acid cycle).  Dagher et al. (41) subjected 

isolated human endothelial cells to AICAR and found that AMPK activity was increased 

5-fold by 30 min and remained elevated for the duration of the two-hour incubation 

period, which correlated with a significant increase in glucose oxidation.  However, 

Kaushik et al. (100) found that a 60 min incubation with AICAR decreased glucose 

oxidation by 44% in soleus muscle isolated from fed but not from fasted rats.  In this 

study, FA oxidation increased 90% with AICAR, suggesting that the AICAR-inhibited 
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glucose oxidation was secondary to an increase in FA oxidation (100).  Surprisingly, 

increases in AMPK activity could not be demonstrated or linked to changes in FA and 

glucose metabolism over 60 min (100).  However, in the present study there were 

significant increases in AMPKα2 activity and we did not observe a concomitant decrease 

in glucose oxidation secondary to the increase in FA oxidation.  Thus, the current data 

indicates that due to increases in both exogenous FA and glucose substrate oxidation, 

there is an overall doubling in the increase in calculated ATP provision at rest with 

AICAR-mediated AMPK activation.  Previous data suggests that ATP, AMP and ADP do 

not change with AICAR (125). Although not measured in this study, actual rates of ATP 

and PCr content with AICAR would have been helpful in determining whether ATP was 

actually accumulating or being buffered to PCr through the near-equilibrium enzyme, 

creatine kinase.  Furthermore, due to questionable specificity of AICAR, it cannot be 

discounted that AICAR may be increasing overall energy expenditure through the 

regulation of ion pumps, uncoupling proteins and substrate cycling, therefore indirectly 

affecting FA and glucose metabolism. 

 

The resulting increase in PDHa over 60 min of AICAR exposure supports AMPK 

as being a stimulator of glucose oxidation.  However, we cannot establish an allosteric 

regulatory mechanism for the increase in PDHa, as pyruvate content was not different in 

the presence of AICAR. Pyruvate is both a substrate and a negative allosteric inhibitor of 

PDH kinase, which phosphorylates and inactivates PDH (167). We did not observe any 

changes in phosphagens involved in the regulation of AMPK (ATP, PCr, Cr) and due to 

the fact that AICAR is phosphorylated to ZMP, there are no expected changes in 
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endogenous adenine nucleotides (ATP, ADP, AMP) (125), which are involved in 

allosteric regulation of PDH kinase (167).  It is then tempting to speculate that the PDH 

complex may be a direct target of AMPK which may be interacting to regulate PDH 

directly or to regulate the relative activities of the kinase and phosphatase that determine 

the amount of PDH in its active form.  However, there are no known covalent regulators 

of the kinase and phosphatase in skeletal muscle (167). 

 

Summary 

The results from the present study demonstrate that AMPKα2 activation by 

AICAR is an important mediator of FA and glucose metabolism in skeletal muscle.  

There were simultaneous increases in FA and glucose oxidation, independent of FA 

availability.  Taken together, AMPK activation increases exogenous substrate oxidation 

to increase energy provision in skeletal muscle.  Stimulation of PDHa appears to be 

responsible for the AMPK-activated increase in glucose oxidation, but this is not due to 

increases in pyruvate. 
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CHAPTER 4: AICAR FURTHER INCREASES FATTY ACID OXIDATION AND BLUNTS 
TRIACYLGLYCEROL HYDROLYSIS IN CONTRACTING RAT SOLEUS MUSCLE 

 

As published, with minor modifications: 

Angela C. Smith, Clinton R. Bruce, and David J. Dyck. AMP kinase activation with 
AICAR further increases fatty acid oxidation and blunts triacylglycerol hydrolysis 

in contracting rat soleus muscle. J Physiol 565(2): 547-553, 2005. 
 

 
Introduction 

 
 Muscle contraction increases glucose uptake (78) and FA metabolism (49, 112) in 

isolated rat skeletal muscle. AMPK was first shown to be activated during treadmill 

exercise in rat skeletal muscle, leading to decreased malonyl-CoA through inhibition of 

ACC (200), and increased FA oxidation. The coordinated regulation of AMPK, ACC and 

malonyl-CoA content in rats during treadmill exercise is intensity-dependent, with the 

greatest AMPK activation observed during short-term, high-intensity exercise (146). In 

tetanic contraction protocols, AMPK activity increases 3- to 5-fold in glycolytic 

epitrochlearis muscle (2) and 2- to 3-fold in oxidative soleus muscle (78) during short-

term (~10 min) protocols. 

 

Although AMPK is activated during contraction, its exact role in regulating 

substrate (glucose, exogenous FA, intramuscular TAG) metabolism is controversial. 

AICAR is a pharmacological activator of AMPK, demonstrating similar effects to 

exercise for increasing glucose uptake (13, 125, 156) and FA oxidation (130) in skeletal 

muscle at rest.  However, isolated muscle from mice with a dominant inhibitory mutant 

of AMPK, demonstrate full inhibition of AICAR- and hypoxia-stimulated glucose 
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uptake, but only a partial reduction (-40%) in contraction-stimulated glucose uptake 

(128), suggesting that AMPK is only partially involved in the regulation of contraction-

induced glucose uptake.  Recent evidence in perfused rat hindquarters subjected to a 

combination of AICAR and low intensity muscle contraction suggests that small 

increases in AMPK activity (+34%) did not account for the synergistic increase in FA 

oxidation (+175%) (145).  This leads to the possibility of AMPK-independent 

mechanisms regulating substrate oxidation in skeletal muscle.  

 

 Regulation of intramuscular TAG is poorly understood in both resting and 

contracting skeletal muscle.  In isolated muscle preparations, TAG hydrolysis is 

increased during tetanic contraction in soleus, leading to increased TAG oxidation rates 

(49).  Contraction- and AICAR-stimulated AMPK activation have therefore been 

suggested to be involved in the regulation of TAG hydrolysis and oxidation in skeletal 

muscle.  However, in adipocytes, AICAR inhibits isoprenaline-induced lipolysis (40, 

181), apparently by phosphorylating and inhibiting HSL (64).  Similarly, AICAR has an 

anti-lipolytic effect in resting soleus (3) and C2C12 myotubes (130) and recent evidence 

suggests that activating AMPK with AICAR can over-ride and inhibit epinephrine-

induced HSL activation in non-contracting L6 myotubes (193). 

 

To gain further insight into the role of AMPK in the regulation of substrate use 

during contraction, we utilized tracer methodologies to examine FA metabolism and 

glucose oxidation in isolated contracting soleus muscle, in the absence or presence of 

AICAR.  With the use of different buffer concentrations of palmitate (low-fatty acid 
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(LFA; 0.2 mM) and high-fatty acid (HFA; 1.0 mM)), we also examined the role that FA 

availability had on both exogenous and endogenous FA metabolism with contraction and 

AICAR. We wished to determine whether 1) AICAR would increase AMPK activity 

above the threshold set by high intensity, tetanic contraction; 2) the combination of 

AICAR and contraction would result in additional increases in FA and glucose oxidation; 

and 3) AICAR inhibited TAG hydrolysis and oxidation during contraction. 
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Methods 

 
Animals and Preparation of Muscle Strips 

 
Female Sprague-Dawley rats (Charles River Laboratory, QC; wt: 215 ± 2 g) were 

used for all experiments.  Animals were housed in a controlled environment on a 12:12-h 

reversed light-dark cycle and fed Purina rat chow and water ad libitum.  All procedures 

were approved by the Animal Care Committee at the University of Guelph.  Animals 

were anesthetized with an intraperitoneal injection of pentobarbital sodium (6mg/100g 

body mass) prior to all experimental procedures. Longitudinal soleus muscle strips were 

carefully dissected with tendons intact, using a 27-gauge needle.  Each strip was sutured, 

removed and suspended on brass hooks in a 7-mL incubation reservoir, in order to 

maintain resting tension, as previously described (49).  Seven milliliters of warmed 

(30°C), pre-gassed (95% O2-5% CO2) modified Kreb’s-Henseleit buffer (KHB) 

containing 4% FA-free bovine serum albumin (Boehringer, QC, Canada), 10 mM 

glucose, and 1 mM palmitate, was immediately added to the incubation reservoir. This 

was the base buffer for all experiments and was maintained at 30°C by an exterior 

circulating water system, and continuously gassed during all stages except the Chase 

Phase (see below).  A layer of heavy mineral oil was placed on top of the incubation 

buffer at all stages of the procedure in order to maintain gassing pressures. At the 

termination of the dissection procedure, the rats were humanely euthanized with an 

intracardiac injection of pentobarbital sodium. 
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Time-Course for AMPK Activation 

 

Muscle Incubations. AMPKα1 and AMPKα2 activities were examined at rest and 

following 10 and 30 min of contraction, with or without the addition of AICAR.  Muscle 

strips were pre-incubated for 30 min either in KHB or KHB with the addition of 2 mM 

AICAR (Toronto Research Chemicals, Toronto, ON, Canada).  At the end of this 

preincubation, one muscle strip was removed and freeze-clamped, while other muscles 

were stimulated to contract (150-ms trains comprised of 0.5-ms impulses (20-40 V; 60 

Hz) at 20 tetani/min) for 10 or 30 min, with or without the addition of AICAR in the 

medium. At the end of the incubation period, the muscle strips were quickly freeze-

clamped and stored in liquid nitrogen until further analysis. 

 

Immunoprecipitation and AMPK Activity. Muscle strips (~25 – 30mg) were homogenized 

and incubated with AMPKα1 and AMPKα2 (Upstate, Charlottesville, VA) antibody-

bound protein A beads (Sigma, St. Louis, MI) as previously described (See CHAPTER 3). 

Immunocomplexes were used for the AMPK activity assay as previously described (See 

CHAPTER 3). 

 

Lipid Metabolism (Pulse-Chase Experiments) 

Pulse and Wash.  After an initial 30 min preincubation period, the buffer was drained 

from the reservoir and 7 mL KHB with 2 µCi  [9,10-3H]palmitate (Amersham Life 

Science, Oakville, ON, Canada) was added to the reservoir.  Muscles were pulsed for 30 
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min to prelabel the endogenous lipid pools (intramuscular DAG and TAG).  After the 

pulse phase, the buffer was drained and the muscles were washed for 30 min in the 

absence of radiolabeled palmitate to allow for the removal of non-incorporated 

[3H]palmitate.  During the wash, the buffer either remained at 1 mM palmitate (HFA) or 

was decreased to 0.2 mM palmitate (LFA) (see Chase Phase).  During this period, some 

muscles were exposed to 2 mM AICAR (Toronto Research Chemicals, Toronto, ON, 

Canada).  At the end of the wash phase, one soleus strip from each pair was removed and 

extracted for endogenous lipids to determine prelabeling. 

 

Chase Phase (Experimental Phase).  The remaining muscle strips continued to be 

incubated for 30 min in pre-gassed, modified KHB containing 0.5 µCi [1-14C]palmitate 

(Amersham Life Science, Oakville, On, Canada) and stimulated to contract (150-ms 

trains comprised of 0.5-ms impulses (20-40 V; 60 Hz) at 20 tetani/min) for 30 min in the 

presence or absence of 2 mM AICAR, either at HFA or LFA (as in Wash Phase) and 

glucose concentration remained at 10 mM. During this phase the gas was turned off to 

prevent the escape of 14CO2.  Exogenous palmitate oxidation and esterification were 

monitored by the production of 14CO2 and incorporation of [1-14C]palmitate into 

intramuscular lipids, respectively.  Intramuscular lipid hydrolysis and oxidation were 

monitored simultaneously by measuring the net change in lipid [3H]palmitate content and 

the production of 3H2O, respectively. 
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Palmitate Oxidation.  Endogenous [9,10-3H]palmitate and exogenous [1-14C]palmitate 

oxidation was determined as outlined previously (50) with minor modifications (See 

CHAPTER 3). 

 

Extraction of Muscle Lipids.  After incubation, the muscles were removed, blotted and 

weighed, and placed in 13 mL plastic centrifuge tubes containing 5.0 mL ice-cold 2:1 

chloroform-methanol (vol/vol), homogenized and lipids (intramuscular DAG and TAG) 

were extracted as previously described (See CHAPTER 3). 

 

Muscle Triacylglycerol Content.  In previous studies, we have determined that the 

endogenous radiolabel tracks only a small portion of the TAG pool in resting muscle 

(51).  Therefore, it is important to determine the relationship between changes in 3H-

radiolabeled TAG pool and enzymatically-measured TAG content during contraction.  In 

a separate set of experiments, net TAG utilization was analyzed on freeze-dried tissue (~5 

mg dry) from resting and contracted (30 min) muscles, which was dissected free of all 

visible blood and connective tissue.  Muscle TAG was measured enzymatically as 

previously described (51). 

 

Glucose Oxidation 

Glucose oxidation was determined in a separate set of experiments.  Muscle strips 

were preincubated as outlined previously (See CHAPTER 3), in the absence or presence of 

2 mM AICAR.  After the preincubation, the gas was turned off to prevent the escape of 

14CO2, the buffer was drained and 7 mL of pre-gassed, modified KHB containing 2 µCi 
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of [U-14C]glucose (Amersham Life Science, Oakville, On, Canada) was added to the 

reservoir.  The muscle strips were incubated in the absence or presence of 2 mM AICAR 

and were stimulated to contract (150-ms trains comprised of 0.5-ms impulses (20-40 V; 

60 Hz) at 20 tetani/min).  After this phase, buffer was drained and a 3.5 mL aliquot of the 

incubation medium was transferred to a 50 mL Erlenmeyer flask, and was acidified as 

described previously (See CHAPTER 3) to capture 14CO2.  

 

Calculations and Statistics 

 
Specific activity of the incubation buffer (dpm radiolabeled palmitate/nmol total 

palmitate) was used to calculate palmitate (nmol/g wet weight) incorporated into lipid 

pools or oxidized.  With enzymatic analysis of net TAG utilization during contraction, we 

were able to determine the relationship between the changes in the radiolabeled TAG 

pool and the total (enzymatically determined) TAG pool. Each nmol of [3H]palmitate  

represented 83 nmol (LFA) and 37 nmol (HFA) of total FA in the TAG pool.  This ratio 

was used to calculate the rates of net TAG hydrolysis (net loss of preloaded [3H]palmitate 

(nmol/g) from lipid pools (TAG and DAG) between paired soleus strips) and endogenous 

lipid oxidation during muscle contraction. Glucose oxidation was calculated with the 

specific activity of labeled glucose in KHB in the same manner as palmitate. 

Results are presented as mean ± SEM.  Two-way ANOVA followed by Student-

Newman Keuls post-hoc analyses were used to assess statistical significance between 

time points for AMPK activity, with and without AICAR.  Students’ t-tests were used to 

analyze the effect of AICAR on FA and glucose metabolism during contraction.  

Significance was accepted at P ≤ 0.05.  
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Results 

Time-Course for AMPK activation with Contraction and AICAR 

Contraction and AICAR had no effect on AMPKα1 activity (Figure 9A).  

However, with contraction alone, AMPKα2 activity (Figure 9B) was significantly 

increased at 30 min compared to 10 min (+67%; P < 0.05) and 0 min (+195%; P < 0.05). 

The combination of contraction and AICAR resulted in significant further increases in 

AMPKα2 activity (P < 0.01; treatment effect).  With contraction and AICAR combined, 

AMPKα2 activity was significantly increased at 30 min compared to 10 min (+71%; P < 

0.05) and 0 min (+154%; P < 0.001).  At 30 min of contraction and AICAR, AMPKα2 

activity was significantly greater than contraction alone (+45%; P < 0.05). 

 

Effects of AICAR on FA Metabolism During Contraction 

Exogenous FA Metabolism.   The combination of contraction and AICAR 

significantly increased exogenous FA oxidation at both LFA (+71%; P  < 0.05; Figure 

10A) and HFA (+46%; P < 0.05; Figure 10B).  Incorporation into TAG was not 

significantly different with AICAR (Figure 10C and 10D), but there was an increase in 

the amount of FA partitioned toward oxidation relative to TAG esterification at LFA 

(+65%; P < 0.05; Figure 10E), while no significant increase in this ratio was observed at 

HFA (+28%; P = 0.30; Figure 10F).  There were no significant differences in palmitate 

esterification into DAG with AICAR (Table 4). 

 

Endogenous FA Metabolism.   AICAR resulted in significant blunting of TAG 

hydrolysis during 30 min of contraction at both LFA (-294%; P < 0.001; Figure 11A), 
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and HFA (-117%; P < 0.05; Figure 11B) conditions. There were no significant effects of 

AICAR treatment on endogenous oxidation at LFA or HFA.  There were no significant 

effects on DAG hydrolysis (Table 4) with AICAR treatment during contraction. 

 

Effects of AICAR on Glucose Oxidation in Isolated Soleus Muscle 

AICAR had no significant effect on glucose oxidation during contraction, both 

with LFA (Figure 12A) and HFA (Figure 12B). 
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Table 4: Intramuscular diacylglycerol (DAG) esterification and hydrolysis in the presence 
(+) and absence (-) of AICAR  in isolated contracting rat soleus muscle. 
Values are means ± SEM, nmol g wet wt-1, n = 7. 
 
 

 LFA, 0.2 mM HFA, 1 mM 
 DAG 

Esterification 
DAG 

Hydrolysis 
DAG 

Esterification 
DAG 

Hydrolysis 
- AICAR 4.6 ± 0.3 0.6 ± 1.3 11.2 ± 0.6 0.8 ± 0.9 
+ AICAR 3.9 ± 0.4 0.7 ± 0.8 9.5 ± 0.9 0.9 ± 0.5 
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Figure 9: Time-course for AMPKα1 (A) and AMPKα2 (B) activity in the presence or 
absence of AICAR in isolated contracting rat soleus muscle.  
Values are means ± SEM, pmol min -1 mg protein-1, n = 5 - 8 per group. Significantly 
different from 30 min contraction alone (P  ≤ 0.05); Significantly different from 0 and 
10 min of same condition; †Treatment effect of AICAR significantly different from No 
AICAR (P ≤ 0.05). 
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Figure 10: Effect of AICAR on fatty acid oxidation and triacylglycerol (TAG) esterification 
in isolated contracting rat soleus muscle 
Effect of AICAR on fatty acid oxidation in low fatty acid (0.2 mM, LFA: A) or high fatty 
acid (1 mM, HFA: B) modified KHB; TAG esterification (LFA: C; HFA: D); and 
oxidation:TAG esterification ratio (LFA: F; HFA: G) in isolated contracting rat soleus 
muscle. Values are means ± SEM, nmol g wet wt-1, n = 7 per group. Significantly 
different from No AICAR (P ≤ 0.05). 
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Figure 11: Effect of AICAR on TAG hydrolysis and endogenous fatty acid oxidation in 
isolated contracting rat soleus muscle 
Effect of AICAR on triacylglycerol (TAG) hydrolysis and endogenous fatty acid 
oxidation in low fatty acid (0.2 mM, LFA: A) or high fatty acid (1 mM, HFA: B) 
modified KHB in isolated contracting rat soleus muscle. Values are means ± SEM, nmol 
g wet wt-1, n = 7 per group. Significantly different from No AICAR (P ≤ 0.05). 
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Figure 12: Effect of AICAR on glucose oxidation in low fatty acid (0.2 mM, LFA: A), or 
high fatty acid (1 mM, HFA: B) modified KHB in isolated contracting (last 30 min) rat 
soleus muscle 
Values are means ± SEM, n = 6-8 per group. Significantly different from No AICAR (P  
≤0.05). 
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Discussion 

 

With the use of palmitate and glucose tracers, we were able to directly examine 

the effects of AICAR on FA metabolism and glucose oxidation during high intensity 

tetanic contraction. Several novel observations were made: 1) incubation with AICAR 

further increased AMPKα2 activity above that seen with contraction alone; 2) AICAR 

further increased FA oxidation during contraction, independent of FA availability; 3) 

AICAR blunted TAG hydrolysis during contraction, independent of FA availability, 

while 4) having no effect on endogenous oxidation; and 5) AICAR had no effect on 

glucose oxidation during contraction.  Therefore, our data suggest that FA substrate 

metabolism is much more sensitive than glucose to AMPKα2 stimulation during muscle 

contraction. 

 

Effect of AICAR on Skeletal Muscle Lipid Metabolism During Contraction 

To our knowledge, this is the first study to examine AICAR’s effect on exogenous 

and endogenous lipid metabolism during contraction.  With AICAR, there was an 

increase in exogenous FA oxidation above that seen with contraction alone, which could 

be due to a further increase in AMPKα2 activity.  Previous evidence has shown that 15 

minutes of hindlimb perfusion with AICAR-containing medium (at rest; 0.5, 1.0, 2.0 

mM) significantly increased ZMP content in gastrocnemius-plantaris muscles, while 

having no effect on endogenous high-energy phosphates (ATP, ADP, AMP). This was 

associated with a significant increase in AMPK activity, leading to downstream effects of 

decreased ACC activity and decreased malonyl-CoA (125).  Our previous resting 
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protocol (See CHAPTER 3) certainly supports this AICAR-mediated increase in AMPK 

activity, which may be due to an initial increase in ZMP content.  This further activation 

indicates that in our isolated tetanic contraction preparation, AMPK activation is a major 

regulator of FA oxidation.  Recent evidence in AICAR-perfused rat hindquarters using a 

low intensity contraction protocol demonstrated that the increase in FA oxidation above 

that seen with contraction could not be attributed to the small increase in AICAR-induced 

AMPK activity, suggesting that with contraction, there are AMPK-independent 

mechanisms regulating FA metabolism (145). In this study, we used a higher intensity 

tetanic contraction protocol that has previously shown maximal stimulation of FA 

metabolism (49).  The current data indicate that at high intensity tetanic contraction, 

AICAR can lead to further activation of AMPK, with further downstream effects on 

exogenous FA oxidation.  Alternatively, AICAR may be targeting other additional 

regulatory enzymes resulting in an increase in FA oxidation.  We also observed an 

increase in the partitioning of exogenous FA to oxidation at LFA during contraction, 

demonstrating an increased provision of FA to oxidative processes with AICAR.  We did 

not observe a significant increase in FA partitioning with AICAR at HFA.  However, this 

may not be surprising, as with increased FA substrate available during contraction 

proportionately more FA is available to be oxidized as well as esterified to TAG (49). 

 

Regulation of TAG hydrolysis in resting and contracting skeletal muscle is poorly 

understood.  In this study, treatment with AICAR during tetanic contraction significantly 

blunted TAG hydrolysis, independent of FA availability, while having no effect on 

endogenous-derived TAG oxidation.  Indeed, exposing soleus strips to LFA did increase 
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the provision of FA from TAG hydrolysis during contraction (+89% vs. HFA), with 

AICAR attenuating this effect in both conditions.  It appears that AMPK regulation of 

TAG hydrolysis can occur during contraction and it is possible that AICAR reduced TAG 

hydrolysis during contraction by inhibiting the activation of HSL.  Hormone sensitive 

lipase is an important enzyme in the hydrolysis of TAG.  Recently, it has been shown that 

stimulation of AMPK prevents activation of HSL (193).  Thus, it is possible that 

pharmacological stimulation of AMPK combined with contraction prevented the 

activation of HSL as would be expected with contraction alone, resulting in a reduction in 

TAG hydrolysis.  However, further work is required to investigate the effect of AMPK 

activation on the regulation of HSL and TAG hydrolysis.  

 

Importantly, although AICAR attenuated TAG hydrolysis, there was no 

significant effect on endogenous oxidation in contracting soleus muscle.  It is possible 

that during contraction, there is an excess of FA released from the endogenous TAG pool 

which may be reincorporated if the oxidative needs of the cell are met (49). Regulatory 

mechanisms that hydrolyze the TAG molecule might allow for an excess of FA to be 

broken down during contraction, but the energy required by the cell would govern actual 

oxidation.  This attenuation with AICAR suggests a better matching of TAG hydrolysis 

with the oxidative needs of the cell. Even with a slight mismatch between TAG 

hydrolysis and endogenous oxidation at LFA with AICAR, the results show that AICAR 

had no effect on the amount of FA oxidized from endogenous stores during contraction.  

Furthermore, if AICAR does markedly inhibit endogenous TAG hydrolysis and creates a 

better match between hydrolysis and oxidation, this could greatly reduce the 
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accumulation of reactive lipid intermediates (DAG, ceramide) and any fatty acyl-CoA 

accumulating in the cytosol may be oxidized or re-esterified to TAG post-contraction (ie. 

reduction in DAG and ceramide content).  The current pulse-chase protocol does not 

allow for the assessment of endogenous FA re-esterified into intramuscular TAG; 

however, rates of exogenous DAG and TAG esterification are not different during 

contraction with AICAR, suggesting that during contraction, when there are high rates of 

TAG hydrolysis, reactive lipid intermediates may be accumulating in the cytosol and 

AICAR may attenuate this increase.  Further investigation of the accumulation of fatty 

acyl-CoA, DAG and ceramide after a contraction protocol to assess post-contraction 

insulin signaling is warranted. 

 

Effect of AICAR on Muscle Glucose Oxidation During Contraction 

AICAR had no further effect on already high rates of glucose oxidation in our 

tetanic contraction protocol.  Much research has demonstrated that AMPK is involved in 

contraction-stimulated glucose uptake (78, 131), but it is likely not the sole mediator 

(128).  Indeed, the combination of AICAR and contraction does not have an additive 

effect on glucose uptake (13, 78), which supports the current data on glucose oxidation 

rates.  Importantly, it is also possible that factors other than AMPK regulate glucose 

uptake and oxidation.  Muscle from mice with a dominant negative form of AMPK, were 

found to have full inhibition of AICAR- and hypoxia-induced glucose uptake, but only a 

partial (-40%) reduction in contraction-stimulated glucose uptake (128), suggesting that 

AMPK is only partially involved in the signaling mechanism to regulate glucose uptake 

and subsequent metabolism during contraction.  It should also be noted that only one 



 

 88 

glucose concentration (10 mM) was used throughout these experiments.  Thus, as was the 

case with FA oxidation, it is possible that an AICAR-induced stimulation of glucose 

oxidation may have been observed during contraction in the presence of a lower glucose 

concentration. 

 

Summary 

The results from the present study demonstrate that AICAR-mediated AMPKα2 

activation is intimately involved in the regulation of FA metabolism during contraction, 

while having no effects on the already high rates of glucose oxidation in skeletal muscle.  

Incubation with AICAR during tetanic contraction 1) leads to synergistic increases in 

AMPKα2 activity; 2) further increases exogenous FA oxidation; and 3) blunts TAG 

hydrolysis, both at LFA and HFA.  Further studies investigating AMPK regulation of 

HSL and TAG hydrolysis during contraction are warranted. 
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CHAPTER 5: REDUCED FATTY ACID UPTAKE AND LIPID ACCUMULATION AS 
POTENTIAL MECHANISMS FOR METFORMIN AND EXERCISE IN THE PREVENTION OF 

DIABETES IN HIGH-FAT FED FEMALE ZUCKER DIABETIC RATS 
 

Introduction 

The mechanisms that link acute FA exposure and obesity to insulin resistance are 

poorly understood. Acute and chronic (obesity) FA exposure are suggested to inhibit 

insulin-stimulated glucose transport and/or glucose phosphorylation in muscle (19, 149).  

It is becoming increasingly clear that derangements in skeletal muscle FA metabolism 

that relate to insulin resistance in obesity include increased FA transporters and FA 

transport rates (21, 32, 117), reduced FA oxidation in morbidly obese subjects (102, 105) 

and a resultant accumulation of various reactive lipid species, including DAG and 

ceramides (25).  

 

Of particular interest is whether interventions that stimulate the AMPK-axis may 

play a role in improving glucose homeostasis and preventing the progression of obesity-

related insulin resistance and T2DM. Acute activation of AMPK with AICAR in skeletal 

muscle stimulates glucose uptake (125) and partitions FA to oxidation (125, 130), while 

chronic activation leads to improved insulin-stimulated glucose uptake (27, 97), increased 

GLUT4 protein expression (84, 97, 201), PGC-1α protein content (184) and increased 

mitochondrial biogenesis (201).  Previous studies have shown that AMPK is not down-

regulated in obese human skeletal muscle (175) and that AMPK is capable of being 

activated during an acute exercise bout in muscle from subjects with T2DM (132).  The 

antidiabetic agent metformin acutely activates AMPK in muscle (38, 61, 216), and liver 

(216).  The dose and time of chronic metformin treatment may be an important 
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determinant of the extent of AMPK activation in various tissues.  One week of metformin 

treatment in rats prevented acute lipid-induced insulin resistance, but was shown to be 

associated with activation of AMPK in liver and not skeletal muscle (37).  However, 4-10 

weeks of metformin treatment activates AMPKα2 in skeletal muscle of subjects with 

T2DM (132).   Longitudinal studies have shown that lifestyle changes (diet, exercise) and 

metformin reduce the development of T2DM in subjects with impaired glucose tolerance 

(107), which may be related to AMPK regulation of substrate use in skeletal muscle. 

 

The male ZDF rat has traditionally been used as a model of obesity-related insulin 

resistance and diabetes for a number of years.  In the insulin resistant stage, male ZDF 

rats have reduced AMPK activity (213); chronic AICAR treatment and exercise prevent 

the progression of diabetes in this model (142).  In addition, treatment of male ZDF rats 

with troglitazone, a member of the TZD class of anti-diabetic drugs which also activates 

AMPK (113), improves soleus muscle FA oxidation (93) and insulin-stimulated glucose 

transport (168). The female Zucker diabetic fatty (ZDF) rat is an obese model of HF diet-

induced T2DM.  Within 4-8 weeks of being placed on a HF (48 kcal % fat) diet, these 

rats consistently develop overt diabetes that parallels the progression of T2DM seen in 

humans (39). Whether exercise and anti-diabetic drugs such as metformin regulate 

AMPK in skeletal muscle of female ZDF rats is not known. 

 

Therefore, the aims of the current study were to determine whether 8 weeks of 

metformin and exercise, alone or in combination, would prevent derangements in glucose 

homeostasis in the female ZDF rats; and further, to determine whether improvements 
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may be related to changes in skeletal muscle FA metabolism and AMPK regulation.  We 

hypothesized that metformin and exercise, alone or in combination, would improve 

systemic glycemic control and skeletal muscle insulin-stimulated glucose transport.  

Furthermore, we hypothesized that improvements would be related to decreased markers 

of FA uptake (the putative FA transport proteins FAT/CD36 and FABpm) and improved 

partitioning of FA to oxidation and away from accumulation in skeletal muscle. 
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Methods 

 
Animals 

Female Zucker lean (+/?) or diabetic fatty (ZDF, fa/fa) rats were obtained from 

Charles River Laboratories (Charles River Laboratories, St. Constant, QC, Canada) at the 

age of 5 weeks.  The animals were housed individually upon arrival, in a controlled 

environment with a reversed 12:12-hr light-dark cycle.  Animals were fed standard rat 

chow (Purina Formulab® 5008) known to maintain normoglycemia in female ZDF rats 

(39) for an acclimation period of 5-7 days.  Lean rats were maintained on standard rat 

chow, while ZDF rats were randomly assigned to either standard rat chow (16.7 kcal% 

fat, Purina Formulab® 5008) or HF-diet (60 kcal % fat, mainly animal fat  (Research 

Diets C13004, New Brunswick, NJ, USA, Appendix 3)) alone or with one of the 

following interventions: metformin (HF-Met), exercise (HF-Ex) or the combination of 

exercise and metformin (HF-E+M).  All protocols were approved by the Animal Care 

Committee, University of Guelph. 

 

Feeding and Training Protocol 

Rats were fed their respective diets ad libitum for 8 weeks (Figure 13). Metformin 

was dissolved in water (50mg/ml) and supplemented in the diet at an initial dose of 250 

mg/kg body weight for one week and was increased to 500 mg/kg body weight for the 

duration of the study.  Rats randomized to HF-Ex and HF-E+M were initially given two 

acclimation sessions on a motorized treadmill at 13m/min (0% grade) for a maximum of 

5 min.  Training took place 5 days per week and began with the rats running for 15 min, 

15m/min, 0% grade, with duration and intensity gradually increasing to 2 hr, 18-19 
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m/min on a 10% grade by the end of 4 weeks. This duration and intensity was maintained 

for the subsequent 4 weeks, for a total of 8 weeks of training.  To prevent any acute 

effects of the last training bout, experimental procedures were carried out 48 hours after 

the last training session.  Animals were anaesthetized with an intraperitoneal injection of 

pentobarbital sodium (15 mg/kg body weight) before all experimental procedures. 
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Figure 13: Experimental Protocol 
Female  Zucker Lean (+/?) or diabetic fatty (ZDF, fa/fa) were placed on an 8-week 
protocol. Lean rats were maintained on standard rat chow (Purina Lab Formula 5008), 
while ZDF rats were randomly assigned to either Purina Formulab® 5008 (does not 
induce hyperglycemia, 16.7 kcal% fat; n = 12) or HF-diet (48 kcal% fat) alone (n = 12) or 
in combination with metformin (HF-Met, up to 500 mg/kg; n = 12), exercise (HF-Ex, n = 
12) or the combination of exercise and metformin (HF-E+M; n = 12).  The exercise 
protocol took place 5 days per week and began with the rats running for 15 min, 15 
m/min, 0% grade with duration and intensity gradually increasing to 2 hr, 18-19 m/min, 
10% grade by the end of 4 weeks.  This protocol was maintained for the duration of the 
8-week protocol.  At the end of the protocol, animals were anaesthetized and blood and 
tissue were collected as described in Methods. 
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Blood and tissue sampling 

Fasting blood was collected pre-trial, and after four weeks, from the tail artery of 

animals anaesthetized with isofluorine inhalant.  At the completion of the feeding and 

exercise protocol rats were fasted overnight and blood was collected via cardiac puncture 

after the excision of all tissues.  Blood was transferred to heparinized tubes and kept on 

ice until being centrifuged (10,000 x g, 5 min) and plasma was collected.  Fasting plasma 

insulin was assayed using a rat RIA kit (Linco, St. Charles, MO).  Fasting plasma glucose 

was analyzed by Ascensia Elite Glucometer (Bayer, Inc.).  Quality control analyses were 

performed with blood samples from healthy Sprague Dawley rats, consisting of multiple 

glucometer samples and verification with standard fluorometric analysis (Appendix 4). 

 

Soleus muscle was carefully dissected into longitudinal strips from tendon to 

tendon with a 27-gauge needle, which were used for the determination of basal- and 

insulin-stimulated glucose uptake, and FA metabolism and muscle protein analysis (See 

below).  Due to the tissue constraints of soleus muscle, protein expression of glucose and 

FA transporters were determined in whole tissue and giant sarcolemmal vesicles prepared 

from RG muscle.  Vesicles were prepared without any exposure to physiological buffers 

containing agents that would alter sarcolemmal membrane protein content, such as 

insulin (116). 

 

Basal- and insulin-stimulated skeletal muscle glucose uptake 

Glucose uptake consisted of three incubation stages, as described previously (24).  

Briefly, soleus strips were equilibrated for 30 min in 2 ml warmed (30°C) pregassed 
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(95% O2/5% CO2) Kreb’s-Henseleit buffer (KHB) containing 8 mM glucose and 32 mM 

mannitol, in the absence or presence of insulin (10 mU/ml).  The concentration of insulin 

was maintained in all subsequent steps. Muscle strips were then washed in two 10-min 

incubations with glucose-free KHB containing 4 mM pyruvate and 36 mM mannitol.  In 

the experimental phase, solei were incubated for 20 min (insulin-stimulated) or 40 min 

(basal) in KHB containing 4 mM pyruvate, 8 mM 3-O-[3H]methyl-D-glucose (800 

µCi/mmol), 28 mM [14C]mannitol (60 µCi/mmol).  After incubation, muscles were 

blotted of excess fluid, weighed and digested by boiling at 95°C in 1 ml NaOH for 10 

min with intermittent vortexing.  Glucose uptake was analyzed from a 200µl aliquot of 

muscle digest to quantify the accumulation of intracellular 3-O-[3H]methyl-D-glucose. 

 

Skeletal muscle fatty acid oxidation and quantification of skeletal muscle lipids 

incorporated during incubation 

 
Soleus strips were placed in 2 ml of warmed (30°C) pregassed (95% O2/5% CO2) 

KHB containing 4% fatty acid-free bovine serum albumin (Serologicals, Norcross, GA), 

1 mM palmitate, and 5.5 mM glucose in a gentle shaking bath.  After an equilibration 

phase of 30 min, muscles were transferred to the experimental phase and incubated for 60 

minutes in the same medium described above with the addition of 0.5 µCi/ml [1-

14C]palmitate (Amersham, QC, Canada), permitting the determination of exogenous 

palmitate oxidation and incorporation into  endogenous lipid pools. 

 

Gaseous 14CO2 produced from exogenous oxidation of [1-14C]palmitate was 

determined as outlined in CHAPTER 3 AND 4 (164, 165) with minor modifications. A 0.5 
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ml microcentrifuge tube containing 250 µl of 1 M benzethonium hydroxide (Sigma, 

Oakville, ON, Canada) was placed within a 1.5 ml microcentrifuge tube and was 

incubated along with solei within the incubation vial to quantify gaseous 14CO2 produced 

during the incubation. At the end of the experimental phase a 1.0 ml aliquot of buffer was 

transferred to a 50 ml Erlenmeyer flask, which was quickly sealed with a rubber stopper 

fitted with a stopcock and needle.  The buffer was acidified with 1 ml of 1 M H2SO4 and 

14CO2 was captured and quantified as previously described.  Quantification of skeletal 

muscle lipids incorporated during incubation was determined as previously described in 

CHAPTER 3 AND 4. 

 

Whole tissue lipid content analysis 

Soleus muscle (~50-80 mg) was freeze-dried, powdered and cleaned of any 

visible connective tissue. Skeletal muscle lipids were graciously analyzed by Dr. Adrian 

Chabowski, Medical University of Bialystok (Bialystok, POLAND), as previously 

described (25). Briefly, lipids were extracted in chloroform-methanol (2:1 v/v) according 

to the Folch method of lipid extraction (59) with the addition of 0.01% butyrated 

hydroxytoluene (Sigma-Aldrich, St. Louis, MO) as an anti-oxidant.  Lipids were 

separated by chromatography on thin layer silica gel plates.  The total lipid extract was 

separated to isolate DAG and ceramide (46) using heptane-isopropyl ether-acetic acid 

(60:40:3 v/v/v) solvent. Briefly, samples were developed to one-third of the total length 

of the plate in chloroform-methanol-25% NH3 (20:5:0.2 v/v/v) solvent, dried and 

rechromatographed in heptane-isopropyl ether-acetic acid (60:40:3 v/v/v) solvent.  Plates 

were then dried, sprayed with dichlorofluorescein dye (0.2% wt/vol in methanol), and 
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visualized under long-wave ultraviolet light.  Standards for DAG and ceramide were run 

along with the plates to facilitate identification of lipid bands.  The individual lipid bands 

were marked on the plate and scraped into vials. After lipid separation, samples with 

methylpentadecanoic acid (internal standard, Sigma-Aldrich, Oakville, ON, Canada) 

were transmethylated in the presence of 1 ml 14% boron fluoride in methanol at 100°C 

for 90 min.  The samples were cooled to room temperature, and 1 ml pentane and 0.5 ml 

water were added.  After centrifugation, the upper pentane phase was evaporated under 

N2.  The methyl esters were dissolved in 40 µl hexane and analyzed by gas-liquid 

chromatography.  A Hewitt-Packard 5890 Series II and a fused HP-INNOWax (50 m x 

0.53 mm) capillary column were used.  Injector and detector temperatures were set at 

250°C each.  The oven temperature was increased linearly from 160 to 250°C at a rate of 

5°C/min.  Individual FA methyl esters were quantified using the area corresponding to 

the internal standards.  Total DAG and ceramide contents were estimated as the sum of 

the particular FA content of the assessed fraction and was expressed in nanomoles per 

gram dry weight (See Calculations and Statistics, below). 

 

Preparation of giant sarcolemmal vesicles 

Giant sarcolemmal vesicles were graciously prepared by Jennifer Nickerson, 

M.Sc., Department of Human Health and Nutritional Sciences, University of Guelph, 

from fresh tissue samples of RG muscle as described previously (173).  Briefly, 1-3 mm 

thick slices of muscle were obtained by slicing with a scalpel blade in 140 mM KCl-10 

mM MOPS (KCl-MOPS, pH 7.4).  The muscle preparation was then incubated for 1-1.5 

hr in 140 mM KCl-10 mM MOPS (pH 7.4), aprotonin (1.0 mg/ml) and collagenase type 
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VII (150 U/ml) in a shaking water bath maintained at 34°C.  The medium was then 

filtered through cheesecloth to obtain the supernatant fraction, with the remaining tissue 

being rinsed in KCl-MOPS with 10 mM EDTA and the resulting second supernatant 

fraction was filtered through cheesecloth and pooled with the first supernatant to a 

volume of 7.5 ml.  Percoll (16% v/v) and aprotinin (1 mg/ml) were added (1.7 ml) and 

the resulting suspension was placed at the bottom of a density gradient consisting of a 1 

ml upper layer and a 3 ml middle layer of 4% Nycodenz (wt/vol).  The suspension was 

centrifuged at 60 x g for 45 min at room temperature and the vesicles were harvested 

from the interface separating the upper and middle phases, diluted with KCl-MOPS and 

recentrifuged at 1200 x g for 5 min.  The resulting pellets were resuspended with KCl-

MOPS to protein concentrations of 0.3-0.8 mg/ml and frozen at -80°C until protein 

content analysis (See below). 

 

Preparation of tissue lysates for protein content and activity assays 

Muscle tissue (~50 mg, soleus and RG) was homogenized (5000µl/g tissue, 1:5 

dilution) in ice-cold buffer suitable for protein extraction and preserving phosphorylation 

states of proteins, containing 50 mM Tris (pH 7.5), 1 mM EDTA, 1 mM EGTA, 50 mM 

NaF, 5 mM Na pyrophosphate, 10% (v/v) glycerol, 1% (v/v) Triton X-100, 2 mg/ml 

leupeptin, 2 mg/ml aprotinin, 2 mg/ml pepstatin, 1 mM DTT, and 1 mM 

phenylmethylsulfonyl fluoride.  Homogenates were centrifuged at 20,000 x g for 20 min 

at 4°C and the supernatant was removed and protein content was determined with the 

Pierce method, using BSA as standards.   
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Western blot analysis 

Fifty micrograms of tissue lysate protein (for Thr172 phosphorylated AMPK 

(pAMPK), total AMPKα (tAMPK), AMPKα1, AMPKα2, Ser-79 phosphorylated ACC 

(pACC)) or 10 µg of lysate protein from the preparation of giant sarcolemmal vesicles 

(for FAT/CD36, FABPpm, GLUT4) were solubilized in 4x Laemmeli’s buffer and boiled 

at 95°C for 5 min, resolved by SDS-PAGE and wet transferred to PVSF membranes (See 

Appendix 5 for protocols for each protein).  The membranes were blocked for one hour 

and then incubated with the specific primary antibodies.  After incubation with the 

appropriate secondary antibody and final wash, the immune complexes were detected 

using the ECL method and immunoreactive bands were quantified with densiometry. 

 

Measurement of oxidative enzyme activity in soleus muscle homogenates 

Citrate synthase activity was determined spectrophotometrically in aliquots of 

homogenized whole muscle, according to Srere (169), with minor modifications. Briefly, 

soleus muscle lysates containing Triton X-100 were diluted to 1:20 and repeatedly freeze-

thawed (at least two times) to ensure lyzing of mitochondria.  The diluted homogenate 

was mixed with (final concentrations) 60 mM TRIS buffer (pH 8.3), 0.32 mM acetyl-

CoA, 0.1 mM 5,5-dithiobis-2-nitrobenzoate (DTNB), 0.04% (vol/vol) Triton X-100. The 

reaction was initiated with the addition of 0.6 mM oxaloacetate (OAA) and citrate 

synthase activity was quantified as the enzymatic release of CoASH from acetyl-CoA 

linked to a linear colour change in DTNB at a wavelength of 412 nm. 
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β-hydroxyacyl-CoA dehydrogenase activity was assayed spectrophotometrically 

as the reverse reaction converting a four-carbon alcohol to the four-carbon beta-oxidation 

intermediate acetoactetyl-CoA in diluted whole muscle homogenates as for the citrate 

synthase assay (37°C, 340nm) by measuring the linear disappearance of NADH.  The 

assay mixture (final concentrations) consisted of 50 mM TRIS-HCl (pH 7.0), 2 mM 

EDTA, 0.25 mM NADH, 0.02% Triton X-100 and the initiation of the reaction with 0.1 

mM acetoacetyl-CoA (115). 

 

Calculations and Statistics 

To calculate palmitate oxidized or incorporated into lipid pools (nanomoles per 

gram wet wt), the specific activity of the incubation buffer (dpm. radiolabeled 

palmitate/nmol total palmitate) was used.  Glucose uptake into soleus muscle was 

calculated by the accumulation of intracellular 3-O-[3H]methyl-D-glucose analogue after 

correcting for extracellular volume with the determination of [14C]mannitol and 

expressed as nmol glucose analogue accumulated per gram wet tissue per 5 min.  Protein 

expression quantification utilized samples from Lean controls and were allocated a value 

of 100% protein content and were not included in statistical analyses. 

 

Results are presented as mean ± SEM.  For the analyses of individual DAG and 

ceramide species, the sum of the means were determined  (n = 8-12 per group, due to the 

removal of data points giving non-detectable (ND) species in some samples), whereas for 

analyses of total saturated, monounsaturated and polyunsaturated DAG and ceramide 

contents, the mean of the sums were used in the calculation (n = 12). The samples with 
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ND species were not removed from the data set, as FA were re-distributed to other 

species and/or pools.  Therefore, due to differences in the individual lipid species sample 

size, there were slight differences in the reported mean ± SEM for the total saturated, 

monounsaturated and polyunsaturated DAG and ceramide contents, compared to the 

summation of the reported mean ± SEM for individual DAG and ceramide species.  For 

example: 

 

Summation of the Individual Saturated Lipid Species: 

 

! 

Sum of Means =
(C14 : 0)"

8
+

(C16 : 0)"
10

+ ...+
(C22 : 0)"

11
+

(C24 : 0)"
12

 [Eq 1] 

 

Whereas: 

 

Mean of the Total Saturated Lipid Species: 

 

! 

Mean of the Sums =
(C14 : 0 + C16 : 0 + ...+ C22 : 0 + C24 : 0)"

12
 [Eq 2] 

 

Therefore, due to different denominators as the number of observations, the 

summation of the individual lipid species do not equate to the total of each respective 

lipid pool, but rather are an approximation of each other (Table 7 and 8).  
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Two-way ANOVA analyses were performed for plasma glucose and insulin, with 

time and treatment as factors, followed by Fisher least square differences (LSD) post-hoc 

analyses to assess statistical differences between groups. For all endpoint measurements, 

one-way ANOVA analyses were performed to analyze significant differences, followed 

by Fisher LSD post-hoc analyses to assess statistical significance between groups.  

Statistical significance was accepted at P ≤ 0.05, with note of any trends (P ≤ 0.10), 

marked with the letter in parentheses. 
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Results 

Body Composition 

Body mass of Lean and ZDF rats are shown in Table 5.  Body mass in all of the 

ZDF groups were significantly elevated compared to Lean rats at the beginning of the 

trial (+50%, P < 0.01), at Wk 4 (+70-80%, P < 0.001) and Wk 8 (+80-90%, P < 0.001).  

The final body mass of all ZDF groups were not different at the end of the trial. 

 

Plasma insulin and glucose 

Insulin. Pre-trial, there were no differences in fasting plasma insulin between any 

of the groups (Table 5).  By week 4, plasma insulin levels were significantly higher than 

pre-trial in all ZDF HF-fed rats (P < 0.05), however, the increase in plasma insulin was 

greatest in rats fed the HF diet alone (ie. no intervention).  After 8 weeks, all HF rats 

were hyperinsulinemic compared to Lean rats (P < 0.001). 

 

Glucose. Pre-trial, there were no differences in fasting plasma glucose between any 

of the groups (Table 5).  By week 4, plasma glucose in HF rats were increased compared 

to Lean (+144%), C (+80%), HF-Ex (+80%), HF-E+M (+60%) (P < 0.05).  By week 8, 

HF rats developed overt hyperglycemia (24.38 ± 2.12 mM), which was significantly 

higher than Lean (+193%, P < 0.001) and all ZDF groups (+42-120%, P < 0.01). 
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Basal and insulin-stimulated glucose uptake 

 

Basal glucose uptake.  There were no significant differences in basal glucose 

uptake between any of the groups (Figure 14A). 

 

Insulin-stimulated glucose uptake. All ZDF groups exhibited impaired insulin-

stimulated glucose uptake (-40-80%, P < 0.001) compared to Lean rats.  In addition, HF 

(-32%, P < 0.001) and HF-Met (-35%, P < 0.001) exhibited impaired insulin-stimulated 

glucose uptake compared to C, HF-Ex (P = 0.068) and HF-E+M. Insulin-stimulated 

glucose uptake was partially normalized in HF-Ex and HF-E+M rats, as there were no 

differences observed between C, HF-Ex and HF-E+M groups (Figure 14B). 

 

Chronic changes in whole muscle and plasma membrane GLUT4 protein expression in 

skeletal muscle 

 
Plasma membrane-associated changes in GLUT4 levels were assessed in RG 

muscle after the preparation of giant sarcolemmal vesicles.  Both HF-Ex and HF-E+M 

exhibited increases in whole muscle (HF-Ex: +23-26%, P < 0.05; HF-E+M: +31-35%, P 

< 0.01) and plasma membrane-associated (HF-Ex: +45-55%, P < 0.05; HF-E+M: +70-

80%, P < 0.001) GLUT4 protein content (Figure 15). 
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Fatty Acid Metabolism in Skeletal Muscle 

 
Exogenous FA Metabolism. All ZDF groups exhibited depressed exogenous FA 

oxidation (-24-43%, P<0.01, Figure 16A) and increased TAG esterification (+47-51%, 

P<0.01, Figure 16B) compared to Lean rats, and no acute changes in FA oxidation were 

observed between any of the ZDF (C or HF) groups. 

 

Chronic changes in Skeletal Muscle FAT/CD36 and FABPpm Membrane Protein 

Expression 

 
Whole muscle and plasma membrane-associated changes in FAT/CD36 and 

FABPpm levels were assessed in RG muscle after the preparation of giant sarcolemmal 

vesicles (Figure 17). Whole muscle (+40%, P < 0.001) and plasma membrane-associated 

(+56%, P < 0.001) FAT/CD36 was increased in ZDF HF compared to C.  All treatments 

resulted in significant reductions in whole muscle and plasma membrane-associated 

FAT/CD36 protein expression compared to HF-fed rats  (HF-Met: -15-27%, P < 0.05; 

HF-Ex: -18-29%, P = 0.006; HF-E+M: -21-33%, P < 0.01). Linear regression revealed a 

significant negative correlation between plasma membrane-associated FAT/CD36 and 

plasma membrane-associated GLUT4 (P = 0.05, r = 0.94) in rats fed the HF diet.  No 

changes in whole muscle or plasma membrane-associated FABPpm were observed in the 

ZDF groups. 
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Skeletal muscle lipid content 

Diacylglycerol. ZDF HF rats had increased total DAG content (Figure 18A) 

compared to both Lean (+72%, P < 0.001) and C (+20%, P = 0.028) rats.  Reductions in 

total DAG content were observed with HF-Met (-53%, P < 0.001) and both HF-Ex and 

HF-E+M rats (-110-130%, P < 0.001) compared to ZDF HF rats. Interestingly, total 

DAG content was decreased in all HF treatments (HF-Met, HF-Ex, HF-E+M, P < 0.005) 

compared to C rats on a low-fat diet.  There were further reductions in total DAG content 

in both HF-Ex (P = 0.021) and HF-E+M (P = 0.008) compared to HF-Met treatment 

alone. 

 

ZDF HF rats also had significantly more total saturated DAG content compared to 

Lean rats and C (P < 0.001), as well as more monounsaturated (P < 0.001) and 

polyunsaturated (P = 0.019) DAG content (Table 6) compared to Lean rats. Stearoyl-CoA 

(C18:0) and eicosanoyl-CoA (22:0) were significantly increased in ZDF HF-fed rats 

(C18:0: P <  0.001 vs Lean and C; C22:0: P < 0.01 vs Lean and  C).  Reductions in total 

saturated (P < 0.001), monounsaturated (P < 0.01) and polyunsaturated (P < 0.05) DAG 

content were seen in ZDF HF-Met, HF-Ex and HF-E+M rats, due to decreases in some 

(C14:0, C:16:0, C16:1, C18:0, C22:0; C:18:1; C20:4, 20:5, P < 0.05) but not all DAG 

species.  Furthermore, the C16:0, C18:0, C18:1 and C20:5 species were significantly 

lower in HF-Met, HF-Ex and HF-E+M than the ZDF C rats on a lower-fat diet.  

Interestingly, the sum of the saturated DAG species (P < 0.05), a number of saturated 

species (C14:0, C16:0, C18:0 C22:0, P < 0.05), and C16:1 (P < 0.06) were further 

reduced in HF-Ex and HF-E+M compared to HF-Met. 
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Ceramide.  ZDF HF rats had increased total ceramide content (Figure 18B) 

compared to both Lean (+111%, P <0.001) and C (+71%, P < 0.001).  Reductions in total 

ceramide were observed with ZDF HF-Met (-68%, P < 0.001) and both HF-Ex and HF-

E+M rats (-109-225%, P < 0.001) compared to ZDF HF rats. Further reductions in total 

ceramide content were observed with combined HF-E+M rats compared to C and HF-

Met rats (-90%, P < 0.01).  Furthermore, a synergistic effect was observed as HF-E+M 

had less total ceramide species compared to HF-Ex  (-55%, P = 0.05). 

 

ZDF HF rats also had significantly more total saturated, monounsaturated and 

polyunsaturated ceramide content compared to Lean and ZDF-C rats (P < 0.001, Table 

7). Most (P < 0.05), but not all (C20:0, C22:0 not significant) ceramide species were 

increased in the ZDF HF compared to C.  Virtually all ceramide species were elevated in 

ZDF HF fed rats in comparison to Lean rats (P < 0.05).  There were significant 

reductions in total saturated (P < 0.001), monounsaturated (P < 0.001) and 

polyunsaturated (P < 0.05) ceramide content in ZDF HF-Met, HF-Ex and HF-E+M 

treatments that were attributed to decreases in all ceramide species.  Interestingly, the 

sum of the saturated (P < 0.01), monounsaturated (P < 0.01) and polyunsaturated (P < 

0.05) ceramide species were further reduced with the combination HF-E+M, compared to 

HF-Met. 
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Skeletal muscle AMPK signaling 

AMPK Protein Expression. There were no significant differences in total protein 

expression of AMPK (Figure 19A) or the phosphorylation state of AMPK (Figure 19B).  

There were modest increases in AMPKα1 protein expression (Figure 19C) with HF-Met 

treatment (+ 30%, P < 0.05), and AMPKα2 protein expression (Figure 19D) in HF-Ex 

(+12-17%, P < 0.05) and the combination HF-E+M (+15-21%, P < 0.05) compared to 

ZDF HF and HF-Met rats. 

 

AMPK “Target” Proteins. There were no significant differences in the 

phosphorylation state of the downstream target ACC (Figure 20A).  However, PGC-1α 

protein content tended to increase in HF-Met rats (+15%, P = 0.06), and was increased in 

HF-Ex (+22-26%, P = 0.01) and HF-E+M (+20-25%, P = 0.01), compared to C and HF 

rats (Figure 20B). 

 

Oxidative Enzyme Activity 

There was an increase in the activity of citrate synthase (Table 8) with both HF-

Ex (+12-15%, P < 0.05) and HF-E+M (+21-24%, P < 0.05).  There was also an increase 

in β-HAD with HF-Ex (+20-24%, P < 0.05) and HF-E+M (+30-35%, P < 0.01).  
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Table 5: Body weight and fasting plasma insulin and glucose from Lean and ZDF rats on Control (C) or high-fat (HF) diet 
Values are expressed as mean ± SEM, a: Significantly different from Lean (P ≤ 0.05); b: Significantly different from Control (P ≤ 
0.05); c: Significantly different from HF (P ≤ 0.05); d: Significantly different from HF-Met (P ≤ 0.05); e: Significantly different from 
HF-Ex (P ≤ 0.05); f: Significantly different from Week 0 (P ≤ 0.05); g: Significantly different from Week 4 (P ≤ 0.05).  
 

  ZDF 
 Lean C HF HF-Met HF-Ex HF-E+M 

n 12 12 12 12 12 12 
       

Body Weight, g       
Week 0 100 ± 1 146 ± 5a 146 ± 4a 153 ± 6a 137 ± 5a 139 ± 4a 

Week 4 160 ± 2 274 ± 4a 286 ± 8a 290 ± 7a 285 ± 3a 273 ± 4a 

Week 8 188 ± 3 358 ± 6a 345 ± 8a 350 ± 7a 339 ± 3a 337 ± 4a 

       
Fasting Plasma 
Insulin, ng/ml 

      

Week 0 0.3 ± 0.1 2.6 ± 1.2 2.2 ± 0.5 1.4 ± 0.3 1.8 ± 0.3 3.0 ± 0.8 
Week 4 0.4 ± 0.1 3.4 ± 0.4 13.9 ± 1.4abf 7.0 ± 1.3acf 7.7 ± 0.8acf 2.5 ± 0.4ac 

Week 8 1.9 ± 0.3 13.2 ± 0.8fg 16.2 ± 1.6abf 17.2 ± 2.2afg 18.10 ± 1.2afg 14.2 ± 1.3afg 

       
Fasting Plasma 

Glucose, mM 
      

Week 0 2.6 ± 0.3 6.7 ± 0.8 5.5 ± 0.5 7.8 ± 3.3 6.6 ± 0.9 6.6 ± 1.1 
Week 4 4.1 ± 0.5 5.6 ± 0.5 10.1 ± 2.9ab 7.1 ± 1.3 5.6 ± 0.6c 6.5 ± 0.5 
Week 8 8.3 ± 1.10fg 13.3 ± 1.4fg 24.4 ± 2.1afg 17.7 ± 2.7acfg 11.1 ± 0.9acfg 14.7 ± 1.7acfg 
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Table 6: Soleus muscle diacylglycerol (DAG) content from Lean and ZDF rats on Control (C) or high-fat (HF) diet   
Values are expressed as mean ± SEM, nmol/g dry weight a: Significantly different from Lean (P ≤ 0.05); b: Significantly different 
from Control (P ≤ 0.05); c: Significantly different from HF (P ≤ 0.05); d: Significantly different from HF-Met (P ≤ 0.05). Letters in 
parentheses denote a trend (0.05 < P ≤ 0.10). 
 

   ZDF 
DAG Species Lean C HF HF-Met HF-Ex HF-E+M 

Saturated       
14:0 121 ± 24 150 ± 23 168 ± 25(a) 115 ± 23c 64 ± 8abc(d) 70 ± 8(a)bc(d) 

16:0 1087 ± 93 1559 ± 179a 1812 ± 151a 1203 ± 106bc 884 ± 63bc(d) 812 ± 74bcd 

18:0 1254 ± 91 1385 ± 115 2091 ± 250ab 1217 ± 155bc 827 ± 83abcd 691 ± 88abcd 

20:0 ND 
22:0 11 ± 2 11 ± 2 18 ± 2ab 13 ± 1.4c 7 ± 1cd 8 ± 1cd 

24:0 ND 
Sum 

Saturated* 
2367 ±  213 3092 ±  251a 3885 ±  434ab 2548 ±  265.6c 1783 ±  139bcd 1581 ±  164abcd 

       
Monounsaturated       

16:1 74 ± 23 230 ± 22ac 159 ± 22a 140 ± 19 88 ± 9cd 84 ± 15cd 

18:1 506 ± 65 925 ± 129a 949 ± 104a 686 ± 53bc 537 ± 46bc 529 ± 58bc 

24:1 ND 
Sum 

Monounsaturated 
574 ±  76 1117 ±  143a 1231 ±  176a 751 ±  79bc 581 ±  62bc 613 ±  71bc 

       
Polyunsaturated       

18:2 189 ± 31 240 ± 32 253 ± 31 216 ± 22 172 ± 16 159 ± 16 
20:4 54 ± 12 94 ± 21(a) 115 ± 29a 50 ± 8(b)c 50 ± 11(b)c 38 ± 4bc 

20:5 19 ± 3 29 ± 6(a) 35 ± 5a 17 ± 2bc 10 ± 2(a)bc 12 ± 1bc 

22:6 17 ± 2 28 ± 2 20 ± 7 13 ± 2 15 ± 3 17 ± 1 
Sum 

Polyunsaturated 
275 ±  35 381 ±  32a 388 ±  51a 291 ±  29(b)c 239 ±  24 bc 224 ±  16bc 
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Table 7: Soleus muscle ceramide content from Lean and ZDF rats on Control (C) or high-fat (HF) diet 
Values are expressed as mean ± SEM, nmol/g dry weight a: Significantly different from Lean (P ≤ 0.05); b: Significantly different 
from Control (P ≤ 0.05); c: Significantly different from HF (P ≤ 0.05); d: Significantly different from HF-Met (P ≤ 0.05); e: 
Significantly different from HF-Ex (P ≤ 0.05). Letters in parentheses denote a trend (0.05 < P ≤ 0.10). 
 

   ZDF 
Ceramide Species Lean C HF HF-Met HF-Ex HF-E+M 

Saturated       
14:0 111 ± 16 116 ± 11 222 ± 27ab 106 ± 10c 58 ± 6abcd 54 ± 5abcd 

16:0 208 ± 18 259 ± 17 413 ± 42ab 220 ± 17c 183 ± 9bc 142 ± 11abcd 

18:0 200 ± 15 265 ± 18a 441 ± 43ab 242 ± 21c 207 ± 13c 158 ± 13bcd 

20:0 15 ± 1 22 ± 3a 25 ± 2a 16 ± 1bc 16 ± 1bc 14 ± 1bc 

22:0 18 ± 2 26 ± 4 41 ± 6a 20 ±1c 18 ± 2c 15 ± 1bc 

24:0 75 ± 9 77 ± 5 116 ± 11ab 68 ± 5c 49 ± 6abcd 44 ± 3 abcd 

Total 
Saturated* 

576 ±  51 712 ±  76 1168 ±  126ab 674 ±  60c 547 ±  44c 371 ±  33abcd 

       
Monounsaturated       

16:1 11 ± 1 15 ± 2 24 ± 3ab 16 ± 2ac 8 ± 1bcd 7 ± 1bcd 

18:1 66 ± 7 106 ± 18a 160 ± 18ab 78 ± 6c 57 ± 5bc 38 ± 5bcd 

24:1 32 ± 4 38 ± 5 57 ± 5ab 33 ± 3c 20 ± 3abc 22 ± 2abcd 

Total 
Monounsaturated 

104 ±  12 129 ±  14 208 ±  29ab 127 ±  8c 89 ±  16c 63 ±  8bcd 

       
Polyunsaturated       

18:2 54 ± 10 92 ± 15 148 ± 30ab 91 ± 13c 85 ± 11c 41 ± 6bcd(e) 

20:4 43 ± 6 63 ± 9 145 ± 30ab 87 ± 10c 84 ± 14c 41 ± 6cde 

20:5 19 ± 2 17 ± 3 38 ± 4ab 15 ± 1c 12 ± 1ac 11 ± 1ac 

22:6 35 ± 6 31 ± 6 43 ± 6(b) 31 ± 3( c ) 22 ± 3c 12 ± 2bcd 

Total 
Polyunsaturated 

128 ±  18 165 ±  24 330 ±   67ab 216 ±  23c 181 ±  30c 91 ±  15cd(e) 
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Table 8: Soleus muscle citrate synthase and β-HAD from ZDF rats on high-fat (HF) diet  
Values are expressed as mean ± SEM, µmol/min/g wet wt. c: Significantly different from HF (P ≤ 0.05); d: Significantly different from 
HF-Met (P ≤ 0.05). 
 

 ZDF 
 HF HF-Met HF-Ex HF-E+M 

Citrate Synthase 
Activity, 

µmol/min/g wet wt 

 
43.8 ± 1.8 

 
44.8 ±1.6 

 
50.5 ± 1.3cd 

 
54.2 ± 3.2cd 

β-HAD Activity, 
µmol/min/g wet wt  

 

 
12.1 ± 1.1 

 
12.6 ± 0.9 

 
15.0 ± 0.8cd 

 
16.3 ± 0.7cd 
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Figure 14: Basal (A) and insulin-stimulated (B) glucose transport in soleus muscle from 
Lean and ZDF rats on Control (C) or high-fat (HF) diet 
Glucose transport rates were monitored over 40 min for basal and 20 min for insulin-
stimulated conditions. Values are mean ± SEM, nmol/g wet weight/60 min. a: 
Significantly different from Lean (P ≤ 0.05); c: Significantly different from HF (P ≤ 
0.05); (c): trend observed  (P = 0.068); d: Significantly different from HF-Met (P ≤ 0.05). 
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Figure 15: Whole muscle (A) and plasma membrane (B) GLUT4 glucose transporter 
protein expression in RG muscle from Lean and ZDF rats on Control (C) or high-fat (HF) 
diet 
Values are mean ± SEM, expressed as % of Lean control (set to 100%). b: Significantly 
different from Control (P ≤ 0.05); c: Significantly different from HF (P ≤ 0.05); d: 
Significantly different from HF-Met (P ≤ 0.05). 
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Figure 16: Soleus muscle exogenous FA oxidation (A) and TAG esterification (B) from Lean 
and ZDF rats on Control (C) or high-fat (HF) diet 
Metabolism was monitored over an acute 60 minute incubation. Values are mean ± SEM, 
nmol/g wet weight/60 min. a: Significantly different from Lean (P ≤ 0.05). 
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Figure 17: Whole RG muscle FAT/CD36 (A) and FABPpm (B), and plasma membrane 
FAT/CD36 (C) and FABPpm (D) protein expression in RG muscle from Lean and ZDF rats 
on Control (C) or high-fat (HF) diet 
Values are mean ± SEM, expressed as % of Lean control (set to 100%). b: Significantly 
different from Control (P ≤ 0.05); c: Significantly different from HF (P ≤ 0.05). 
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Figure 18: Soleus muscle total diacylglycerol (DAG) content (A) and total ceramide content 
(B) from Lean and ZDF rats on Control (C) or high-fat (HF) diet 
Values are mean ± SEM, nmol/g dry weight. a: Significantly different from Lean (P ≤ 
0.05); b: Significantly different from Control (P ≤ 0.05); c: Significantly different from 
HF (P ≤ 0.05); d: Significantly different from HF-Met (P ≤ 0.05); e: Significantly 
different from HF-Ex (P ≤ 0.05). 
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Figure 19: Soleus muscle total AMPK (A), phosphorylated AMPK (pAMPK, B), AMPKα1 
(C) and AMPKα2 (D) protein expression from Lean and ZDF rats on Control (C) or high-
fat (HF) diet 
Values are mean ± SEM, expressed as % of Lean Control (set to 100%). b: Significantly 
different from Control (P ≤ 0.05); c: Significantly different from HF (P ≤ 0.05); (c): trend 
observed  (P = 0.068); d: Significantly different from HF-Met (P ≤ 0.05); e: Significantly 
different from HF-Ex (P ≤ 0.05); f: Significantly different from HF-E+M (P ≤ 0.05). 
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Figure 20: Soleus muscle phosphorylated ACC (pACC), A), and PGC-1α  (B) protein 
expression from Lean and ZDF rats on Control (C) or high-fat (HF) diet 
Values are mean ± SEM, expressed as % of Lean Control (set to 100%). b: Significantly 
different from Control (P ≤ 0.05); c: Significantly different from HF (P ≤ 0.05); (bc): 
trend toward a difference from Control and HF observed (P = 0.06). 
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Discussion 

It has been postulated that treatments that stimulate the AMPK-axis may increase 

glucose uptake and partition FA to oxidation in skeletal muscle, and therefore may be an 

important therapeutic means to target the pathogenesis of insulin resistance. Very few 

studies have been performed with the female ZDF rat, as it was originally thought that 

while they exhibited obesity and insulin resistance, they did not develop diabetes on a 

conventional rodent diet.  In comparison, the male ZDF rat is a spontaneous model, 

consistently developing insulin resistance by 7-8 weeks of age and overt diabetes by 12 

weeks of age (58, 141). We confirmed previous findings that female ZDF rats fed a HF-

diet (48 kcal% fat) developed diabetes (39), as indicated by overt fasting hyperglycemia 

and hyperinsulinemia (39, 196). 

 

A number of novel observations were made in this study, including that the overt 

hyperglycemia observed in ZDF HF-fed rats was accompanied by impaired insulin-

stimulated glucose transport in skeletal muscle; metformin, exercise, and their 

combination prevented the progression of overt diabetes in female ZDF HF-fed rats; and 

the beneficial effects on systemic glycemia were related to enhanced skeletal muscle 

insulin-stimulated glucose uptake and increased whole muscle and plasma membrane 

GLUT4 expression with exercise and the combination of exercise and metformin, but 

NOT with metformin treatment on its own.  In relation to lipid metabolism, no treatment 

altered FA oxidation or TAG synthesis; however, whole muscle and plasma membrane-

associated FAT/CD36 protein expression was reduced with all treatments, which was 

likely at least partially responsible for the observed reduction in DAG and ceramide 
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contents.  Finally, modest changes in AMPK were observed, as metformin increased 

AMPKα1 and downstream PGC-1α protein expression, while exercise and the 

combination of exercise and metformin increased AMPKα2 and PGC-1α protein 

expression, suggesting differential effects of pharmacological treatment versus exercise 

training on the AMPK-axis in skeletal muscle. 

 

Effects of metformin and exercise on glucose metabolism and the prevention of 

diabetes in the female ZDF rat 

 

In this study, improvements in hyperglycemia induced by metformin were not 

related to improvements in insulin-stimulated glucose transport or changes in GLUT4 

protein expression in skeletal muscle of HF-fed rats.  The exact mechanism by which 

metformin exerts its antidiabetic effects is poorly understood. The main site of metformin 

action appears to be the liver, via a reduction in hepatic glucose output through inhibition 

of gluconeogenesis (90, 180).  However, limited evidence also suggests that metformin 

may have direct effects on skeletal muscle.  Specifically, metformin has been shown to 

activate AMPK (38, 216) and stimulate glucose uptake in isolated rat EDL muscle (216).  

Metformin has also been shown to enhance insulin-stimulated glucose transport in soleus 

muscle from healthy Sprague-Dawley rats (22).  The effects of metformin stimulation of 

skeletal muscle insulin-stimulated glucose uptake have been shown in studies of insulin 

resistant human subjects (63) but not in subjects with newly diagnosed diabetes (99).  

Therefore, it is possible that metformin-mediated effects on the reduction of 

hyperglycemia in female ZDF rats were related to reductions in hepatic glucose output. 
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It is well established that acute exercise bouts, as well as chronic training improve 

muscle insulin sensitivity, particularly by increasing GLUT4 expression (97) and 

translocation to the plasma membrane (57).  Indeed, exercise training has been shown to 

improve skeletal muscle insulin-stimulated glucose uptake in obese Zucker rats (36, 96) 

up to 7 days after the last exercise bout (36).  In the current study, the progression of 

overt hyperglycemia was prevented with exercise and this was related to enhanced 

insulin-stimulated glucose uptake, as well as increased basal whole muscle and plasma 

membrane-associated GLUT4 protein expression.  This suggests that with exercise 

training, there was a chronic upregulation of total muscle GLUT4 protein expression, 

which was likely translocated to the sarcolemmal membrane during insulin stimulation, 

contributing to the increased insulin sensitivity and reductions in fasting glycemia.  The 

effects of the last exercise bout on insulin sensitivity cannot be discounted, however, as it 

is possible that glycogen levels may have been lower in exercised animals on a high-fat 

diet.  We did not have enough soleus to assess glycogen levels, but soleus muscle is an 

oxidative tissue, resistant to glycogen breakdown.  It is therefore unlikely that large 

reductions in soleus muscle glycogen due to the last exercise bout occurred in the trained 

rats (training protocol completed 48 hours before measurements taken) and is likely not a 

mechanism related to increased insulin-stimulated glucose transport in this ZDF model.  

Regardless, these findings suggest that metformin and exercise may be exerting distinct 

effects on glucose metabolism in different tissues (ie. liver and skeletal muscle). 
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Effects of metformin and exercise on skeletal muscle fatty acid oxidation and oxidative 

capacity 

Evidence is accumulating that strongly suggests that defects in skeletal muscle FA 

metabolism are involved in the pathogenesis of insulin resistance in obesity.  Previous 

data have shown that during the progression to diabetes, male ZDF rats display increased 

fasting RQ values, suggesting impairments in whole body fasting FA oxidation (58). 

Indeed, in obese humans, FA oxidation is impaired in muscle homogenates (105) and 

from increased fasting leg RQ values, despite similar FA uptake across the leg compared 

to lean subjects (101).  These findings suggest that FA oxidation is reduced, possibly 

leading to lipid accumulation in skeletal muscle (See below). 

 

Female ZDF rats have reduced acute exogenous FA oxidation and an increase in 

TAG esterification compared to lean rats.  Surprisingly, no treatment (HF-Met, HF-Ex, 

HF-E+M) had any effect on acute FA metabolism in this HF model.  However, it is 

tempting to speculate that differences in FA oxidative capacity caused by metformin and 

exercise, or their combination, may have been revealed if soleus muscle strips had been 

subjected to a contraction paradigm that stimulates FA oxidation.  Indeed, 8 weeks of 

endurance training in Sprague-Dawley rats has been shown to increase FA oxidation in 

isolated contracting, but not resting soleus muscle, which was associated with increased 

citrate synthase and β-HAD activities (50).  Isoform-specific AMPK protein content 

increases with HF-Met (α1), and HF-Ex and HF-E+M (α2) were associated with 

increased PGC-1α protein content in all three treatments. Modest increases in citrate 

synthase and β-HAD activities occurred in both exercising HF groups.  However, the 
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changes in these markers of oxidative capacity were not profound, suggesting that 

improvements in oxidative capacity may not be a requirement.  Rather, reductions in FA 

uptake and storage as reactive lipid species may be underlying mechanisms in the 

prevention of diabetes in this model. 

 

Effects of metformin and exercise on skeletal muscle fatty acid transporters and 

accumulation of lipid species 

It has been suggested that dysregulation of FA metabolism in obese, insulin 

resistant states predispose muscle to increase FA transport and reduce oxidation.  Indeed, 

red oxidative skeletal muscle from obese Zucker rats (117), and male ZDF rats (32), and 

in rectus abdominus muscle from obese humans (21) display increased rates of palmitate 

transport, which is correlated with increased FAT/CD36 protein content located at the 

plasma membrane.  Due to tissue limitations, we were not able to measure actual rates of 

FA transport with giant sarcolemmal vesicles, however it has been consistently shown 

that the abundance of membrane-bound FA transporter proteins correlate well with initial 

rates of FA uptake measured in giant sarcolemmal vesicles (20, 32, 118).  However, our 

results are in agreement with these studies in obese states (21, 32, 117), demonstrating 

that FAT/CD36 protein content is chronically increased at the plasma membrane in HF-

fed diabetic ZDF female rats.  Interestingly, in obese Zucker rats, total protein content 

does not change but rather increased amounts of FAT/CD36 are observed to be 

permanently translocated to the sarcolemmal membrane (117).  Whereas in male ZDF 

(32) and female HF-fed ZDF rats in the current study, both whole muscle and plasma 

membrane-associated FAT/CD36 are increased in RG muscle chronically.  This a novel 
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finding that suggests increased whole muscle and plasma membrane-associated 

FAT/CD36 may exacerbate the diabetic condition in both the male ZDF and the HF-fed 

female ZDF model.  Furthermore, this is the first known study to show that metformin 

and exercise, alone or in combination, reduced whole muscle and plasma membrane-

associated FAT/CD36 in the ZDF HF groups, suggesting that metformin, and exercise 

may each regulate FA uptake chronically in skeletal muscle. Interestingly, these results 

raise an apparent conflict between acute versus chronic AMPK regulation of FA uptake, 

which we cannot decipher conclusively from the results of the current study.  Contraction 

and AICAR has been shown to acutely stimulate AMPK activity, which is associated 

with increased sarcolemmal translocation of FAT/CD36  and FA uptake in cardiac 

myocytes (118), whereas chronic metformin treatment and exercise training in female 

ZDF rats reduces skeletal muscle plasma membrane-associated FAT/CD36.  It may be 

that the apparent dysregulation of increased FA transporters and subsequent FA uptake in 

obese/insulin resistant states may be regulated by increased systemic FA, with metformin 

and exercise leading to an “appropriate” regulation of translocation of FA transporters 

between intramuscular depots and the sarcolemmal membrane in skeletal muscle. 

 

Neither metformin or exercise, or their combination, had effects on the elevated 

rates of TAG esterification in ZDF rats.  Additionally, there were no differences in rates 

of TAG esterification between insulin resistant ZDF rats on C diet and ZDF rats on HF 

diet, suggesting that TAG storage may not be a mechanism associated with the 

progression of diabetes in this model.  Alternatively, previous data suggested that DAG 

content is increased in chronic insulin resistant states such as HF-fed rats (11, 160), obese 
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Zucker rats (190) and obese humans (25).  Also, ceramides are increased in obese Zucker 

rats (190) and humans (1, 25) and are negatively associated with insulin sensitivity (179).  

It is thought that DAG are allosteric activators of certain PKC isoforms which translocate 

to the plasma membrane and interrupt insulin signaling through Ser/Thr phosphorylation 

of IRS-1, while ceramides inhibit more distal components of the insulin signaling 

pathway, including Akt/PKB (161, 182). In ZDF HF-fed female rats, total DAG and 

ceramides were increased almost 2-fold, while all interventions resulted in reductions in 

both total DAG and ceramide content. This suggested that decreases in reactive lipid 

intermediates may be a potential mechanism for reduced fasting glycemia and inhibited 

progression to diabetes in this model.  This is in agreement with previous studies that 

have shown reductions in the accumulation of DAG after training (25) and ceramides 

with both acute prolonged exercise (46) and chronic training (25, 47). 

 

Also important were the findings that the sum of the individual saturated, 

monounsaturated and polyunsaturated DAG and ceramide species were increased in ZDF 

HF-fed rats.  It has been suggested that the saturated:unsaturated FA ratio is important in 

the regulation of cell growth and differentiation and would therefore have effects on 

membrane fluidity and signal transduction (ie. insulin signaling) (45).   In addition, it is 

possible that stearoyl-CoA desaturase 1 (SCD1) may be involved in the regulation of the 

degree of desaturation of individual lipid species in skeletal muscle and may be a 

contributing factor to obesity and insulin resistance.  Stearoyl-CoA desaturase 1 catalyzes 

the desaturation of saturated fatty acyl-CoA, with its preferred substrates being palmitoyl-

CoA and stearoyl-CoA.  In soleus muscle from healthy rats, saturated palmitoyl-CoA 
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(C16:0) and stearoyl-CoA (C18:0) make up the majority (~65-70%) of ceramide, with 

monounsaturated oleoyl-CoA (C18:1) only making up ~5% of ceramide species (46).  In 

this study, saturated palmitoyl-CoA (C16:0) and stearoyl-CoA (C18:0) also made up the 

majority of ceramide and DAG species.  However, in male ZDF rats (192) and obese 

humans (88), there is an increase in Scd1 gene expression, suggesting that there may be 

increased SCD1 protein content that may increase synthesis of monounsaturated oleoyl-

CoA.  Furthermore, in myocytes cultured from obese humans, increased SCD1 

expression and activity are correlated with low FA oxidation, increased TAG and 

increased monounsaturated lipid species, suggesting abnormal lipid partitioning when 

oleoyl-CoA is elevated (88).  In the current study, the HF C13004 diet is made up of 48 

kcal% fat, mainly from animal sources, and ~25% of fat being palmitic acid (C16:0) and 

stearic acid (C18:0) (Appendix 3).  Although we did not measure SCD1 protein 

expression in this study, it is likely that SCD1 is elevated in ZDF HF rats, leading to an 

~1.9- to 2.4-fold increase in oleoyl (C18:1) DAG and ceramide compared to lean insulin 

sensitive rats.  Taken together, the increase in saturated DAG and ceramide species, along 

with enhanced desaturation to yield monounsaturated DAG and ceramide species is a 

novel finding in this female ZDF HF model. 

 

Another novel finding of this study was that metformin and exercise, alone or in 

combination, decreased saturated palmitoyl (C16:0) and stearoyl (C18:0), as well as 

monounsaturated oleoyl (C18:1) DAG and ceramide content in ZDF HF rats.  In addition, 

both exercise treatments reduced palmitoyl (C16:0) and stearoyl DAG species 

significantly more than with metformin alone.  These results suggest that although we did 
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not observe any chronic increases in pAMPK, presumably daily exercise training 

upregulated the AMPK-axis and increased FA oxidation in skeletal muscle.  Indeed, 

moderate increases in AMPKα2 were observed with exercise and the presumed increase 

in FA oxidation, along with decreased FAT/CD36 would be the likely mechanism to 

attribute the large decreases in DAG and ceramide species.  Although metformin 

treatment did not reduce DAG and ceramide content to the same extent as exercise 

intervention, there were significant decreases compared to HF diabetic rats, in the 

majority of DAG and ceramide species detected.  Metformin increased AMPKα1 protein 

expression, which was associated with increased PGC-1α, a likely mechanism in 

increased mitochondrial biogenesis (184). 

 

Summary 

In conclusion, we show that the female ZDF rat is a good model of HF diet- 

induced diabetes.  The overt hyperglycemia observed in the ZDF HF-fed rat was 

accompanied by impaired insulin-stimulated glucose transport.  The progression of 

diabetes was prevented with metformin and exercise, or their combination, indicated by 

reductions in fasting glucose levels.  Only the exercise treatments were associated with 

improved skeletal muscle insulin-stimulated glucose uptake and increased whole muscle 

and plasma membrane-associated GLUT4 protein expression. Reductions in whole 

muscle and plasma membrane FAT/CD36, and total and monounsaturated DAG and 

ceramide may be mechanisms related to the alleviation of FA-induced insulin resistance 

and diabetes in female ZDF rats. Modest changes in AMPK isoform-specific protein 

content and PGC-1α protein content may have been related to preventing the progression 
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of diabetes and whether the stimulation of the AMPK-axis had direct effects on 

reductions in FAT/CD36 protein content, DAG and ceramide content remains to be 

elucidated. 
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CHAPTER 6: GENERAL SUMMARY 
 

 

The proposed role of AMPK as a regulator of FA and glucose metabolism made 

this enzyme a candidate therapeutic target for the alleviation of insulin resistance. In 

recent years, a great deal of research has investigated the regulation of skeletal muscle 

metabolism by AMPK; however the extent of its involvement has been a matter of much 

debate.  Initial rodent experiments suggesting that the AMPK-axis was regulating FA 

oxidation during treadmill exercise never measured the functional endpoint of FA 

oxidation (198-200), as this is technically difficult in vivo in rodents.  AMPK-mediated 

effects on FA oxidation were not shown until in vitro experiments in rodent skeletal 

muscle were performed with the AMPK activator, AICAR.  AICAR allowed for the 

examination of the regulation of substrate utilization both in vitro and in vivo in rodent 

skeletal muscle, demonstrating increased glucose uptake (13, 125, 130) and partitioning 

of FA to oxidation (130).   

 

Considering that AMPK is sensitive to decreases in the energy charge of the cell, 

and that its activation results in increased ATP provision, it is surprising that very few 

studies have actually examined the effect of AMPK activation on the oxidation of 

glucose. Although it would seem intuitive that stimulation of AMPK would result in the 

simultaneous increase in oxidation of both FA and glucose substrates for the purposes of 

restoring ATP concentrations, the initial findings of Kaushik et al. (100) were that 

glucose oxidation actually decreased in resting muscle in the presence of AICAR, 

presumably a secondary effect to the observed increase in FA oxidation (i.e. glucose-fatty 
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acid cycle). This suggests that the actual effect of AMPK activation on glucose oxidation 

may depend on the availability of FA substrates for enhanced oxidation.  Furthermore, 

AICAR treatment in isolated hepatocytes and adipocytes had an anti-lipolytic effect 

during β-adrenergic stimulation (29, 40, 181).  Collectively, these effects seem counter-

intuitive, as from a teleological viewpoint, AMPK would be thought to regulate pathways 

of FA and glucose metabolism to supply substrate for ATP production in times of energy 

need, regardless of the source (ie. exogenous FA and glucose, endogenous TAG stores).  

 

Therefore, the purpose of the acute studies of this thesis (CHAPTER 3 AND 

CHAPTER 4) was to examine the effects of AICAR on FA metabolism and glucose 

oxidation at rest and during contraction in isolated rat soleus muscle in vitro.  The results 

of these studies demonstrated that at rest, AMPKα2 activation with AICAR 

simultaneously increased FA and glucose oxidation, regardless of the level of FA 

availability.  PDHa increased acutely, supporting the observed increase in glucose 

oxidation.  Ultimately, these effects would have increased total ATP production.  With 

AICAR, we observed a significant increase in calculated ATP production from both 

glucose and FA oxidation, which may be well in excess of what would be estimated in 

resting muscle.  However, it is possible that the excess ATP could be converted to PCr 

through the near-equilibrium enzyme creatine kinase, which was not measured in these 

studies and warrants further investigation.  Alternatively, it is not known if AICAR may 

also stimulate other energy-requiring processes, such as the regulation of ion pumps, 

uncoupling proteins and substrate cycling that may be consuming ATP with AICAR 

treatment.  Additionally, AICAR had no independent effects on endogenous FA 
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metabolism (TAG hydrolysis and subsequent endogenous oxidation), as had been 

previously shown in mouse soleus muscle with longer incubation times (3 hours, (130)).  

During contraction, AICAR further increased the activity of AMPKα2 above that seen 

with contraction alone, which led to further increases in FA oxidation regardless of FA 

availability.  Furthermore, AICAR blunted TAG hydrolysis, but had no effect on 

endogenous oxidation during contraction.  There were no effects on glucose oxidation 

during contraction, as these rates were already likely to be at or near maximal during 

intense tetanic stimulation. 

 

 The results of first two thesis studies suggest that AMPK is an important regulator 

of FA metabolism in both resting and contracting skeletal muscle.  However, over 40 

years after the conceptualization of the glucose fatty-acid cycle hypothesis by Randle et 

al. (144), we still do not have a good understanding of the regulation of fat-carbohydrate 

interaction in contracting skeletal muscle.  Indeed, we understand that the intensity of 

muscle contraction and exercise changes the relative proportion of glucose or FA 

substrate used by muscle (151), but the mechanisms regulating these relative proportions 

are not fully understood.  Important rate-limiting steps in FA uptake and metabolism are 

known, such as the membrane-associated fatty acid transport proteins FAT/CD36 and 

FABPpm, mitochondrial CPT-I and HSL.  However, recent evidence suggests that 

FAT/CD36 may be associated with both the sarcolemmal and the mitochondrial 

membrane, possibly co-localizing with CPT-I (16, 159).  Also, the exact role of malonyl-

CoA in regulating CPT-I activity at rest and during exercise in rat and human skeletal 

muscle is not known.  The IC50 concentrations for CPT-I suggests that CPT-I is 
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maximally inhibited even at rest and whole muscle malonyl-CoA levels decrease in 

exercising rodent (134, 198, 199), but not human (134) muscle, suggesting possible 

compartmentalization.  

 

There is also much debate regarding the extent to which AMPK regulates FA 

oxidation during muscle contraction and exercise.  AMPK is activated during exercise in 

an intensity-dependent manner in both rats (146) and humans (35, 206), with increases in 

activity only seen at higher intensity protocols, when energy provision is predominantly 

from glycogen.  Therefore, AMPK has been suggested not to be critical for increased FA 

oxidation in rodent skeletal muscle during lower intensity in vitro contraction (145), as 

large increases in FA uptake and oxidation were not correlated to modest activation of 

AMPK.  AMPK-independent mechanisms for the regulation of glucose uptake during 

contraction have already been shown in mice expressing a dominant inhibitory mutant of 

AMPK (128), and it is also possible that AMPK is only part of the mechanism regulating 

FA metabolism during contraction.   To add to the controversy of AMPK regulation, in a 

recent study of moderately trained men and women cycling during prolonged (90 min) 

moderate-intensity exercise (60% VO2max), the higher FA oxidation rates observed in 

females could not be explained by greater AMPK activation (150). 

 

Therefore, many questions still remain as to the importance of AMPK in the 

regulation of fat metabolism during contraction/exercise.  The role of AMPK in 

regulating contraction-mediated FA metabolism is, for the most part, poorly understood. 

There is a need for more specific AMPK “activators” similar to AICAR. The 
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development of novel AMPK activators will advance the study of the metabolic effects of 

AMPK activation. Current studies with AICAR are limited due to possible activation of 

other kinases and AICAR’s sustained, artificial increase in ZMP does not allow for the 

system to use homeostatic mechanisms to “turn off” metabolic processes.  Also, specific 

AMPK “inhibitors” will help to advance our understanding of AMPK’s role in the 

regulation of FA oxidation during contraction.  The specificity of iodotubercidin and 

araA as AMPK inhibitors has been questioned; however, a newer class of AMPK 

inhibitor, compound C (6-[4-(2-Piperidin-1-yl-ethoxy)-phenol)]-3-pyridin-4-yl-

pyrrazolo[1,5-a]-pyrimidine; Calbiochem), is a potent, selective, reversible ATP-

competitive inhibitor of AMPK (216) that does not affect the activity of other kinases (ie. 

PKA, PKC).  Compound C blocks ACC inactivation by both AICAR and metformin in 

hepatocytes (216) and presumably would have effects on FA oxidation.  To our 

knowledge, compound C has not been used in resting or contracting skeletal muscle to 

evaluate the role that AMPK may be playing in skeletal muscle. AMPK inhibition with 

compound C during muscle contraction or exercise would provide strong evidence as to 

how necessary AMPK is for observed increases in FA oxidation.  Also, knockout models 

have generally been used to examine contraction-mediated effects on glucose uptake 

(128), with no known examination of FA oxidation. 

 

 The potent acute effects that AMPK activation had on FA oxidation in resting and 

contracting skeletal muscle in the current thesis led to the hypothesis that AMPK 

regulation may have effects on FA metabolism and therefore increase insulin sensitivity 

in female ZDF rats, a HF diet model of inducible diabetes (CHAPTER 5). The female ZDF 
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rat may be a more appropriate model compared to the male ZDF for the study of insulin 

resistance and diabetes, as diabetes is diet-induced and progressive as opposed to 

spontaneous, and the females have prolonged hyperinsulinemia prior to the decline in β-

cell function (39).  This characteristic allows for the prolonged study of potential 

preventative treatments, such as metformin and exercise that may activate AMPK and/or 

alter skeletal muscle lipid content or oxidative capacity and prevent the progression of 

diabetes.  It is important to note that all treatments (metformin, exercise and the 

combination of exercise and metformin) used in this model were in combination with the 

HF diet, allowing for the study of AMPK regulation and fat metabolism in a diabetogenic 

model.   

 

 The results of these studies suggest that improvements in FA oxidation may not 

be necessary for correcting insulin resistance.  Rather, reductions in whole muscle and 

plasma membrane-associated FAT/CD36 may be sufficient to alter intramuscular lipid 

content and profile and prevent the progression of T2DM in female ZDF rats.  The 

reductions in whole muscle and plasma membrane-associated FAT/CD36 and whole 

muscle ceramide and DAG content were much more pronounced than the modest 

increases in markers of oxidative capacity, namely the activity of citrate synthase and β-

HAD, and the protein expression of AMPKα1 (metformin), AMPKα2 (exercise) and 

PGC-1α. Therefore, verification of these results in other models of insulin resistance and 

the study of the underlying mechanisms for the observed reduction in FAT/CD36, DAG 

and ceramide species is required to gain a better understanding of ways to alleviate FA-

induced insulin resistance. 
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The study of the underlying mechanisms for the reduction in FAT/CD36 and 

reactive lipid species should include both acute and chronic methods.  Cell culture assays 

can test whether acute metformin treatment reduces plasma membrane-associated 

FAT/CD36 at the cell membrane with the development of stable cell lines expressing an 

FAT/CD36myc epitope, thereby allowing for microscopic imaging techniques to follow 

subcellular localization of FAT/CD36.  The in vitro use of the specific FAT/CD36 

inhibitor sulfo-N-succimidyl-oleate (SSO, (16)) and specific inhibitors of ceramide and 

DAG synthesis (33), alone or in combination, in soleus muscle from both non-diabetic 

and ZDF rats would help to ascertain the extent to which FA uptake alters DAG and 

ceramide synthesis acutely.  Additionally, a restoration in insulin-stimulated glucose 

uptake with the exposure of these inhibitors can be evaluated.  Chronically, the 

contribution of different types of fat in the pathogenesis of insulin resistance is warranted.  

Recent evidence suggests that saturated FA induce insulin resistance in muscle of HF-fed 

Sprague-Dawley rats, which was associated with increased DAG content (114).  Indeed, 

the composition of the diabetogenic HF diet in our studies suggests that saturated FA may 

be exacerbating insulin resistance in female ZDF rats. 

 

Importantly, the study of the underlying mechanisms of metformin and exercise 

linking the reduction in DAG and ceramide species to increased insulin sensitivity 

requires further study. Reductions in the activity and/or protein expression of PKC as 

well as serine palmitoyl transferase and ceramide synthase may be associated with the 

observed reductions in DAG and ceramide, respectively, and with improvements in the 
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insulin signaling pathway (IRS-1, IRS-1-associated PI3-kinase activity, Akt/PKB) in 

insulin resistant models. 

 

Ultimately, we need to better establish the importance of various tissues (ie. 

adipose tissue, liver, skeletal muscle) as targets in the pharmacological and lifestyle 

treatment of diabetes.  Metformin and exercise may be exerting distinct effects on 

glucose and FA metabolism in different tissues.  In addition, there is still much debate as 

to the extent to which metformin activates AMPK in muscle, with this being the first 

known study to establish metformin as a potential therapeutic for reducing skeletal 

muscle reactive lipid accumulation.  With a main body of literature supporting 

metformin’s primary effects of decreasing hepatic glucose output (90, 180), the 

prolonged time-frame of AMPK activation in skeletal muscle with metformin (132) and 

strong effects of exercise to increase insulin sensitivity at the level of the muscle, the 

focus of future research will need to include the combination of both exercise and 

pharmacological treatment.  It appears that lifestyle intervention, including exercise and 

diet, as well as pharmacological treatment may be important in the treatment of insulin 

resistance and the progression of diabetes. 
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APPENDIX 1: MUSCLE VIABILITY 
 

In order to verify the viability of muscle in the in vitro preparation used in the 

experiments that are part of this thesis, muscle strips were incubated in base KHB (1 

mM) and were rapidly frozen in liquid N2 after 30, 60, 90 or 120 min and compared to 

control strips frozen after excision.  Muscle metabolites were isolated in neutralized PCA 

extracts and concentrations of ATP and PCr were measured spectrophotometrically.  The 

results of these experiments are summarized in Table 1 (CHAPTER 3).  Additionally, to 

determine whether the incorporation of palmitate label was linear during the incubation 

protocol, the incorporation of [1-14C] palmitate into DAG, TAG and the oxidative 

production of 14CO2 (Table 9) after 30, 60 and 90 min was measured.  We observed linear 

incorporation of radiolabeled DAG and TAG, as well as production of 14CO2 and from 

FA oxidation over 90 minutes, which further validated this technique to monitor changes 

in FA metabolism acutely. 

Table 9: Incorporation of [1-14C] palmitate into the diacylglycerol, triacylglycerol pools and 
production of [1-14CO2] in rat soleus muscle 

Values are means ± SEM, n = 3-4 per group, nmol/g wet wt. 
 

 14C-Palmitate 
 30’ 60’ 90’ 

DAG 10.7 ± 0.9 18.7 ± 0.3 28.8 ± 1.1 
TAG 105.5 ± 13.3 218.2 ± 8.7 303.7 ± 2.2 

Oxidation 39.3 ± 3.4 78.6 ± 8.1 149.1 ± 8.4 
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APPENDIX 2: METFORMIN AND EXERCISE PILOT DATA 

Pilot studies were performed with Sprague-Dawley rats to determine 1) the 

solubility and palatability of metformin in drinking water 2) whether exercise or 

metformin had effects on glucose transport, FA metabolism at rest and during contraction 

and isoform-specific AMPK activity in soleus muscle.  The studies were also conducted 

to gain familiarity with operation of the rodent treadmill.  Previous studies examining 

metformin’s effects on food intake in rodent models are equivocal, so control rats were 

pair-fed (PF-C).  However, food intake in the metformin rats was not significantly 

different from food intake typically expected in rats (5g/100g body weight).  Therefore, 

female ZDF rats were fed ad libitum. Appropriate increases in insulin-stimulated glucose 

transport were observed in soleus muscle (~2-3-fold) and there were no differences in 

insulin-stimulated glucose uptake between the groups (Tables 10-12).  There were no 

significant differences in DAG esterification (Table 13).  TAG esterification was 

increased in soleus muscle from trained rats (Table 14), as has been previously 

demonstrated (50), while surprisingly, there were no differences in FA oxidation (Table 

15).  The lack of increase in FA oxidation was possibly due to the training protocol 

lasting only 4 weeks, where increases have been observed after 8 weeks of endurance 

training (50).  Importantly, we observed a trend toward an increase in AMPKα1 activity 

(Table 16) after 4 weeks of metformin treatment in healthy rats (P = 0.10), suggesting 

that metformin does have direct effects on skeletal muscle AMPK. 
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Table 10: Basal and insulin-stimulated glucose transport in soleus muscle from pair-fed 
(control, PF-C) Sprague-Dawley rats for four weeks 
 

 PF-C 
 Basal Glucose 

Transport 
Insulin-stimulated Glucose 

Transport 
 144 208 
 81 256 
 99 225 
 77 310 

Mean Glucose Transport, 
nmol/g/5 min 

100 ± 15 250 ± 22 

 

Table 11: Basal and insulin-stimulated glucose transport in soleus muscle from Sprague-
Dawley rats treated with metformin for four weeks 
 

 Metformin 
 Basal Glucose 

Transport 
Insulin-stimulated Glucose 

Transport 
 116 209 
 90 216 
 149 221 
 117 274 

Mean Glucose Transport, 
nmol/g/5 min 

118 ± 12 230 ± 15 

 

Table 12: Basal and insulin-stimulated glucose transport in soleus muscle from Sprague-
Dawley rats treadmill trained for four weeks 
 

 Trained 
 Basal Glucose 

Transport 
Insulin-stimulated Glucose 

Transport 
 70 172 
 119 249 
 102 231 
 82 173 

Mean Glucose Transport, 
nmol/g/5 min 

93 ± 11 206 ± 20 
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Table 13: DAG esterification (nmol/g wet wt) in soleus muscle from Sprague-Dawley rats 
pair-fed to metformin rats for four weeks 
 
 Rest Contraction 
 PF-C Metformin Trained PF-C Metformin Trained 
 17 14 15 22 22 25 
 28 21 11 32 19 17 
 17 33 18 21 22 21 
 15 17 17 14 16 23 
Mean 19 ± 3 21 ± 4 15 ± 3 22 ± 4 20 ± 1 21 ± 2 
 
 

Table 14: TAG esterification (nmol/g wet wt) in soleus muscle from Sprague-Dawley rats 
pair-fed to metformin rats for four weeks 
 
 Rest Contraction 
 PF-C Metformin Trained PF-C Metformin Trained 
 94 76 101 120 122 211 
 89 104 77 85 110 129 
 71 120 99 82 106 145 
 81 77 121 72 58 143 
Mean 84 ± 5 94 ± 11 100 ± 18 90 ± 10 99 ± 14 157 ± 37* 
 

Table 15: FA oxidation (nmol/g wet wt) in soleus muscle from Sprague-Dawley rats pair-fed 
to metformin rats for four weeks 
 
 Rest Contraction 
 PF-C Metformin Trained PF-C Metformin Trained 
 42 45 106 73 49 62 
 54 65  82 45 62 
 58 81 63 75 106 80 
 127 44 40 77 133 103 
Mean 59 ± 9 70 ± 19 70 ± 46 77 ± 2 83 ± 22 77 ± 19 
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Table 16: AMPKα1 and AMPKα2 in soleus muscle from Sprague-Dawley rats pair-fed to 
metformin rats for four weeks 
 

 AMPKα1 AMPKα2 
 PF-C Metformin Trained PF-C Metformin Trained 
 1.5 6.1 2.4 0.452 0.63 0.26 
 7.3 8.5 3.9 0.478 0.30 0.33 
 7.0 7.2 8.1 0.170 0.37 0.57 

 3.0 7.8 5.4 0.265 0.13 0.37 
Mean 4.7 ± 3.0 7.4 ± 0.5* 4.9 ± 1.2 0.3 ± 0.1 0.4 ± 0.1 0.4 ± 0.1 
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APPENDIX 3: RESEARCH DIETS C13004 HIGH FAT DIET INFORMATION 
 

C13004 diet is composed of Purina rodent chow #5015, supplemented with 30% 

Ho-Milc 7-60, GMI Fat Supplement (Table 17 & 18).  Ho-Milc is a homogeneous 

product containing micro-encapsulated fat from animal sources with BHA (as a 

preservative), whey, casein and lecithin. 

Table 17: Calories (kcal%) provided by Purina C5008, C5015 and Research Diets C13004 
 
 Purina 5008 Purina 5015 RD C13004 
kcal%    
Protein 26.8 18.3 11.5 
Carbohydrate 56.4 55.9 40.6 
Fat 16.7 25.8 47.9 
Total 100% 100% 100% 
 

Table 18: Fatty Acid Profile provided by the makers of Merrick’s Ho-Milc 7-60 
 
Fatty Acid Chain Length % FA 
Palmitic C16:0 13.2 
Stearic C18:0 9.9 
Oleic C18:1 25.8 
Linoleic C18:2 4.8 
Linolenic C18:3 0.6 
 Total 55% 
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APPENDIX 4: QUALITY CONTROL FOR PLASMA GLUCOSE DETERMINATION 
 

Weekly (0, 4 and 8 weeks) and endpoint plasma glucose values were determined 

with the Ascensia Elite® Glucometer (Bayer, Inc.), as this method measured plasma 

glucose levels from very small volumes of blood.  To verify that this glucometer was 

accurate for plasma glucose with such small blood volumes, three readings were taken 

from healthy Sprague-Dawley rats and plasma was analyzed fluorometrically (Table 20).  

The glucometer analysis yielded a low coefficient of variation (3.7 ± 1.0 %) and 

glucometer values were not significantly different from plasma glucose analyzed 

fluorometrically from the same rats. 

 

Table 19: Glucometer quality control analyses for plasma glucose determination 
 

 Glucometer Analysis  
Sample Average of 3 

Readings 
(mM) 

Coefficient of 
Variation (%) 

Fluorometric 
Glucose Value 

(mM) 
1 7.3 5.8 5.5 
2 7.1 1.4 7.1 
3 7.6 1.9 7.0 
4 7.3 6.5 7.4 
5 6.8 3.1 6.7 

Mean ± SEM 7.2 ± 0.1 3.7 ± 1.0 6.8 ± 0.3 
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APPENDIX 5: WESTERN BLOT PROTOCOLS FOR PROTEINS EXAMINED IN CHAPTER 5 

Table 20: Western Blot Protocols for Proteins Examined in Chapter 5 
Protein Source MW Gel Transfer Block* Wash 1°  Ab 

(Overnight)5 
Wash 2°Ab 

(1 hr) 
Wash Detect** 

pAMPK1 Cell 
Signaling 

2535 

63 10% 1-1.5 hr 5% NFM 
TBS-T 

3 x 5 min 
TBS-T 

1:1,000 
5% BSA 
TBS-T 

3 x 5 min 
TBS-T 

1:2,000 
5% NFM 

PBS-T 

3 X 5 min 
PBS-T 

2 x 2 min 
or 

2 x 5 min 
tAMPKα Cell 

Signaling 
2532 

63 10% 1-1.5 hr 5% NFM 
TBS-T 

3 x 5 min 
TBS-T 

1:1,000 
5% BSA 
TBS-T 

3 x 5 min 
TBS-T 

1:2,000 
5% NFM 
TBS-T 

3 x 5 min 
TBS-T 

2 x 2 min 

AMPKα2 Upstate 
07-363 

63 
 

10% 1-1.5 hr 5% NFM 
PBS-T 

3 x 5 min 
PBS-T 

1:1000 
5% NFM 

PBS-T 

3 x 5 min 
PBS-T 

1:2,000 
5% NFM 

PBS-T 

3 x 5 min 
PBS-T 

2 x 2 min 

AMPKα1 Upstate 
07-350 

63 10% 1-1.5 hr 5% NFM 
PBS-T 

3 x 5 min 
PBS-T 

1:1,000 
5% NFM 

PBS-T 

3 x 5 min 
PBS-T 

1:2,000 
5% NFM 

PBS-T 

3 x 5 min 
PBS-T 

2 x 2 min 
or 

1 X 5 min 
pACC1 Cell 

Signaling 
3661 

250 6.5% Overnight4 2.5% 
BSA 

TBS-T 

3 x 5 min 
TBS-T 

1:1,000 
2.5% BSA 

TBS-T 

3 x 5 min 
TBS-T 

1:2,000 
PBS 

(3-5)  
x 5 min 
PBS-T 

2 x 5 min 

Mo25 
(FAT/CD36) 

Gift: Dr. 
Calles-

Escandon2 

88 10% 1-1.5 hr 7.5% 
BSA 

TBS-T 

3 x 5 min 
TBS-T 

1:20,000 
7.5% BSA 

TBS-T 

3 x 5 min 
TBS-T 

1:20,000 
TBS-T 

3 x 5 min 
TBS-T 

2 x 2 min 

FABPpm Gift: Dr 
Tandon3 

40 10% 1-1.5 hr 10% 
NFM 
TBST 

3 x 5 min 
TBS-T 

1:30,000 
10% NFM 

TBS-T 

3 x 5 min 
TBS-T 

1:3,000 
TBS-T 

3 x 5 min 
TBS-T 

2 x 1 min 
or 

2 x 2 min 
GLUT4 Chemicon 

AB1346 
48 10% 1-1.5 hr 10% 

NFM 
TBST 

3 x 5 min 
TBS-T 

1:4,000 
10% NFM 

TBS-T 

3 x 5 min 
TBS-T 

1:4,000 
TBS-T 

3 x 5 min 
TBS-T 

2 x 2 min 

PGC-1α Calbiochem 
29421 

90 10% 1-1.5 hr 2.5% 
BSA 

TBS-T 

3 x 5 min 
TBS-T 

1:1,000 
2.5% BSA 

TBS-T 

3 x 5 min 
TBS-T 

1:1,000 
TBS-T 

3 x 5 min 
TBS-T 

2 x 1 min 
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Notes on Western Protocols 
 
1It is recommended that phospho-proteins be incubated with PBS-based solutions, 
especially if also using non-fat milk as a blocking agent, as casein itself is a phospho-
protein and will non-specifically bind to the PVSF membrane and increase background; 
the 2°Ab and final wash were in PBS-T solutions 
 
2Wake Forest University School of Medicine 
 
3Otsuka Maryland Medicinal Laboratories 
 
4Overnight transfer is a minimum of 8 hr (max15 hr, due to heat production), 4°C, 
transfer unit packed on ice, 25-40 V (low voltage for less heat production) 
5Overnight incubation with all 1°Ab except pACC (1-2 hr) 
 
*Total incubation time of proteins bound to PVSF membrane (block to final wash) was 
kept to a maximum of 15 hours so as not to have over-exposure to Tween-20 
 
** PVSF membranes can be dried at room temperature, wrapped in plastic wrap, frozen 
at -80°C.  Proteins will be stable to re-incubate or blot for another protein after stripping 
procedure.  


