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Abstract

The metabolic syndrome is a clustering of cardiovascular risk factors,
including insulin resistance, abdominal obesity, dyslipidemia, and hy-
pertension, and is associated with other comorbidities such as a proin-
flammatory state and nonalcoholic fatty liver disease (NAFLD). Its
prevalence is high, especially among developed countries, and mainly
reflects overnutrition and sedentary lifestyle. Moreover, the developing
countries are not spared, as obesity and its related problems such as the
metabolic syndrome are increasing quickly. We review the potential pri-
mary role of skeletal muscle insulin resistance in the pathophysiology of
the metabolic syndrome, showing that in lean, young, insulin-resistant
individuals, impaired muscle glucose transport and glycogen synthesis
redirect energy derived from carbohydrate into hepatic de novo lipo-
genesis, promoting the development of atherogenic dyslipidemia and
NAFLD. The demonstration of a link between skeletal muscle insulin
resistance and the metabolic syndrome offers opportunities in target-
ing early defects in muscle insulin action in order to counteract the
development of the disease and its related complications.
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INTRODUCTION

The metabolic syndrome is the close asso-
ciation of several cardiovascular risk factors
including insulin resistance, abdominal obesity,
atherogenic dyslipidemia, hypertension, hy-
peruricemia, a prothrombotic state, and a
proinflammatory state (28). The exact criteria
for the metabolic syndrome vary depending
on the issuing organization. For example,
the International Diabetes Federation (IDF)
(4) has much lower cutoffs for key measures

compared to the World Health Organization
(WHO) (5), the European Group for the
Study of Insulin Resistance (EGIR) (8), and
the National Cholesterol Education Program
(NCEP) (1) (Table 1). In contrast, the WHO
criteria are the only ones to list microalbu-
minuria. The IDF has recently joined several
other large organizations in issuing a consensus
statement in an attempt to unify criteria
defining the metabolic syndrome (3). More
than 50 million Americans are already classified
as having the metabolic syndrome, and about
half of all Americans are predisposed to it
(35). The metabolic syndrome is also reaching
developing countries. Indeed, the WHO
estimates that more than 115 million people
are suffering from obesity-related problems
(53) in the developing world.

Abdominal obesity and insulin resistance
have both been hypothesized to be the
primary factors underlying the metabolic
syndrome. However, the exact mechanisms
linking these and other risk factors associated
with the metabolic syndrome are not fully
understood. This review of recent findings
demonstrates that insulin resistance in skeletal
muscle diverts ingested carbohydrate away
from muscle glycogen storage into hepatic
de novo lipogenesis, secondarily leading to
hypertriglyceridemia and decreased plasma
high-density lipoprotein concentrations, thus
promoting the atherogenic dyslipidemia
associated with the metabolic syndrome.

MUSCLE INSULIN RESISTANCE

How Do Healthy Individuals Dispose
of Glucose Loads?

Ingested carbohydrates are either oxidized or
stored as glycogen in liver and muscles and, to
a lesser extent, converted to fat in the liver via
de novo lipogenesis. This storage represents
nonoxidative glucose disposal. The liver
normally contains 75 to 100 g of glycogen but
can store up to 120 g, which represents 8% of
its weight as glycogen. In comparison, skeletal
muscle only stores 1% to 2% of its weight in
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Table 1 Definitions of the metabolic syndrome

WHO EGIR IDF NCEP
Criteria Presence of DM, IFG,

IGT, or insulin
resistance and two of the
following:

Insulin resistance and
two of the following:

Central obesity
(ethnicity specific) and
two of the following:

Three of the following:

Anthropometric
data

WHR >0.9 (men) or
>0.85 (women) and/or
BMI >30 kg/m2

Waist circumference
≥94 cm (men) or
80 cm (women)

Waist circumference
>102 cm (men) or
88 cm (women)

Lipids TG ≥1.7 mmol/l and/or
HDL-C <0.9 mmol/l
(men) or <1.0 mmol/l
(women)

TG ≥2.0 mmol/l
and/or HDL-C
<1.0 mmol/l

TG ≥1.7 mmol/l
and/or HDL-C
<1.0 mmol/l (men) or
1.3 mmol/l (women)

TG ≥1.7 mmol/l and/or
HDL-C ≤1.03 mmol/l
(men) or 1.29 mmol/l
(women)

Blood pressure ≥140/90 mm Hg ≥140/90 mm Hg ≥130/85 mm Hg ≥130/85 mm Hg
Blood glucose FPG ≥6.1 mmol/l FPG ≥5.6 mmol/l or

previously diagnosed
DM type 2

FPG ≥6.1 mg/dl

Others Urinary albumin excretion
ratio ≥20 mg/min or
albumin:creatinine ratio
≥30 mg/g

BMI, body mass index; DM, diabetes mellitus; EGIR, European Group for the Study of Insulin Resistance; FPG, fasting plasma glucose;
HDL-C, high-density lipoprotein cholesterol; IDF, International Diabetes Federation; IFG, impaired fasting glucose; IGT, impaired glucose tolerance;
NCEP, National Cholesterol Education Program; TG, triglycerides; WHO, World Health Organization; WHR, waist-hip ratio.

glycogen. However, because of the greater total
mass, skeletal muscle has the largest store of
glycogen in the body (300 g to 400 g). Using in-
direct calorimetry in combination with femoral
vein catheterization and the euglycemic-insulin
clamp technique, DeFronzo et al. (21) found
that nonoxidative glucose metabolism is the
major pathway for glucose disposal in healthy
subjects when glucose is administered intra-
venously. Sequential liver and skeletal muscle
biopsies performed in healthy individuals
under euinsulinemic-hyperglycemic (20 mM)
conditions suggested that about 60% of an
intravenous infusion of glucose was stored as
glycogen (11, 58). Since glycogen can rapidly
hydrolyze in biopsy samples, these studies may
have underestimated glycogen synthesis. In
contrast, muscle glycogen synthesis can be
measured noninvasively using 13C magnetic
resonance spectroscopy (MRS). Investigators
using this approach found that muscle glyco-
gen synthesis accounts for the vast majority

of the nonoxidative glucose metabolism
in healthy subjects during hyperglycemic-
hyperinsulinemic clamp studies (85).

Oral carbohydrate administration, which
represents the most physiological route, was
also assessed using similar in vivo 13C MRS
methods. Taylor et al. (90) calculated from to-
tal muscle mass measurements and estimation
of carbohydrate absorption rates that, at peak,
muscle glycogen concentrations accounted for
about 26% to 35% of the absorbed carbohy-
drate. Using the same methods, Taylor et al.
(89) demonstrated that net hepatic glycogen
synthesis was 19% of the carbohydrate content
of a mixed meal.

Insulin Signaling and Glucose
Uptake in Skeletal Muscle
of Healthy Individuals

Insulin stimulates glucose uptake by the cell.
Glucose itself is the stimulus for insulin
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secretion by the β cells in the endocrine pan-
creas. The signal cascade begins with bind-
ing of insulin to the insulin receptor (IR). IR
is an α2β2 heterodimeric transmembrane pro-
tein that possesses intrinsic tyrosine kinase ac-
tivity. Insulin binding to the extracellular do-
main of the α subunit induces conformational
changes of the receptor, resulting in autophos-
phorylation of specific tyrosine residues in the
cytoplasmic domain of the β subunit. This
in turn stimulates the catalytic activity of re-
ceptor tyrosine kinase and creates recruitment
sites for insulin receptor substrate-1 (IRS-1).
IRS-1 then activates phosphatidyl inositol
3-kinase (PI3K), which phosphorylates phos-
phatidyl inositol 4,5-biphosphate to phos-
phatidyl inositol 3,4,5-triphosphate, leading to
the activation of AKT2 (also known as pro-
tein kinase B) as well as the atypical protein ki-
nase C (PKC) isozymes PKCζ and PKCλ (6).
Both AKT2 and the atypical PKCs are involved
in the translocation of the glucose transporter
4 (GLUT4) from the cytosol to the plasma
membrane, which then allows glucose to en-
ter the cell. Glucose is then phosphorylated by
the enzyme hexokinase. The resulting glucose-
6-phosphate is then either utilized in the gly-
colytic pathway or incorporated into glycogen
by glycogen synthase.

Skeletal Muscle Insulin Resistance
and Glucose Metabolism

In type 2 diabetic patients, baseline glycogen
concentrations were shown to be ∼30% lower
than in matched controls (14, 85). Moreover,
the rate of glycogen synthesis in skeletal muscle
was ∼50% lower in type 2 diabetics than in
healthy individuals during hyperinsulinemic-
euglycemic clamps (85). Post-prandial incre-
ments in skeletal muscle glycogen were also sig-
nificantly lower than those in healthy subjects
(14). First-degree relatives of type 2 diabetic
patients have a ∼40% risk of developing dia-
betes, and insulin resistance is thought to play
an important role in its potential occurrence
(47). In these individuals, baseline glycogen
concentrations were similar to those of healthy

individuals, but insulin-stimulated rates of
skeletal muscle glycogen synthesis were
reduced by 63% (62).

Type 2 diabetic patients have a blunted
increment in intramyocellular glucose-6-
phosphate concentrations in comparison with
age-weight matched control subjects following
a hyperinsulinemic-euglycemic clamp (77),
which suggests that glucose transport and/or
phosphorylation is the rate-controlling step in
insulin-stimulated glucose disposal in skeletal
muscle. Similar findings were made in lean
insulin-resistant offspring of type 2 diabetic
patients (76) and nondiabetic obese women
(67), which suggests that this defect precedes
the development of type 2 diabetes.

To determine whether glucose transport
or glucose phosphorylation (through hexoki-
nase) was the rate-controlling step leading to
decreased glycogen synthesis in type 2 diabetic
patients, Cline et al. (20) used a novel 13C
MRS method to measure intracellular free
glucose concentrations in muscle during a
hyperinsulinemic-euglycemic clamp. They
found that intracellular glucose concentrations
in skeletal muscle of type 2 diabetics were ∼4%
of what they would have been if hexokinase
were the primary rate-controlling enzyme,
which suggests that glucose transport was the
rate-controlling step for insulin-stimulated
skeletal muscle glycogen synthesis in type 2
diabetic patients (20).

Linking Insulin Resistance
and Intramyocellular Lipids

Randle et al. (72) first suggested that elevations
in plasma fatty acid concentrations would im-
pair insulin-stimulated muscle glucose utiliza-
tion, primarily by inhibiting glycolysis at several
key enzymes. Lipid infusions combined with
heparin to activate lipoprotein lipase, acutely
increase plasma fatty acid concentrations, and
impair both intravenous glucose tolerance (82)
and insulin-stimulated glucose disposal in nor-
mal humans (12, 26, 69, 74). However, the
development of insulin resistance during lipid
infusion studies is temporally associated with
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the accumulation of intramyocellular lipids
(7).

Proton (1H) MRS methods have been de-
veloped to noninvasively measure hepatic and
muscle triglyceride (TG) in humans, which
is a clear advantage over invasive biopsies.
One challenging problem is to distinguish be-
tween intramyocellular lipid and extramyocel-
lular lipid content. This can be accomplished
by 1H spectra analysis. 1H peaks correspond
to lipids, namely methylene and methyl pro-
tons of TG acyl chains within muscle. These
peaks are shifted in frequency from each other
by 0.2 ppm and represent two distinct com-
partments, an extramyocellular pool and in-
tramyocellular TG. The 1H MRS technique
has been well validated against biochemical
TG measurements (34, 88). 1H MRS measure-
ments of intramyocellular lipids in humans cor-
relate even more closely with insulin resistance
than do classic anthropometric data such as
body mass index (BMI), waist-hip ratio, or to-
tal body fat (49). This technique can also be
used in dynamic conditions to assess the change
in intramyocellular lipids following a specific
intervention (42).

Krssak et al. (49) found that in normal
healthy, nondiabetic, nonobese subjects, intra-
myocellular lipids measured by 1H MRS were a
good indicator of whole-body insulin sensitiv-
ity, the latter assessed by the hyperinsulinemic-
euglycemic clamp technique. To examine
the mechanism by which plasma fatty acids
induce insulin resistance in human skeletal
muscle, Roden et al. (74) measured glycogen
and glucose-6-phosphate, while Dresner et al.
(26) also measured intracellular glucose con-
centrations using 13C and 31P MRS in healthy
subjects before and after a hyperinsulinemic-
euglycemic clamp following a lipid infusion.
Rates of insulin-stimulated whole-body glucose
uptake, glucose oxidation, and muscle glycogen
synthesis were 50% to 60% lower following
the lipid infusion and were associated with an
approximately 90% decrease in the increment
in intramuscular glucose-6-phosphate concen-
tration, implying diminished glucose transport
or phosphorylation activity. To distinguish

between these two possibilities, intracellular
glucose concentration was measured and found
to be significantly lower in the lipid infusion
studies, implying that glucose transport is the
rate-controlling step under these conditions
(26). These results shifted the paradigm regard-
ing the mechanism by which fatty acids induce
insulin resistance by demonstrating that fatty
acids directly impair insulin-stimulated glucose
transport activity in contrast to Randle’s
prediction of fatty acid-induced inhibition of
pyruvate dehydrogenase and glycolysis (26, 74).

Obesity is clearly associated with skeletal
muscle insulin resistance (29). In rodents, the
development of skeletal muscle insulin resis-
tance after a few weeks of high-fat diet is asso-
ciated with the accumulation of TG in skeletal
muscle (23, 86).

Although many studies show a corre-
lation between intramyocellular lipids and
insulin resistance, there are some exceptions.
Endurance-trained athletes have increased in-
tramyocellular lipids while remaining markedly
insulin sensitive (70), hence the name athlete
paradox. Indeed, elite endurance-trained
athletes are among the most insulin-sensitive
individuals although their intramyocellular
lipid concentration is extremely high (32).

A rodent model of the athlete paradox
provides interesting molecular explanations of
this phenomenon. Indeed, skeletal muscle-
specific transgenic overexpression of diacyl-
glycerol acyltransferase 1 (DGAT1) in mice de-
creases diacylglycerol (DAG) and ceramide but
augments TG synthesis in skeletal muscle, lead-
ing to an increase in intramyocellular lipids.
However, these mice are protected against fat-
induced insulin resistance because of a decrease
in DAG and a decrease in the activity of PKCθ

(50), confirming a link between DAG, PKC
activation, and insulin resistance.

In nonathletes, TG and DAG are also corre-
lated with insulin resistance in most situations,
but not all. Therefore, MRS measurement of
intramyocellular lipids is a good marker of in-
sulin resistance in sedentary individuals.

Although ectopic lipid accumulation in
skeletal muscle and liver is typically observed
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in most obese individuals, it is also encountered
when fat tissue is absent, as in the lipodystro-
phies. These conditions may be congenital or
acquired and are characterized by partial or
complete loss of adipose tissue. Without fat
tissue, the low plasma leptin concentrations
promote hyperphagia, and without adipose
tissue as a suitable storage depot, fat accumu-
lates ectopically (45). In A-ZIP/F-1 (“fatless”)
mice, this ectopic lipid deposition could be
reversed by transplanting adipose tissue from
wild-type mice (30). Moreover, transplantation
of wild-type fat reversed the hyperglycemia,
dramatically lowered insulin levels, and im-
proved muscle insulin sensitivity (45). It is
also interesting to note that humans and mice
treated by leptin, an anorexigenic adipokine,
had improved insulin-stimulated liver and
muscle glucose metabolism as well as decreased
hepatic and muscle TG stores (60, 68).

Intramyocellular Lipids and Insulin
Resistance: Finding the Culprit

An important but as yet unanswered element
linking intramyocellular lipids and insulin resis-
tance is the precise lipid moiety responsible for
fatty acid-induced insulin resistance. Although
TG accumulation in skeletal muscle (and liver)
clearly correlates with insulin resistance, TGs
are generally considered metabolically inert as-
sociates of more active candidates, including
long-chain acylcoenzyme A (LCCoAs), DAG
(93), and ceramide (2). These lipid candidates
have been evaluated in genetic mouse models
with defects at different steps of the lipogenic
pathway.

Transgenic mice overexpressing lipoprotein
lipase in skeletal muscle were insulin resistant
when studied during a hyperinsulinemic-
euglycemic clamp. These mice had a threefold
increase in muscle TG content and were
insulin resistant because of decreases in insulin-
stimulated glucose uptake in skeletal muscle
and insulin activation of IRS-1-associated
PI3K activity. These defects in insulin action
and signaling were associated with significant
increases in intramyocellular lipids, such as

LCCoAs, DAG, and ceramide, suggesting a
direct and causative relationship between the
accumulation of intramyocellular lipid metabo-
lites and insulin resistance (44). Kim et al. (44)
found a twofold increase in liver TG content
when overexpressing lipoprotein lipase in the
liver. These transgenic mice were insulin re-
sistant because of an impaired ability of insulin
to suppress endogenous glucose production,
which was associated with defects in insulin ac-
tivation of insulin IRS-2-associated PI3K activ-
ity. These defects in insulin action and signaling
were associated with increases in intracellular
LCCoAs. These data provide a model of hep-
atic fat accumulation and insulin resistance in
the absence of skeletal muscle resistance (44).

DAGs clearly are good candidates to link in-
tramyocellular lipid accumulation and insulin
resistance because they activate novel isoforms
of PKCs, a family of serine/threonine kinases
that has been associated with insulin resistance.
In rodents, Griffin et al. (33) showed that lipid
infusions lead to the accumulation of intramy-
ocellular DAG and activation of PKCθ.

In rats, Yu et al. (93) demonstrated that in-
sulin resistance following lipid infusions was as-
sociated with accumulation of intramyocellular
DAG and LCCoAs but without any changes
in intramyocellular TG or ceramide, effectively
excluding these lipid species as triggers for
fat-induced skeletal muscle insulin resistance.
An additional clue regarding the specific lipid
metabolite that triggers insulin resistance came
from mice lacking the mitochondrial isoform of
glycerol-3-phosphate acyltransferase (GPAT).
GPAT is mostly expressed in liver, and the pro-
portion of this enzyme in skeletal muscle ac-
counts for only a small portion of total GPAT
activity. These mice had markedly lower hep-
atic TG and DAG concentrations in compar-
ison with wild-type mice and were protected
from fat-induced hepatic insulin resistance (57)
despite an almost twofold increase in LCCoAs,
a finding that excludes LCCoAs as mediators of
fat-induced insulin resistance.

DGAT exists in two isoforms, DGAT1 and
DGAT2 (16, 17). DGAT1 is ubiquitously ex-
pressed in human and mouse tissues, with the
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highest expression levels in the small intestine
and white adipose tissue. DGAT2 is primar-
ily expressed in liver and white adipose tissue.
As expected, mice lacking DGAT1 displayed
reduced liver TG levels, but the concentra-
tion of DAG, the substrate of the DGAT re-
action, was surprisingly significantly lower in
liver and tended to be lower in skeletal mus-
cle (18). These mice were also protected from
fat-induced obesity and displayed an increased
glucose tolerance. These observations do not
support the expectations that based on the func-
tion of DGAT1, DAG level would be increased,
which would in turn decrease insulin sensitivity.
One possible explanation for these findings is
that the activity of acyl-CoA:monoacylglycerol
acyltransferase is lost, suggesting that DGAT1
also catalyzes this reaction. Thus, loss of
DGAT1 may decrease DAG accumulation in
skeletal muscle. Intramyocellular lipid concen-
trations can also be lowered by promoting fatty
acid oxidation. One example of this is by genet-
ically modifying carnitine palmitoyl transferase
1. It has been shown that L6E9 muscle cells
overexpressing carnitine palmitoyl transferase
1 incubated with palmitate were protected
against fatty acid-induced insulin resistance
by inhibiting both the accumulation of lipid
metabolites such as DAG and ceramide and in-
hibiting the activation of PKCθ and PKCζ (83).

Mice lacking stearoyl-CoA desaturase 1
(SCD-1) were resistant to diet-induced obesity
and showed an increase in glucose tolerance
(59) associated with a significant decrease in
skeletal muscle TG and ceramide content and
(although not measured) presumably because of
a decrease in DAG content (24). Also, SCD-
1-deficient mice had an increase in insulin-
signaling components in muscle (71). Con-
versely, elevated SCD-1 expression in human
skeletal muscle contributed to abnormal lipid
metabolism and progression of obesity (39).

Uncoupling proteins are inner mitochon-
drial membrane transporters that dissipate
the mitochondrial proton gradient, thus
uncoupling oxidative phosphorylation. Over-
expression of uncoupling protein 3 in skeletal
muscle protected mice from insulin resistance

when fed a high-fat diet. This was associated
with a decrease in muscle DAG and an increase
in LCCoAs and ceramide, without change in
muscle TG. This decrease in DAG was sub-
sequently associated with a decrease in PKCθ

activation (19). This study demonstrates that
LCCoAs, ceramide, and triglyceride are not
the triggers for fat-induced insulin resistance
in skeletal muscle in this mouse model.

In summary, the accumulation of DAG, but
not LCCoAs, TG, or ceramide, provides a uni-
fying explanation for the development of mus-
cle (and liver) insulin resistance (81, 84). This
accumulation of intramyocellular lipids results
from an imbalance between fatty acid delivery
and/or decreased mitochondrial/peroxisomal
fatty acid oxidation and/or storage as triglyc-
eride, triggering a serine/threonine kinase
cascade initiated by novel PKCs. This results
in serine/threonine phosphorylation of critical
IRS-1 sites in muscle, thereby inhibiting IRS-1
tyrosine phosphorylation and activation of
PI3K, leading to reduced insulin-stimulated
muscle glucose transport (mediated by
GLUT4) and subsequent reduction in muscle
glycogen synthesis (56, 81). The role of the
different novel PKC isoforms in fat-induced
insulin resistance in human skeletal muscle
remains to be further evaluated. The molecular
mechanisms of lipid-induced insulin resistance
in skeletal muscle are illustrated in Figure 1.

Linking Skeletal Muscle
Insulin Resistance and the
Metabolic Syndrome

Can skeletal muscle insulin resistance promote
the development of atherogenic dyslipidemia
and nonalcoholic fatty liver disease (NAFLD)
associated with the metabolic syndrome?
Petersen et al. (66) hypothesized that insulin
resistance in skeletal muscle decreases nonox-
idative storage of ingested carbohydrates,
which are then diverted to become substrates
for hepatic de novo lipogenesis, resulting in
hypertriglyceridemia and reduction in high-
density lipoprotein (HDL) cholesterol con-
centrations. To address this hypothesis, liver
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Figure 1
Molecular mechanisms of skeletal muscle insulin resistance. Increases in intramyocellular fatty acyl CoAs
and diacylglycerol due to increased delivery from plasma and/or reduced oxidation due to mitochondrial
dysfunction trigger a serine/threonine kinases cascade initiated by novel protein kinase C. This ultimately
leads to activation of serine residues on IRS-1 and inhibits insulin-induced PI3-kinase activity, resulting in
reduced insulin-stimulated muscle glucose transport and reduced muscle glycogen synthesis.
DAG, diacylglycerol; GSK3, glycogen synthase kinase-3; PH, pleckstrin homology domain; PI3,
phosphatidyl inositol 3-kinase; PTB, phosphotyrosine binding domain. Copyright 2006 American Diabetes
Association. From Reference 56, with permission from The American Diabetes Association.

and muscle TG synthesis were assessed by 1H
MRS, and liver and muscle glycogen synthesis
were assessed by 13C MRS, after the ingestion
of two high-carbohydrate mixed meals in
young, lean, healthy, insulin-resistant subjects
and compared to a group of insulin-sensitive
subjects matched for age, weight, body mass
index, and activity. Hepatic de novo lipogenesis
was assessed at the same time by measuring the
incorporation of deuterium from deuterium-
labeled water into plasma triglycerides
(22).

The role of skeletal muscle resistance in the
pathogenesis of the metabolic syndrome could
thus be examined at its earliest stages. After
screening 400 subjects at respectively lowest
and highest quartile of insulin sensitivity, 12
insulin-resistant and 12 insulin-sensitive indi-
viduals were identified. Importantly, great care

was taken in closely matching these two groups,
not only for age and body mass index, but also
for lean body mass, fat mass, monitored physi-
cal activity, and blood pressure.

After the two high-carbohydrate mixed
meals, postprandial plasma glucose concentra-
tions were similar in the two groups, but post-
prandial plasma insulin was markedly increased
in the insulin-resistant subjects.

Net muscle glycogen synthesis was approx-
imately 60% lower in the insulin-resistant
subjects after the mixed meals. Net hepatic
TG synthesis was about 2.5-fold greater in
the insulin-resistant subjects than the insulin-
sensitive subjects after the high-carbohydrate
mixed meals. Finally, postprandial fractional
hepatic de novo lipogenesis, assessed by
the incorporation of deuterated water into
plasma TG, was increased by 2.2-fold in the
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insulin-resistant subjects compared to the
insulin-sensitive subjects, with a high level of
significance.

This increase in hepatic de novo lipogenesis
was associated with an 80% increase in fasting
plasma TG concentrations and a 20% reduc-
tion in plasma HDL concentrations as well as
increased postprandial plasma triglyceride con-
centrations in the insulin-resistant subjects.

Thus, this young, lean group of insulin-
resistant subjects, representing 25% of the
population, already had the underpinnings for
developing atherogenic dyslipidemia, i.e., in-
creased plasma TG and lower plasma HDL,
both associated with the metabolic syndrome.
The lower level of plasma HDL in the insulin-
resistant subjects could be explained by the fol-
lowing mechanism: Very-low-density lipopro-
tein (VLDL) TG can be exchanged for HDL
cholesterol in the presence of increased plasma
VLDL concentrations and normal activity of
cholesteryl ester transfer protein, where a
VLDL particle donates a molecule of TG to
an HDL particle in return for one of the
cholesteryl ester molecules from HDL. This
process leads to a cholesterol-rich VLDL rem-
nant particle that is atherogenic and a TG-
rich, cholesterol-depleted HDL particle (48).
The TG-rich HDL particle can undergo fur-
ther modification, including hydrolysis of its
TG, leading to dissociation of the apoA-1 pro-
tein. The free apoA-1 is cleared more rapidly
in plasma than the apoA-1 bound to HDL par-
ticles, resulting in reduced circulating apoA-1,
HDL cholesterol, and the number of HDL par-
ticles (31). These modifications in cholesterol
metabolism induced by hepatic de novo lipoge-
nesis are illustrated in Figure 2.

Additionally, in this study (66), plasma
adipokines, namely adiponectin, interleukin-6,
resistin, retinol binding protein-4, and tumor
necrosis factor α, were similar between the two
groups. The fact that plasma adipokines were
similar between the two groups in this study
(66) suggests that adipokines are not responsi-
ble for causing the insulin resistance in these
individuals.

This study also demonstrates that skeletal
muscle insulin resistance can precede hepatic
insulin resistance and that hepatic TG synthe-
sis is increased after carbohydrate meals via de
novo lipogenesis in insulin-resistant subjects,
putting them at risk of developing NAFLD
later in life. This hypothesis is supported by
gene knockout mice studies where mice with
muscle-specific insulin receptor inactivation
were found to have increased plasma TG con-
centrations and increased obesity as a result of
specific skeletal muscle insulin resistance (46).

ETHNIC DIFFERENCES
IN THE PREVALENCE OF
NONALCOHOLIC FATTY
LIVER DISEASE

Of importance, there are likely important eth-
nic differences in the pathogenesis of NAFLD.
Notably, Asian Indian males have a marked in-
crease in the prevalence of hepatic steatosis,
which is associated with marked insulin resis-
tance (64), despite having a normal BMI. Also,
genetic susceptibility exists regarding the de-
velopment of NAFLD. Indeed, an allele of
the enzyme patatin-like phospholipase domain-
containing protein 3, which is encoded by
the PNPLA3 gene, is strongly associated with
NAFLD. This variant allele is mostly found
in Hispanics but also in some African Amer-
ican and European American individuals (75).
This variant is not associated with insulin resis-
tance, suggesting that these carriers present a
disassociation between NAFLD and insulin re-
sistance (43). This leads to the hypothesis that
hepatic DAG content may be decreased in these
individuals.

Very recently, Petersen et al. (65) showed
that carriers of ApoC3 polymorphisms
(T482/C455) are at risk of developing NAFLD
and insulin resistance. Therefore, this study
demonstrates an important role of genetic
susceptibility in the pathogenesis of NAFLD
and insulin resistance. Furthermore, they
found that the NAFLD and insulin resistance
were reversed with modest weight reduction.
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Taken together, these data suggest a gene-
environment interaction in which carriers of
the ApoC3 gene variants (T482/C455) are
predisposed to NAFLD and insulin resistance
at a lower BMI than that of noncarriers.

For most populations, NAFLD is strongly
linked to hepatic insulin resistance and is a
risk for the development of impaired fasting
glucose and type 2 diabetes (57, 78, 80). Liver
TG can arise from re-esterification of fatty
acids released from adipose tissue or absorbed
after a meal or from de novo lipogenesis.
Donnelly et al. (25) measured the relative
contributions of these pathways in subjects
with NAFLD. Though re-esterification of
TG released from adipose accounted for the
largest portion of liver TG synthesis, the most
striking finding was the increase in de novo
lipogenesis in patients with NAFLD. They
found that de novo lipogenesis accounted for
26% of liver TG. Moreover, they found that in
patients with NAFLD, de novo lipogenesis was
consistently elevated, without the normal rise
and fall seen under fed and fasted conditions
in control subjects (36). Taken together,
these data suggest that the insulin resistance
increases de novo lipogenesis both prior to and
after the development of NAFLD.

ROLE OF VISCERAL FAT IN
CAUSING INSULIN RESISTANCE

Visceral obesity is thought to play a role in
causing the metabolic syndrome (15). Indeed,
insulin-resistant individuals may be predis-
posed to abdominal (visceral) obesity because of
an increased export of TG from the liver to the
peripheral adipose tissue in the form of VLDL
(27). However, the atherogenic dyslipidemia
seen in the study by Petersen et al. (66) hap-
pened in the absence of other variables that have
been associated with the metabolic syndrome.
First, intraabdominal fat content, assessed by
magnetic resonance imaging (67), was also sim-
ilar between the two groups. Although this has
been thought to have a role in the develop-
ment of the metabolic syndrome (15), here the

feature of the metabolic syndrome developed
without it. These findings suggests that abdom-
inal obesity likely develops later in the course of
the metabolic syndrome, along with NAFLD,
and that it is a consequence (and a marker) for
hepatic steatosis rather than a cause of skele-
tal muscle insulin resistance, at least in this
subset of subjects, i.e., in young, lean, insulin-
resistant individuals (66). This hypothesis is
supported by the previously discussed studies of
lipodystrophic humans (68) and lipodystrophic
mouse models (45) that have disassociated in-
traabdominal adiposity from insulin resistance
and instead have implicated hepatic steatosis
in causing the hepatic insulin resistance asso-
ciated with the metabolic syndrome and type 2
diabetes (79).

In summary, the study detailed above (66)
supports the hypothesis that skeletal muscle
insulin resistance, due to decreased muscle
glycogen synthesis, promotes atherogenic
dyslipidemia by diverting energy derived from
ingested carbohydrates away from muscle
glycogen synthesis and into increased hepatic
de novo lipogenesis. The mechanism for this
increased de novo lipogenesis may result from
upregulation of sterol regulatory element bind-
ing protein-1c (SREBP-1c), a master transcrip-
tional regulator of lipogenic enzymes activated
by portal vein hyperinsulinemia through the
nuclear liver X receptor (38). Indeed, insulin in-
creases transcription, posttranslational process-
ing, and nuclear translocation of SREBP-1c.

These observations provide important in-
formation regarding the mechanisms link-
ing skeletal muscle insulin resistance and the
metabolic syndrome as well as NAFLD, type
2 diabetes, and the associated cardiovascular
disease. These data also suggest that reversing
defects in insulin-stimulated glucose transport
in skeletal muscle to reverse insulin resistance
in this organ might be the best way to pre-
vent the development of the atherogenic dys-
lipidemia associated with the metabolic syn-
drome. The fate of ingested carbohydrates in
insulin-resistant and insulin-sensitive subjects
is summarized in Figure 3.
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MITOCHONDRIAL
DYSFUNCTION AND SKELETAL
MUSCLE INSULIN RESISTANCE
Recent findings suggest impaired mitochon-
drial oxidative metabolism as a potential
mechanism linking intramyocellular lipids
with impaired glucose metabolism and insulin
signaling observed in insulin-resistant subjects.
The mitochondrion is the major site of fuel ox-
idation. Mitochondrial adenosine triphosphate
production in skeletal muscle was found to be
decreased by approximately 30% in a cohort
of healthy, lean, insulin-resistant offspring of
patients with type 2 diabetes (63). In this study,
the insulin-stimulated rate of glucose uptake
by muscle was approximately 60% lower in the
insulin-resistant subjects compared to matched
insulin-sensitive subjects and was associated
with an increase of approximately 80% in
the intramyocellular lipid content. These
observations suggest that the decline in mito-
chondrial function may predispose to muscle
lipid accumulation. In a subsequent study,
muscle mitochondrial density was 38% lower
in a similar cohort of young, lean, normo-
glycemic, insulin-resistant offspring of parents
with type 2 diabetes (55), and these changes
were associated with a 50% increase in IRS-1
Ser312 and IRS-1 Ser636 phosphorylation and
an approximately 60% reduction in insulin-
stimulated AKT2 activation. The expression
of cytochrome c oxidase I, which is encoded
by the mitochondrial genome, was decreased
by 50% in the insulin-resistant subjects. In the
same study (55), several key regulators of mito-
chondrial biogenesis were assessed by skeletal
muscle biopsies. Peroxisome proliferator-
activated receptor gamma coactivator-1alpha
(PGC-1α) and 1beta (PGC-1β), among many
other factors, are transcriptional cofactors
that regulate mitochondrial biogenesis, the
expression of which has been shown to be
reduced in skeletal muscle of type 2 diabetic
patients (54) and overweight nondiabetic sub-
jects with a history of diabetes (61). However,
the expression of PGC-1α and PGC-1β was
similar between insulin-resistant offspring and
insulin-sensitive subjects. Therefore, other

factors may be responsible for the decreased
mitochondrial content in the insulin-resistant
offspring of patients with type 2 diabetes.

Taken together, these data support the
hypothesis that reductions in mitochondrial
content are responsible, at least in part, for the
reduced mitochondrial activity that has pre-
viously been described in the insulin-resistant
offspring of patients with type 2 diabetes. These
changes are independent of alterations in the
expression levels of PGC-1α and PGC-1β as
well as other factors involved in mitochondrial
biogenesis, such as nuclear respiratory factors
1 and 2 (NRF-1 and NRF-2), suggesting that
other factors that are as yet unknown are
responsible for the reduced mitochondrial
content in these insulin-resistant individuals.
Whether the reductions in mitochondrial
function are primary or secondary in nature
is currently not known and remains a critical
question that needs to be addressed in future
studies. However, given the key role of DAGs
in mediating insulin resistance and the strong
genetic evidence demonstrating that alter-
ations in mitochondrial fatty acid oxidation can
alter intracellular DAG content and insulin
resistance, these reductions in mitochondrial
activity represent an important contributing
factor to insulin resistance.

REVERSIBILITY OF SKELETAL
MUSCLE INSULIN RESISTANCE
Numerous factors have been related to in-
sulin resistance and type 2 diabetes, includ-
ing age, obesity, distribution of skeletal muscle
fiber type, and physical activity. Modulation of
these factors can also influence mitochondrial
function.

Physical activity has been shown to posi-
tively influence type 2 diabetes by increasing
insulin sensitivity and inducing weight loss.
Perseghin et al. (62) showed that six weeks
of exercise increased insulin sensitivity in
both normal subjects and insulin-resistant
offspring of type 2 diabetic parents because of
a twofold increase in insulin-stimulated muscle
glycogen synthesis. This was due to an increase
in insulin-stimulated glucose transport and
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phosphorylation. A further study reported that
muscular adaptations in relation to increased
physical fitness include an increased muscle
and lipid oxidative capacity mainly caused by
an increased mitochondrial volume (37). It
has also been demonstrated that a combined
intervention of physical activity and weight loss
improves insulin sensitivity and increases mito-
chondrial content (92), but the latter seems to
be mainly attributed to an increase in physical
activity because weight loss alone does not
increase mitochondrial content (91). More re-
cently, Befroy et al. (9) demonstrated that basal
mitochondrial substrate oxidation is increased
in the muscle of endurance-trained individuals
although energy production is unaltered, lead-
ing to an uncoupling of mitochondrial oxidative
phosphorylation at rest. Therefore, increased
mitochondrial uncoupling may represent an-
other mechanism by which exercise training en-
hances muscle insulin sensitivity via increased
fatty acid oxidation and intracellular energy
dissipation, resulting in decreased intramy-
ocellular DAG content in the resting state (9).

Recent studies suggest that pharmacologi-
cal treatment may be added to physical activity
and weight loss to achieve the goals of nor-
mal mitochondrial function and insulin sen-
sitivity. Adenosine monophosphate-activated
protein kinase (AMPK) is a major regula-
tor of mitochondrial biogenesis that regulates
intracellular energy metabolism in response
to acute energy crises. β-guanadinopropionic
acid (β-GPA) is a creatine analog acting as a
chronic pharmacological activator of AMPK,
thus mimicking exercise training and leading
to reductions in the intramuscular adenosine
triphosphate/adenosine monophosphate ratio
as well as phosphocreatine concentrations, sub-
sequently activating skeletal muscle AMPK.
Rats fed with β-GPA in their chow for eight
weeks had chronic skeletal muscle AMPK ac-
tivation, resulting in increases in mitochon-
drial content, thus demonstrating that AMPK
activation promotes mitochondrial biogenesis
(10). Recently, Reznick et al. (73) examined
AMPK activity in young and old rats and found
that the acute stimulation of AMPK-α2 activ-

ity by the AMPK agonist 5′-aminoimidazole-
4-carboxamide-1-β-D-ribofuranoside and ex-
ercise was blunted in the skeletal muscle of
old rats. Furthermore, mitochondrial biogen-
esis was diminished in these old rats after the
chronic activation of AMPK with β-GPA (73).
These findings suggest that AMPK activity is
reduced with aging and that it may be an im-
portant contributing factor in mitochondrial
dysfunction and dysregulated intramyocellular
lipid metabolism.

Thiazolidinediones such as pioglitazone
and rosiglitazone are peroxisome proliferator-
activated receptor γ agonists frequently used in
the treatment of type 2 diabetes. Troglitazone
is another of these molecules, now withdrawn
from the market owing to reported issues
related to hepatic failure. Troglitazone was
shown to decrease fasting and postprandial
glucose levels in patients with type 2 diabetes
by decreasing basal hepatic glucose production
and increasing insulin-stimulated glucose
disposal (51). A further study in type 2 diabetic
patients revealed that troglitazone mostly acts
through an estimated 54% increase in the rate
of peripheral glucose disposal (41). Pioglita-
zone has been shown to induce mitochondrial
biogenesis by the activation of the PCG-1α

pathway in human subcutaneous adipose tissue
(13). Rosiglitazone treatment for eight weeks
also increased the expression of PCG-1α and
the activity of oxidative enzymes in the skeletal
muscle of patients with type 2 diabetes (52).
Finally, in A-ZIP/F-1 (“fatless”) mice, three
weeks of rosiglitazone treatment normalized
the decrease in insulin-stimulated glucose
uptake and IRS-1 associated PI3K activity
in skeletal muscle. These findings suggested
that rosiglitazone treatment enhanced insulin
action in skeletal muscle by its ability to divert
fat away from skeletal muscle (45). Similarly,
Mayerson et al. (51a) showed that three months
of rosiglitazone treatment improves insulin
sensitivity in type 2 diabetics by redistributing
fat from liver into adipocytes. Metformin, an-
other frequently used drug in the treatment of
type 2 diabetes, has also been shown to increase
skeletal muscle content of PCG-1α in rats,
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which suggests increased mitochondrial bio-
genesis (87). These effects seem to be mediated,
at least in part, by an increase in AMPK phos-
phorylation. In patients with type 2 diabetes,
metformin has been shown to act primarily by
decreasing endogenous glucose production via
inhibition of gluconeogenesis (40, 41).

CONCLUSION

The metabolic syndrome is increasing at a
high rate worldwide and is clearly associated
with an increased cardiovascular risk. Although
its pathophysiological mechanisms remain
unclear, recent studies point to a central role
of skeletal muscle insulin resistance. Indeed,
studies in young, lean, insulin-resistant sub-
jects suggest that a defect in mitochondrial
function promotes muscle DAG accumulation
activation of PKCθ with downstream impaired
insulin signaling. As a result, following a

carbohydrate meal, there is a decrease in
muscle glucose uptake and muscle glycogen
synthesis. Instead, carbohydrate becomes a
substrate for hepatic de novo lipogenesis. This
in turn increases plasma TG concentration and
is associated with a reduction in plasma HDL
concentration, contributing to the atherogenic
dyslipidemia. Intraabdominal obesity and adi-
pose tissue inflammation, the latter leading to
alterations in adipokines concentrations, do not
seem to play a primary role in causing insulin
resistance in the early stages of the metabolic
syndrome and likely play a contributing role
later in the course of the disease.

Taken together, these findings suggest that
targeting defects in insulin-stimulated glucose
transport in skeletal muscle to reverse insulin
resistance in this organ might be a promising
way to prevent the development of the athero-
genic dyslipidemia and NAFLD associated with
the metabolic syndrome at its earliest stages.

SUMMARY POINTS

1. The metabolic syndrome is a clustering of components reflecting overnutrition and
sedentary lifestyle that lead to increased cardiovascular risk.

2. Skeletal muscle insulin resistance may play a central role in the pathogenesis of the
metabolic syndrome.

3. Studies in young, lean, insulin-resistant subjects suggest that this skeletal insulin resis-
tance is due to decreased muscle glycogen synthesis, resulting in the diversion of ingested
carbohydrates away from muscle glycogen synthesis and to hepatic de novo lipogenesis.

4. These findings provide important implications for understanding not only the patho-
physiology of the metabolic syndrome, but also that of NAFLD, type 2 diabetes, and the
associated cardiovascular disease.

5. Reversing skeletal muscle insulin resistance might be the best way to prevent the de-
velopment of the atherogenic dyslipidemia and NAFLD associated with the metabolic
syndrome at its earliest stages.

FUTURE ISSUES

Further research is needed on:
1. Identifying the causes of defects in mitochondrial biogenesis and defining the role of

heredity in this process.

2. Defining new pharmacological targets aimed at improving skeletal muscle glucose uptake.

3. Understanding the genetic factors that predispose individuals to muscle and liver insulin
resistance.
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Figure 2
Cholesterol metabolism induced by hepatic de novo lipogenesis. Skeletal muscle insulin resistance increases hepatic de novo
lipogenesis, which leads to increased hepatic triglycerides (TGs). TGs can be exchanged for high-density lipoprotein (HDL)
cholesterol in the presence of increased plasma very-low-density lipoprotein (VLDL) concentrations and normal activity of cholesteryl
ester transfer protein (CETP), where a VLDL particle donates a molecule of TG to an HDL particle in return for one of the
cholesteryl ester (CE) molecules from HDL. The TG-rich HDL particle can be hydrolyzed of its TG, leading to dissociation of the
apolipoprotein A-1 (apoA-1) protein. The free apoA-1 is cleared more rapidly in plasma than the apoA-1 bound to HDL particles,
resulting in reduced circulating apoA-1, HDL cholesterol, and the number of HDL particles. FFA, free fatty acid.

Figure 3
Fate of ingested carbohydrates in insulin-resistant and insulin-sensitive subjects. Copyright 2007 from
Reference 66, National Academy of Sciences, USA.
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