
The Rising 'Epidemic' of Childhood Obesity and its Impact
on Population Health

Obesity is a worldwide 'epidemic' with 34% of Canadians 20
years and older classified as overweight and 16% classified as
obese in 2003.1 The Canadian Paediatric Society defines children
as overweight when the body mass index (BMI) exceeds 85% of
age-specific growth charts for ages 2 to 19 years, and obesity is
defined as a BMI > 95%.2 In Canada, BMI has increased nearly
0.1 kg/m2 per year since 1981 for both genders at most ages.3
The prevalence of overweight/obesity among children aged 2 –
17 years was 26% in 2004, which represents a doubling of
overweight and tripling of obesity over the past 25 years.4 The

ABSTRACT: Obesity and the related metabolic syndrome have become a worldwide epidemic. Inactivity appears to be a primary
causative factor in the pathogenesis of this obesity and metabolic syndrome. There are two possible, perhaps not mutually exclusive,
events that may lead to intramyocellular lipid accumulation and mitochondrial dysfunction in patients with obesity. First, obesity, with
high intake-associated lipid accumulation in muscle may interfere with cellular mitochondrial function through generation of reactive
oxygen species leading to lipid membrane peroxidative injury and disruption of mitochondrial membrane-dependent enzymes. This in
turn leads to impaired oxidative metabolism. Secondly, a primary defect in mitochondrial oxidative metabolism may be responsible for
a reduction in fatty acid oxidation leading to intramyocellular lipid accumulation as a secondary event. Non-invasive techniques such
as proton (1H) and phosphorus (31P) magnetic resonance spectroscopy, coupled with specific magnetic resonance imaging techniques,
may facilitate the investigation of the effects of various ergometric interventions on the pathophysiology of obesity and the metabolic
syndrome. Exercise has positive effects on glucose metabolism, aerobic metabolism, mitochondrial density, and respiratory chain
proteins in patients with metabolic syndrome, and we propose that this may be due to the exercise effects on AMP kinase, and a
prospective physiological mechanism for this benefit is presented. A physiological model of the effect of intramyocellular lipid
accumulation on oxidative metabolism and insulin mediated glucose uptake is proposed.

RÉSUMÉ: Dysfonction métabolique des muscles squelettiques dans l’obésité et le syndrome métabolique. L’obésité et le syndrome métabolique,
deux entités qui sont reliées, sont devenus épidémiques à l’échelle mondiale. L’inactivité semble être le facteur causal primaire. Il existe deux
possibilités, qui ne sont peut-être pas mutuellement exclusives, qui peuvent conduire à une accumulation intramyocellulaire de lipides et à une
dysfonction mitochondriale chez les patients obèses. D’une part l’obésité, avec une accumulation musculaire de lipides suite à une consommation élevée
de lipides, peut interférer avec la fonction mitochondriale à cause de la production de radicaux libres qui provoquent la peroxydation des lipides
membranaires et la perturbation des enzymes mitochondriales dépendantes de la membrane entravant ainsi le métabolisme oxydatif. D’autre part, un
défaut primaire dans le métabolisme oxydatif mitochondrial pourrait être responsable d’une diminution de l’oxydation des acides gras, ce qui
entraînerait secondairement une accumulation lipidique intramyocellulaire. Des techniques non-effractives comme la spectroscopie RMN du proton
(1H) et du phosphore (31P), couplées à des techniques spécifiques d’imagerie par résonance magnétique pourraient faciliter l’étude des effets de
différentes interventions ergométriques sur la physiopathologie de l’obésité et du syndrome métabolique. L’exercice a des effets positifs sur le
métabolisme du glucose, le métabolisme aérobique, la densité mitochondriale et les protéines de la chaîne respiratoire chez les patients atteints du
syndrome métabolique, ce qui porte à croire que l’exercice influence la kinase activée par l’AMP et nous proposons un mécanisme physiologique pour
l‘expliquer. Nous présentons également un modèle physiologique de l’effet de l’accumulation lipidique intramyocellulaire sur le métabolisme oxydatif
et sur la captation du glucose médiée par l’insuline.
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prevention of obesity in children and youth has become a
national public health priority.5
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Associated morbidity includes the metabolic syndrome (MS)
(dyslipidemia, hypertension, insulin resistance, type 2 diabetes
mellitus and non-alcoholic steatohepatitis), which is also known
as insulin resistance syndrome. Early childhood and adolescent
periods appear to be critical in the development of obesity and
MS but the mechanisms in this development are not clear.6
According to the US 2002 National Cholesterol Education
Program Expert Panel, the diagnosis of metabolic syndrome in
adolescents requires the presence of at least three of the
following 1) abdominal obesity 2) hypertriglyceridemia 3)
abnormal cholesterol profile and high-density lipoproteins 4)
blood pressure > 90 percentile, and 5) impaired glucose
tolerance. Some possible causes may include poor nutrition and
diet, lack of physical activity, socioeconomic factors,
prenatal/early life parental habits, and genetic and endocrine
factors.7 Numerous genetic markers are linked with obesity, yet
identifiable hormonal, syndromic or molecular genetic
abnormalities presently account for <5% of obesity.8

Weiss et al9 found that the risk of metabolic syndrome was
nearly 50% in severely obese children. Causal links between
obesity in the young and earlier-onset of type 2 diabetes are
significantly correlated.10 Type 2 diabetes in youth is responsible
for 20% of new diabetic cases in pubertal children.11 Visceral
adipose tissue is associated with the greatest health risk in
obesity.12 In obese children and adolescents with pre-diabetes,
intramyocellular lipid and intra-abdominal lipid accumulation is
closely linked to the development of severe peripheral insulin
resistance.13 Further, it is becoming evident that obesity and
insulin resistance may be linked to the dysregulation of fatty acid
oxidation.14

The evidence that obesity and metabolic syndrome may be
linked to activity levels, as well as evidence of the associated
intramyocellular lipids and fatty acid oxidation dysregulation in
skeletal muscle suggest that muscle may play a significant role
in the pathogenesis of these conditions. Therefore, the objective
of this paper is to present a detailed review of the
pathophysiology of childhood obesity with special attention to
skeletal muscles as muscle plays a key role in whole body lipid
metabolism and in the increase of intramyocellular lipid (IMCL)
seen in obesity. Further, we suggest non-invasive techniques that
can be used to accurately evaluate muscle metabolism and a
physiological rationale for the use of exercise as a treatment
modality for this population.

The Role of Skeletal Muscle Fatty Acid Oxidation and
Intramyocellular Lipid Accumulation in the Development of
Metabolic Syndrome in Obesity

Skeletal muscle plays an essential role in fatty acid oxidation.
At rest, up to 90% of muscle energy requirements are obtained
from fatty acid oxidation.14 Thus skeletal muscle, by virtue of its
mass, is quantitatively a key factor in deciding the fate of
circulating lipid. An increase in muscle lipid may be associated
with a reduction in muscle lipid oxidation, thus promoting lipid
accretion,15 observable as an increase in intramyocellular lipid
and triglycerides (see Figure 1).16,17 The increase in
intramyocellular lipid observed in obesity may impair fatty acid
oxidation itself or be secondary to impaired fatty acid oxidation
in muscle and is linked to insulin resistance and the metabolic
syndrome in obesity. This relationship is important, as an

increase in intramyocellular lipid has been linked, more tightly
than BMI or total body fat,18 to insulin resistance in obesity.15,19
A reduced ability to oxidize fatty acids has been reported in
skeletal muscle of obese individuals both before and after weight
loss,15,20 which would support an intrinsic abnormality of fatty
acid oxidation as a potential underlying predisposing factor in
obesity. Possible mechanisms of reduced oxidative capacity
include activity of enzymes involved in fatty acid oxidation such
as carnitine palmitoyltransferase-1 (CPT-1) activity and reduced
citrate synthase activity.20 In obesity-related insulin resistance,
the metabolic capacity of skeletal muscle appears to be organized
toward fat esterification rather than oxidation.21 Postprandial
uptake of 13Carbon-labeled fatty acids by muscle is also
increased in obesity.22 This may contribute to the elevated
intramyocellular lipids and consequent insulin resistance. Thus,
there is evidence for dysregulation of fatty acid oxidation in
obesity and related morbidities. A model describing the
hypothetical pathogenesis of oxidative metabolism and altered
glucose uptake that occurs with increases in intramyocellular
lipids is described in Figure 1.

The key question as to whether skeletal muscle
intramyocellular lipid accumulation is a marker or a mediator of
obesity-induced insulin resistance in type 2 diabetes has been
raised by Goodpaster & Kelley.23 The inability of insulin to
stimulate glucose metabolism in skeletal muscle in obesity is
characteristic of type 2 diabetes and involves defects of insulin
signaling and glucose transport24-27 (see Step 9, Figure 2).
However, this insulin resistance entails altered patterns of lipid
metabolism as well. The association between intramyocellular
lipids and insulin resistance has been established in both human
and animal studies of obesity-related insulin resistance and type
2 diabetes. The muscle's ability to select substrates for fuel
metabolism and to transition between carbohydrates and fatty
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Figure 1: Electron microscopy images of a lean (A) and an obese (B)
individual. Solid arrow = IMCL (note greater number in obese); open
arrow = mitochondria; S.S. = sub-sarcolemmal region (magnification =
7,500X). (from M. Tarnopolsky, unpublished results).

https://doi.org/10.1017/S0317167100007538 Published online by Cambridge University Press

https://doi.org/10.1017/S0317167100007538


acid oxidation is lost in insulin resistance.28 Defects in fatty acid
oxidation during fasting or post-absorptive conditions likely play
a key role in lipid oversupply to insulin resistance in muscle.
These impairments appear indirectly centred on the
mitochondrial ability to oxidize fatty acids, possibly through the
mediation of lipid metabolites, which directly attenuate insulin
signalling.23 There is now compelling evidence to suggest that
abnormal fat accumulation in muscle and other tissues plays an
important role in the etiology of insulin resistance. This is
supported by the following findings: 1) artificial elevation of
circulating free fatty acid levels can, over a few hours, result in
a significant suppression of insulin-mediated glucose uptake into
muscle in healthy individuals;29-31 2) this effect correlates
temporally with intramyocellular lipid accumulation in muscle;
3) diet-induced lowering of tissue intramyocellular lipid
improves insulin sensitivity and reverses the diabetes in type 2
diabetes animal models.32,33 Thus, increased intramyocellular
lipid may be instrumental in bringing about the decline in muscle
insulin sensitivity.18 Research that defines these mechanisms
may lead to treatments for obesity and type 2 diabetes.34

One hypothesis to account for the effects of fatty acids in
muscle cells proposes that increasing intramyocellular fatty acid
metabolites, such as diacylglycerol, fatty acyl Coenzyme As
(CoA's)‚ or ceramides, activates a serine / threonine kinase
cascade leading to the phosphorylation of insulin receptor
substrates (see Figure 3).18,24 Serine-phosphorylated forms of
these proteins fail to activate phosphatidylinositol 3-kinase,
resulting in decreased activation of glucose transport and other
downstream events. If this hypothesis is correct, any perturbation
that results in the accumulation of intracellular fatty acid
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Figure 2: A model of the effect of lipid accumulation on
oxidative metabolism and insulin-mediated glucose
uptake.
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Figure 3: Top: Mechanism of fatty acid–induced insulin resistance in
skeletal muscle as proposed by Randle et al. Bottom: Proposed
alternative mechanism for fatty acid–induced insulin resistance in
human skeletal muscle. From (Shulman, 2000).

Key
ADP = adenosine diphosphate

ANT = adenine nucleotide transporter

ATP = adenosine triphosphate 

Cn = carnitine

CPT1 = carnitine palmitoyl transferase I

CPT II = carnitine palmitoyl transferase II

FAO = fatty acid oxidation 

GLUT4 = glucose transporter 

IMCL = intramyocellular lipid

IMGU = insulin-mediated glucose uptake 

PCoA = palmityl CoA

PCn = palmitoylcarnitine

RC = respiratory chain

ROS = reactive oxygen species

Sequence of Events

1 ! serum lipids

2 ! intramyocellular lipid

3 Inhibition of adenine nucleotide transporter by

 long-chain acyl-CoA’s

4 Inhibition of ATP synthase Æ ! electrochemical gradient

 Æ inhibition of respiration-linked proton pumping and

 electron flow in respiratory chain

5 Generation of reactive oxygen species

6 Mitochondrial membrane toxicity with inhibition of respiratory

 chain enzymes (especially Complex I)

7 Mitochondrial membrane toxicity with inhibition of fatty acid

 oxidation 

8 Plasma membrane toxicity

9 Decreased insulin-mediated glucose uptake

https://doi.org/10.1017/S0317167100007538 Published online by Cambridge University Press

https://doi.org/10.1017/S0317167100007538


metabolites in muscle might be expected to induce insulin
resistance. Evidence supporting this hypothesis comes from
recent studies in mutant mice lipoatrophy.35,36 The study findings
are consistent with the hypothesis that insulin resistance
develops in obesity, type 2 diabetes, and lipodystrophy because
of alterations in the partitioning of fat between the adipocyte and
muscle tissue. This hypothesis might explain how
thiazolidinediones improve insulin sensitivity in muscle as has
been explored by Hevener and coworkers.37 By activating
peroxisome proliferator-activated receptors in adipocytes and
promoting adipocyte differentiation, these agents might promote
a redistribution of fat from muscle into the adipocyte20 or
perhaps act to alter lipid metabolism in muscle.38 It might also be
expected that any alteration in the ability of muscle to metabolize
fatty acids would also lead to increased intramyocellular lipid
and subsequent defects in insulin signaling.

The Role of Oxidative Stress in Accumulated Fat in the
Development of Metabolic Syndrome in Obesity

Oxidative stress has been defined as a disturbance of the
cellular redox state resulting either from excess oxidative load or
from inadequate nutrient supply favouring pro-oxidant reactions.
Essentially there is an imbalance between antioxidant and pro-
oxidant states. Increased oxidative stress results in the
production of free radicals generated through reactive oxygen
species (ROS; e.g. superoxide O2•-, hydrogen peroxide H2O2,and hydroxyl radical •OH) and reactive nitrogen species (RONS;
e.g. peroxynitrite ONOO-). Increased oxidative stress in
accumulated fat causes dysregulation of adipokines which is an
important pathogenic mechanism of obesity-related metabolic
syndrome.39 Adipocytes produce a variety of biologically active
molecules collectively known as adipokines, including
plasminogen activator inhibitor-1 (PA1-1),40 tumour necrosis
factor (TNF)-alpha,41 resistin,42 leptin,43 adiponectin44 and
retinol binding protein-4 (RBP4).45 Adipokines are hormones
that signal changes in fatty-tissue mass and energy status in order
to control fuel usage. Adipokines can either enhance (e.g. leptin,
adiponectin) or impair (e.g. fatty acids, TNF-alpha, resistin,
RBP4) insulin action.46 Dysregulated production of adipokines
may contribute to the pathogenesis of obesity-associated
metabolic syndrome. Adiponectin exerts insulin-sensitizing
effects47 and hence low adiponectin levels, characteristic of
obese states, which may contribute to insulin resistance. In
diabetes, oxidative stress impairs glucose uptake in muscle and
fat48,49 and decreases insulin secretion from pancreatic ß-cells.50
Furukawa and colleagues51 have shown that fat accumulation
correlates with systemic oxidative stress in humans and mice.
Production of reactive oxygen species was selectively increased
in adipose tissue of obese mice and was accompanied by
augmented expression of nicotinamide adenine dinucleotide
phosphate oxidase and decreased expression of antioxidative
enzymes. It was thus concluded that increased oxidative stress in
accumulated fat is an early instigator of metabolic syndrome and
that the redox state in adipose tissue is a potentially useful
therapeutic target for obesity-associated metabolic syndrome
(see Figure 4 and Steps 5-8 of Figure 2).

The Role of Mitochondrial Dysfunction in the Development
of Metabolic Syndrome in Obesity

The distribution of energy within myocytes is served by the
adenosine triphosphate (ATP)-phosphocreatine shuttle and by
subcellular compartment-alization of mitochondria.52
Subsarcolemmal mitochondria generate ATP for energy-
requiring processes at the cell surface.53 Mitochondria may
therefore be crucial for regulation of fatty acid oxidation and the
propagation of insulin signaling,53 each of which is important to
insulin action and thus potentially to the pathogenesis of insulin
resistance in obesity and type 2 diabetes24,54,55 (see Step 9, Figure
2). Reduced oxidative enzyme capacity is correlated with the
severity of the insulin resistance,56 the reduced capacity for lipid
oxidation21 and an increased risk for obesity.57 In one study,
subsarcolemmal mitochondrial electron transport chain activity
was reduced 3.5-fold in obese subjects and 7-fold in type 2
diabetes.58 Other studies also suggest that mitochondrial
dysfunction may be involved in the pathogenesis of metabolic
syndrome.28,59,60

There are several possible mechanisms to explain the
observed mitochondrial dysfunction that occurs in obesity. One
attractive hypothesis is that a propensity towards lipid
accumulation is caused by impaired fatty acid oxidation.20,21
IMCL accumulation and microvesicular steatosis liver are
pathological hallmarks of fatty acid oxidation defects and are
also frequently seen in mitochondrial respiratory chain defects.61
Gene array expression analyses have shown significant
decreases in the nuclear expression of genes encoding proteins of
oxidative phosphorylation and other mitochondrial proteins in
type 2 diabetes.62,63 Non-invasive assessments of oxidative phos-
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Figure 4: A working model illustrating how increased ROS production
in accumulated fat contributes to metabolic syndrome. From (Furukawa
et al, 2004).
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phorylation of the soleus muscle using magnetic resonance
spectroscopy have also indicated mitochondrial dysfunction in
insulin resistance which appears to be associated with increased
intramyocellular lipid.59,64 Reductions in oxidative enzymes have
thus been implicated as a causative factor for impaired fatty acid
oxidation in muscle during fasting in type 2 diabetes and
obesity.15,21,60

Potential Mechanism for Mitochondrial Dysfunction:
Inhibition of Mitochondrial Adenine Nucleotide
Transporters

The adenine nucleotide transporter (ANT) catalyzes the
exchange of adenosine di-phosphate (ADP) and adenosine tri-
phosphate (ATP) across the inner mitochondrial membrane65 and
is generally accepted as the overall rate-limiting step in oxidative
phosphorylation and thus responsible for respiratory control.66
Long-chain acyl-CoA esters are potent inhibitors of this ANT in
isolated mitochondria67,68 suggesting that they may act as
important modulators of the transporter in vivo and hence control
cellular energy metabolism (see Step 3 of Figure 2). Pande and
Blanchaer68 have suggested that this inhibition serves to regulate
the proportioning of long chain acyl-CoA esters between their
utilization for oxidation and for triglyceride formation depending
upon the availability of free fatty acids and existing cell energy
needs. Thus, the accumulation of intra-myocellular lipids or fatty
acids in the muscle may inhibit ANT leading to mitochondrial
dysfunction in obesity. Mechanisms that could explain the
effects of ANT1 (heart and skeletal muscle-specific isoform)
dysfunction on mitochondrial DNA (mtDNA) stability include
imbalance of the intra-mitochondrial deoxyribonucleotide
triphosphate pool, caused by relative shortage of ATP supply
needed for mtDNA synthesis,69 damage to mtDNA by
overproduction of ROS,70 or instability of the mitochondrial
permeability transition pore (of which it is a part) and
apoptosis.71 Palmieri et al72 suggest that reduced matrix ADP,
due to loss of ADP/ATP translocation, could inhibit ATP
synthase, blocking proton influx into the matrix. The
electrochemical gradient could then increase up to a level at
which respiration-linked proton pumping and electron flow are
both stalled leading to increased reactive oxygen species.73,74

Potential Mechanism for Mitochondrial Dysfunction:
Intramyocellular Lipid-Induced Oxidative Stress

Increased intramyocellular lipid will increase cellular
oxidative stress with subsequent production of reactive oxygen
species, promoting lipid membrane peroxidative injury of
mitochondrial membranes (see Steps 6-8 of Figure 2). This, in
turn, may impair key membrane-associated oxidative enzymes
such as Complex-I activity of the respiratory chain and long-
chain L-3-hydroxyacyl CoA dehydrogenase activity in fatty acid
oxidation (see Step 5 of Figure 2). Mutant mitochondrial
Complex I deficiency is associated with excessive ROS.75 The
mitochondrial respiratory chain produces ROS as by-products of
electron transport.76 These radicals are produced in the form of
superoxide (O2•-) or hydroxyl radicals (•OH). Highly reactive
•OH readily reacts with a variety of molecules causing
membrane lipid peroxidation protein aggregation and DNA
hydroxylation.77 In long-chain fatty acid oxidation disorders,
there is an accumulation of long-chain acyl-CoA's which may be

relevant as this has also been observed in obesity, as previously
established (see Step 3 of Figure 2). Excessive palmitoyl-CoA
and palmitoylcarnitine have been shown to have detergent
properties on isolated canine myocytic sarcolemmal membranes
and to potentiate free radical induced lipid membrane
peroxidative injury in ischemia.78

Integration: Two Primary Potential Mechanisms for Muscle
Metabolic Dysfunction in Obesity

There are two events that may lead to intramyocellular lipid
accumulation and mitochondrial dysfunction in patients with
obesity. First, obesity with high intake-associated lipid
accumulation in muscle interferes with cellular mitochondrial
function through the generation of ROS leading to lipid
membrane peroxidative injury and disruption of mitochondrial
membrane-dependent enzymes thereby resulting in decreased
oxidative metabolism. Secondly, a primary defect64 in
mitochondrial oxidative metabolism may be responsible for a
reduction in fatty acid oxidation leading to intramyocellular lipid
accumulation as a secondary event. Alternatively, both processes
may be present, given the likely multifactorial nature of
environmental and genetic factors predisposing to obesity and
the development of the metabolic syndrome.

Potential Methods for Examining Muscle Lipids and
Mitochondrial Oxidative Dysfunction

In vivo magnetic resonance imaging (MRI), and magnetic
resonance spectroscopy (MRS) are safe non-invasive techniques
that are rapidly becoming popular approaches for assessing
tissue metabolism. Unlike other in vivo methodologies there is
no injection of radioactive materials (e.g. positron emission
tomography) and no application of external ionizing radiation (as
with computed tomography). Magnetic resonance spectroscopy
techniques use non-ionizing radiowaves to probe tissue
metabolic composition and metabolite molecular structure. As
the approach is non-ionizing, patients/subjects can be scanned
repeatedly with no risk of adverse effects. An additional
advantage of MRS is the breadth of ‘visible’ atomic nuclei that
may be probed. Most commonly the proton (i.e. 1H) is evaluated.
However in vivo metabolic evaluation of tissue carbon (13C),
sodium (23Na), and phosphorous (31P) metabolism is also
possible which allows for the measurement of many metabolites.
MRS values for IMCL content are very well correlated to those
obtained by direct visualization with electron microscopy.79 The
advantage of the electron microscopy method is that it can
provide a direct measurement of the size and distribution of both
IMCL and mitochondria,80 which is important given that areas
such as the sub-sarcolemmal region of the muscle appear to
contain dysfunctional mitochondria that are better correlated
with dysglycemia.58 Furthermore, electron miscroscopy can
show the relationship between the mitochondria and the IMCL
that may provide structural-functional relationships of
importance in understanding exercise training adaptation and the
metabolic syndrome80 (see Figure 1). The major downside of the
electron microscopy method is that it requires a muscle biopsy
and limits repeated measures assessment in certain populations.

The most common approach to studying in vivo metabolism
is 1H-MRS: it can be done using any MRI system with a
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spectroscopy pulse sequence (manufacturer’s software). This
technique can be used to distinguish between and quantify
extramyocellular lipid (EMCL) and intramyocellular lipid,47 by
detecting proton resonances associated with methylene groups of
fatty acids present in tissue triglycerides. Additional primary
muscle metabolites that can be measured with 1H-MRS include
creatine, choline, and taurine (see Figure 5) as well as dipeptide
carnosine, homocarnosine, and adenosine. There has been
considerable interest in muscle IMCL content due to
observations that it is increased in insulin resistant subjects; for
example the IMCL content of anterior tibialis and soleus were
higher in subjects with lower glucose metabolic clearance ratio.81
In subjects with juvenile obesity a strong inverse correlation
between soleus IMCL levels and insulin sensitivity was noted,
which became even more convincing when percent total body fat
and abdominal subcutaneous fat mass were controlled.82 This
correlation has been confounded by the observation that IMCL

levels correlate with insulin sensitivity in endurance athletes,
when compared to sedentary controls.83 Thus it appears that
elevated IMCL levels predict insulin insensitivity only in
untrained persons. In elite athletes this is reversed and high
IMCL correlates to high insulin sensitivity (see Boesch et al84 for
an excellent review of muscle 1H-MRS). Exercise studies on
EMCL and IMCL levels have proven useful for the evaluation of
muscle lipid metabolism.84 Typically the IMCL ratio will be
preferentially reduced following intense muscle activity,
increasing back to pre-exercise conditions within 24 or 48 hours.

In elite athletes, recovery time can be considerably decreased to
be within a few hours, which could be due to the fact that athletes
have more mitochondria and mitochondrial enzyme activity and
more IMCL is in contact with these mitochondria.80

Some research has been done to quantify fat content of
muscle using fat selective magnetic resonance imaging methods
combined with segmentation.48,49 For example standard
magnetic resonance images provide visualization of fatty septa
in muscle and in subcutaneous adipose tissue. The MR methods
that do not utilize spectroscopic imaging cannot differentiate
between the various lipid pools present in muscle, however they
will provide rudimentary measure of tissue gross total fat
content. More recently a spectroscopic imaging procedure with
high spatial resolution has been developed that permits
quantification of EMCL and IMCL levels with 0.7x1.4mm
resolution.85 Thus, non-invasive techniques for accurate and
direct measurement of lipid levels in muscle are currently
available to researchers.

In addition to non-invasive measures of 1H-MRS researchers
also have the ability to non-invasively evaluate phosphorous
(31P) metabolism. Exercise protocols combined with phosphorus
magnetic resonance spectroscopy (31P-MRS) have become an

additional effective non-invasive technique to detect
abnormalities in mitochondrial oxidative and glycolytic /
glycogenolytic metabolism. The primary metabolites visible
using this approach are ATP (3 distinctive peaks corresponding
to A, B and Y phosphates), phosphocreatine (PCr), inorganic
phosphate (Pi), and phosphate mono and diesters. In addition,
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Figure 5: A typical 1H-MRS spectrum with measured metabolites
indicated. From M. Noseworthy, 2007 (unpublished results).

Figure 6: A typical 31P-MRS spectrum with measured metabolites
indicated. From G. Wells, 2007 (unpublished results).
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intracellular pH and Mg2+ can be calculated based on the
chemical shift of Pi and B-ATP, respectively (see Figure 6), and
examination of the changes in the metabolites pre and post
exercise (see Figure 7) can provide an indication of bio-energetic
activity. For example, Prompers and colleagues86 have shown
that the recovery rate of phosphocreatine after exercise is related
to mitochondrial oxidative function. A combination of magnetic
resonance imaging to assess body composition, 1H-MRS
spectroscopy to assess intramuscular lipid accumulation, and
31P-MRS to assess muscle mitochondrial metabolism may
become a potent tool for the non-invasive assessment of in vivo
muscle function in patients with obesity.

A Physiological Mechanism by which Exercise has a
Positive Effect on Muscle Metabolism in Patients with
Obesity and Metabolic Syndrome

Exercise and physical activity may be powerful interventions
for the treatment of obesity and metabolic syndrome87 with
benefits that include improved body composition,88
cardiovascular function,89 nervous system function,90 energy
balance and other positive effects. Exercise has specific positive
impact on obesity and metabolic syndrome via induced changes
in the muscle as well, likely through activation of the enzyme
AMP kinase.

Exercise activates AMP kinase, which stimulates fatty acid
oxidation, glucose uptake and mitochondrial biogenesis and is a
critical metabolite-sensing protein that acts as a fuel gauge to
monitor cellular energy.91 When AMP kinase "senses" decreased
energy storage, it acts to switch off ATP-consuming pathways
and switch on pathways for ATP regeneration. AMP kinase is
rapidly activated in tissues and cells in the presence of ischemia,
hypoxia, inhibition of glycolysis, and uncouplers of oxidative
phosphorylation91 and interleukin-6.92 Contractile activity alters
the fuel status of muscle and depending upon intensity of
contractions there can be major decreases in both phospho-
creatine andATP, resulting in an increase in theAMP-to-ATP and
creatine-to-phosphocreatine ratio which also served to activate

AMP kinase. Moderate-intensity cycle exercise (Fujii93 et al,
2000) and high intensity "sprint" exercise have been shown to
increase muscle AMP kinase.94

Activation of AMP kinase through exercise and physical
activity may be beneficial for patients with obesity and
metabolic syndrome as this enzyme plays a role in contraction-
stimulated glucose uptake,95,96 even when there is impaired
insulin signaling in skeletal muscle in type 2 diabetes.97
IncreasedAMP kinase activity also improves fatty acid oxidation
regulation in as little as one exercise session.98 This occurs
through AMP kinase phosphorylation of the ß-isoform of acetyl-
CoA carboxylase (ACC), resulting in ACC inactivation, a fall in
malonyl-CoA content (inhibitor of carnitine palmityoyl-
transferase I, the rate limiting enzyme of long-chain fatty acid
oxidation), and subsequent increases in fatty acid oxidation99,100
(see Figure 8). Increased AMP kinase activity is also associated
with increased cytochrome-c content, mitochondrial density, and
DNA binding activity of nuclear respiratory factor-1, a
transcription factor that acts on a nuclear set of genes required
for transcription of respiratory chain proteins in addition to
mitochondrial transcription and replication.101 The positive
effects of AMP kinase on muscle glucose metabolism, fatty acid
regulation, and mitochondrial function provide a physiological

justification for the use of exercise in the treatment of metabolic
syndrome and obesity, and also may be variables of interest in
training studies in these patients, although gender differences
may need to be considered.102
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Figure 7: Typical 31P-MRS spectra pre- and post-exercise. From G.
Wells, 2007 (unpublished results).

Figure 8: Proposed dual mechanism of regulation of glycolysis and fatty
acid oxidation. It is hypothesized that increased glucose availability
acutely activates ACC-β and inhibits PFK by increasing cytosolic levels
of citrate, whereas increased energy expenditure (exercise) activates
PFK and inhibits ACC-β by increasing the concentration of free 51-AMP.
The effect of 51-AMP on ACC-β is attributed to activation of 51-AMP-
activated kinase. According to the proposed scheme, fatty acid oxidation
will be restrained or enhanced, at least in part, by the resultant change
in the concentration of malonyl-CoA and glycolysis by the change in the
activity of PFK. During intense contraction, when both cytosolic citrate
and 51-AMP are increased, the 51-AMP-mediated effects appear to take
precedence in regulating fatty acid oxidation. From (Vavvas et al., 1997).
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SUMMARY
The impact of obesity and metabolic syndrome on the

metabolism of muscle has been presented in detail, and two
primary physiologic mechanisms to explain the observed
metabolic dysfunction have been proposed. Further, non-
invasive magnetic resonance techniques (MRI/MRS) for the
assessment of muscle metabolic dysfunction have been
suggested. These techniques have the potential to be used non-
invasively to assess the impact of new treatment modalities. The
potential of exercise programming for the treatment of obesity
and metabolic syndrome is great, and a physiologic rationale for
this treatment modality has been outlined.
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