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The primary deficiency underlying metabolic syndrome is insulin resistance, in which insulin-responsive peripheral tissues fail to
maintain glucose homeostasis. Because skeletal muscle is the major site for insulin-induced glucose uptake, impairments in skeletal
muscle’s insulin responsiveness play a major role in the development of insulin resistance and type 2 diabetes. For example, skeletal
muscle of type 2 diabetes patients and their offspring exhibit reduced ratios of slow oxidative muscle. These observations suggest the
possibility of applying muscle remodeling to recover insulin sensitivity in metabolic syndrome. Skeletal muscle is highly adaptive
to external stimulations such as exercise; however, in practice it is often not practical or possible to enforce the necessary intensity
to obtain measurable benefits to the metabolic syndrome patient population. Therefore, identifying molecular targets for inducing
muscle remodeling would provide new approaches to treat metabolic syndrome. In this review, the physiological properties of
skeletal muscle, genetic analysis of metabolic syndrome in human populations and model organisms, and genetically engineered
mouse models will be discussed in regard to the prospect of applying skeletal muscle remodeling as possible therapy for metabolic
syndrome.

1. Introduction
Are we getting healthier as technology and medicine
advance? According to the latest epidemiological study on
baby boomers in the United States, unfortunately the answer
appears to be “No, we are not” [1]. This study tells us that far
more aging baby boomers, compared to the previous generation, are afflicted by lifestyle induced clinical conditions
such as hypertension, hypercholesterolemia, type 2 diabetes
mellitus, and obesity [1]. Despite these health problems,
people are living longer due to medical advances. The steadily
increasing life expectancy combined with expanding waist
lines presents a daunting challenge for society to maintain a
good quality of life in the aging population.
The aforementioned clinical conditions, hypertension,
hypercholesterolemia, type 2 diabetes mellitus, and obesity,
are all symptomatic components of metabolic syndrome.
Metabolic syndrome consists of a heterogeneous, but highly
interconnected set of clinical conditions which together lead
to a high risk of cardiovascular diseases [2]. The World

Health Organization (WHO) provided a working definition
of metabolic syndrome as the combination of one symptom
from group 1 (insulin resistance, type 2 diabetes, impaired
fasting glucose, impaired glucose tolerance) and two from
group 2 (elevated blood pressure (≥140/90 mmHg), dyslipidemia (triglycerides > 1.7 mmol/L and/or low HDL cholesterol < 0.9 mmol/L for men and <1.0 mmol/L for women),
obesity (hip ratio >0.9 for men and >0.85 for women and/or
BMI >30), or microalbuminuria (urinary albumin excretion
rate ≥20 mg/min or albumin/creatinine ratio ≥30 mg/g)) [3].
Active discussions and attempts to update and unify the
definitions of metabolic syndrome are still on going. An in
depth discussion on the definitions and controversies in this
matter can be found here [4]. In the more recent definitions
presented by the National Cholesterol Education Program’s
Adult treatment Panel III report (ATP III), abdominal obesity
is used as the primary criterion for metabolic syndrome
[2], rather than the presence of insulin resistance which
was emphasized by WHO. Despite the different weight
placed on clinical criteria, the main culprit for metabolic
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syndrome is the sedentary life style of modern society and
its manifestation as obesity [1].
With the complex nature of metabolic syndrome aside,
a well-accepted tenet for combating this cluster of clinical
conditions is to maintain a healthy weight through physical
exercise and a healthy diet. To test the efficacy of using
this approach at the population level, a large scale life style
intervention study was conducted targeting type 2 diabetes
patients and obese/overweight individuals [5]. In spite of
the encouraging results at the initial stage of the study,
long-term (10 years) intensive life style intervention did
not yield a significant improvement over the control group
(education in type 2 diabetes only) in terms of the risk of
cardiovascular morbidity and mortality [6]. This large scale
trial exemplifies the difficulties and challenges to apply life
style modifications to treat high risk individuals for type
2 diabetes and cardiovascular diseases. It should also be
noted that, in some cases, exercise is not recommended to
type 2 diabetes patients because of their cardiovascular and
other systemic complications which bar them from physical
activities [7]. Because insulin resistance by itself increases the
risk of cardiovascular diseases and precedes the development
of type 2 diabetes [8], identifying molecular therapeutic
targets to improve insulin sensitivity would be a rewarding
direction to slow or prevent the onset of type 2 diabetes
and manage the cardiovascular risk factors of metabolic
syndrome.
Insulin resistance is the result of multiorgan dysfunction
of insulin-sensitive tissues such as skeletal muscle, liver, and
adipose tissues. Among these, skeletal muscle stands out as
the principal organ of glucose uptake. In euglycemic conditions, skeletal muscle accounts for 75–80% of the glucose
uptake in response to insulin stimulation [9, 10], and in
experimentally induced hyperglycemic conditions, 95% of
whole body insulin-mediated glucose uptake was delivered
by skeletal muscle [9]. Because of its significant capacity for
glucose uptake, skeletal muscle insulin resistance has a major
impact on the development of impaired glucose metabolism
in metabolic syndrome and type 2 diabetes. This was clearly
demonstrated in a study assessing insulin-mediated glycogen
synthesis (an indicator of insulin sensitivity) in lean insulinresistant individuals fed with high-carbohydrate meals; in
these individuals, a significant reduction in skeletal muscle
glycogen synthesis was observed, whereas no such reduction
in liver glycogen synthesis was observed [11]. Instead, the
liver exhibited a significant increase in triglyceride accumulation, likely compensating for glycogen synthesis defects in
skeletal muscle of the insulin-resistant subjects [11]. These
observations suggest that skeletal muscle insulin resistance
precedes liver insulin resistance, and the elevated hepatic
lipogenesis may simultaneously promote the development
of dyslipidemia, another component of metabolic syndrome.
Granting the manifestation of insulin resistance is a complex
process; it is fair to say that skeletal muscle insulin resistance
is a key to initiate pathophysiology of the whole-body insulin
resistance and its development into metabolic syndrome and
type 2 diabetes.
In this review, I will discuss the genetic bases for skeletal
muscle insulin resistance, metabolic syndrome, and type
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2 diabetes, summarizing both human genetic association
studies and animal model studies. Since the research field
of metabolic syndrome is immense, it is not the goal of
this review to cover it in its entirety; rather, its focus is to
discuss recent discoveries of molecular pathways or genes
that are involved in the development of skeletal muscle
insulin resistance and metabolic syndrome with respect to
physiological characteristics of skeletal muscle and explore
future directions in order to apply these discoveries for
therapies of metabolic syndrome.

2. Physiological Characteristics of
Skeletal Muscle Fibers and Metabolic
Syndrome in Humans
Skeletal muscle consists of heterogeneous types of fibers
displaying a range of contractile speeds and metabolic capacities [12, 13]. Initially, categorization of skeletal muscle was
made as red (dark) and white based on the muscle’s color
[14]. This difference in color stems from the differential
abundance in the oxygen-binding protein myoglobin which
brings to the muscle a red color [15]. The redder the muscle
is, the metabolic capacity of the muscle is more oxidative
(more myoglobin); conversely, the paler the muscle is, the
muscle is less oxidative and its main metabolic capacity
is governed by glycolysis. The metabolic state of a muscle
fiber is tightly coupled with its contractile speed which
is dictated by the ATPase activity of myosin heavy chain
(MyHC). The higher the ATPase activity (ATP hydrolysis
rate) of the MyHC head domain, the greater the speed
of contraction delivered by the sliding of MyHC over the
actin filament [16]. Oxidative muscle fibers contain slower
MyHC isoforms and a higher amount of mitochondria and
thus are fatigue-resistant and optimized for supporting long
durations of contractile demands. Glycolytic fibers, on the
other hand, contain less mitochondria and faster MyHC
isoforms and thus are fatigue-sensitive and geared towards
burst of quick contractile activities [17, 18]. The major
components of human skeletal muscle fibers are three types
of fibers, type 1, type 2A, and type 2B [19, 20], which largely
correspond to slow-oxidative (SO), fast-oxidative/glycolytic
(FOG), and fast-glycolytic (FG) gradation of physiological
attributes [12, 13, 21]. This heterogeneity in skeletal muscle is
the principal basis for the functional adaptability of skeletal
muscle, which is termed fiber type plasticity. Skeletal muscle
is highly responsive and able to adjust its functionality to
environmental demands. Use of skeletal muscle in physical
activity as well as disuse of it in inactivity can change
the composition of skeletal muscle fibers, thus altering the
metabolic capacity of skeletal muscle. Significant to the
contemporary sedentary life style, disuse of skeletal muscle
induces fiber type shifts from slow-oxidative (SO) towards
fast-glycolytic (FG). This SO to FG shift has been reported for
a microgravity environment experienced during space flight
and in a more day-to-day condition such as bed-rest [22–
24]. In the muscle disuse conditions, a significant atrophy
in SO fibers was also reported [23, 25]. Since SO skeletal
muscle shows a greater insulin binding capacity and larger
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Figure 1: The properties of different skeletal muscle fiber types. Contractile and metabolic properties of skeletal muscle fibers are summarized.
∗
The MyHC-IIb isoform is undetected in human skeletal muscle except for laryngeal and extraocular muscles. In humans, type 2B fiber
expresses the MyHC-IIx/d isoform. (italic) Gene symbols by HUGO Gene Nomenclature Committee. Fiber type nomenclature based on
MyHC isoform expression is determined by immunohistochemistry using MyHC isoform-specific monoclonal antibodies.

glucose uptake than FG muscle [26–30], this SO to FG shift
and loss of SO fibers induced by inactivity has a potentially
deleterious effect on glucose homeostasis at the whole-body
level.
In sedentary life style-induced conditions such as obesity, metabolic syndrome, and type 2 diabetes, it has been
assumed that skeletal muscle would present a similar type
of physiological changes as observed in the unweighted
muscle, fostering the development of skeletal muscle insulin
resistance. This assumption has been verified in reports
showing that conditions including insulin resistance, type 2
diabetes, and obesity in humans are associated with reduction
in SO muscle fibers and/or oxidative metabolism [31–42].
Furthermore, molecular level studies have demonstrated
that, in humans with insulin resistance and type 2 diabetes,
expression of oxidative metabolism genes is significantly
reduced in a coordinated manner [43–45]. Therefore, both
epidemiological and molecular level studies collectively support the notion that reduced SO fiber content and oxidative
metabolic capacity are linked with insulin resistance which is
an essential component of metabolic syndrome.
Conversely, another characteristic of SO-rich skeletal
muscle beneficial for glucose homeostasis is its higher capillary density [33, 35, 46–50]. It has been reported that
the degree of glucose tolerance is positively correlated with
capillary density in skeletal muscle [49]. The fiber typespecific properties of skeletal muscle discussed in this section
are summarized in Figure 1. It is immediately clear that
increasing and/or maintaining a higher level of oxidative
metabolic capacity contributed by SO muscle fibers through
endurance exercise is highly beneficial to prevent metabolic
syndrome and to reduce the risk for cardiovascular diseases
[51], yet as discussed in the Introduction, achieving this goal
in the high risk group for metabolic syndrome and type 2
diabetes patients is extremely difficult. Therefore, exploring
effective molecular targets that can be directly manipulated

to replicate the beneficial metabolic characteristics of SO
skeletal muscle is becoming increasingly more important.

3. Genetics of Insulin Resistance and
Metabolic Syndrome
3.1. Human Population Studies. As described above, insulin
resistance and type 2 diabetes are accompanied with a
reduction in SO fibers and/or oxidative metabolic enzyme
activities in skeletal muscle. This trend is also reproduced
in healthy offspring of type 2 diabetes patients [52–54],
indicating that there is a large hereditary component in
skeletal muscle fiber type proportion and resulting metabolic
conditions. Accordingly, it has been reported that almost
50% of fiber type phenotype of human skeletal muscle is
determined by genetic factors [55]. These reports indicate that
the physiological traits critical for maintaining insulin sensitivity and normal glucose metabolism in skeletal muscle are
highly heritable; thus sizable portions of metabolic syndrome
could be explained by genetic predisposition. In the study of
normoglycemic offspring of type 2 diabetes patients, it was
shown that impairments of insulin sensitivity and glucose
disposal rate preexisted and those individuals developed type
2 diabetes [56], strongly indicating the genetic predisposition
effects for the development of insulin resistance in the future.
This observation has been independently reproduced in two
different ethnic group studies (Finish and Pima Indian) [57,
58].
Genetic predispositions of insulin resistance indicated
by epidemiological studies could be manifested at multiple
levels of insulin-induced glucose disposal including initial
insulin receptor (IR) and insulin receptor substrate (IRS)
interactions, the ensuing cascades of kinase activation of their
substrates, and translocation of glucose transporters to the
cell membrane. To identify genes and/or gene expression
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defects accounting for the observed predisposition of insulin
resistance and related deficiencies, multifaceted approaches
have been taken. These approaches include family based
linkage analysis for monogenic diseases, candidate gene
approaches to identify mutations in the insulin pathway
genes, genome wide association studies (GWAS) for associated sequence variants with disease risk, gene expression
profiling for detecting possibly causal changes in gene expression, and in vitro cell culture and model organism studies to
validate the functional contribution of the putative candidate
genes (e.g., review in [59]). Since the phenotypes of metabolic
syndrome in human population studies are defined at the
whole body level, the following section discusses genetic
analyses of metabolic syndrome from the epidemiological
view, not necessarily focusing on genetic contribution of
skeletal muscle metabolic defects.
The challenges of identifying a genetic smoking gun
accounting for the heritability of metabolic syndrome are
exemplified in the case of single nucleotide polymorphisms
(SNPs) associated with the IRS1 (insulin receptor substrate
1). A missense mutation at codon 972 of the IRS1 gene
(Glycine to Arginine, G972R) is a highly-investigated coding
sequence variant in the IRS1 gene. The IRS1 G972R was
originally identified as a coding polymorphism associated
with the development of insulin resistance in Danish type 2
diabetes patients (86 case and 75 control individuals) through
a candidate gene approach [60]. A functional study was
later conducted by coexpressing the IR (insulin receptor)
and mutant IRS1 proteins in the 32D myeloid progenitor cell line (negative for IR and IRS-1, thus suitable to
examine the mutant IRS1 function) to test the effect of
the G972R IRS1 protein on cell’s responsiveness to insulin
[61]. The IRS1 G972R expressing cells exhibited reduced
activation of phosphatidylinositol 3-kinase (PI-3 kinase), a
target for phosphorylation by IRS1 in the insulin signaling
pathway, indicating that the G972R variant could impair
insulin sensitivity at the cellular level [60]. However, larger
human population case-control studies with different ethnic
populations presented mixed results. In a meta-analysis
of 35 case-control human population association studies,
32 studies did not show statistically significant association
of the G972R variant with the increased risk for type 2
diabetes [62]. In a family-based association study designed
to control for population stratification, the IRS1G972R variant again did not show statistically significant association
with the metabolic syndrome components, type 2 diabetes,
impaired glucose tolerance, and impaired fasting glucose
[63].
In more recent years, a major effort has been made to
identify single nucleotide sequence variants associated with
the components of metabolic syndrome using high density
SNP-chips. In one of these GWAS, a noncoding SNP located
near the IRS1 gene (rs2943641) was reported to be associated
with a slightly elevated risk for type 2 diabetes in French
and Danish populations (odds ratio = 1.19, 𝑃 value = 9.28 ×
10−12 ) [64]. When the same SNP was tested in a Han Chinese
population, however, no association with type 2 diabetes
risk was found (odds ratio = 1.14, 𝑃 value = 0.298) [65].
The low odds ratio/small effect size reported for the IRS1
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SNP association with type 2 diabetes is a common occurrence in GWAS for complex trait diseases and phenotypes
[59, 66, 67]. The difficulties of identifying causal sequence
variants (large enough effect size to explain heritable risks)
for complex trait diseases could be a built-in nature of the
SNPs that have been selected for GWAS. They are relatively
common (allele frequency >5% in population); thus their
effect on the disease phenotype would be accordingly fairly
small, albeit statistically significant, because if they were
highly deleterious, they would have been eliminated long
before by selective pressure [68, 69]. By design, sequence
variants found to be associated with metabolic syndrome
phenotypes so far all present very modest effect size, too
small to explain the strong hereditary nature of metabolic
syndrome. Be that as it may, can we explain the heritability
of complex diseases by the cumulative effects of multiple
sequence variants? Probably so, because interaction studies
on a few select sequence variants associated with the risk
of type 2 diabetes reported a significant increase in odds
ratio when SNPs were paired [70]. However, extending this
type of locus to locus interaction analysis to millions of
SNPs would be a massive statistical endeavor, requiring an
immense number of samples to gain enough statistical power
and thus may not be plausible at present time. Other critical
issues contributing to the small effect size are the lack of quantitative measurements for the phenotype being studied and
biases in choosing populations for GWAS. Since metabolic
syndrome is a highly heterogeneous disease, a large bracket
classification such as case/control is too arbitrary and would
likely dilute the hereditary risk of the associated sequence
variants [71]. Also, the majority of GWAS available today are
focused on the populations of European descent; therefore,
any SNPs found to be associated would likely be skewed
by European population-specific genetic architecture, that
is, the group-specific linkage disequilibrium block carrying
adjacently located sequence and structural variants which
are population-specific [68, 72]. One more important fact to
remember is that the overwhelming majority of the SNPs
used for GWASs are distantly located from gene coding
regions; thus their assignment to candidate genes is not fully
reliable [73].
The journey of the IRS1 SNPs to their association with
type 2 diabetes illustrates the difficulties and challenges faced
in the genetic dissection of complex traits disease in general.
In spite of the conceptual and technical biases of GWASs,
we are still sitting on a mountain of treasures for genetic
information containing risk factors for metabolic syndrome
and type 2 diabetes. Would it be possible to identify a key
that would unlock the door to high risk genetic factors for
metabolic syndrome or even the genetic basis for skeletal
muscle insulin resistance? Or, are we still missing some
critical pieces of information which would take us out of the
labyrinth of association studies? Answers to these questions
may not be forth coming anytime soon, but a road to it is
being chiseled little by little.
Next generation sequencing technologies have transformed the ways phenotype-genotype correlations are mined,
lessening the preconceived biases, and at the same time,
massively increasing the speed of data acquisition. In the
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recent years, whole exome sequencing has made it clear
that our coding sequences are littered with a far larger
number of single nucleotide variations (SNVs) than we have
ever expected with probable functional consequences. For
example, an exome sequencing study of European- and
African-American populations identified over 500,000 SNVs,
of which 86% were rare (minor allele frequency < 0.5%) [74].
In the populations studied, it was estimated that each individual genome carried approximately 300 SNVs that could affect
protein function and on average, each individual carried 35
nonsense SNVs and was homozygous for at least one of the
nonsense mutations [74]. This report could strengthen the
hypothesis that rare-to-low-frequency SNVs (0.5% < minor
allele frequency < 5%) with presumably a larger effect size
account for a major fraction of heritability in complex trait
diseases including metabolic syndrome. This is an attractive
hypothesis to explain the lack of heritability in GWAS;
however, it has not yet been rigorously tested. One recent
study attempted to test this hypothesis by performing whole
exome sequencing for 2,000 Danish individuals (half case,
half control) seeking rare coding variants with a moderate
but sizable effect to account for the heritable risk for type
2 diabetes [75]. Even though their simulation analyses had
enough statistical power to find such association (if rare
sequence variants had a large enough effect size to account
for the disease risk in a modest number, i.e., less than 20 such
causal variants), they were not able to find such rare variants
[75]. Granted the sample size was relatively small, this result
may suggest that, rather than a few causal gene mutations, a
culmination of multiple gene mutations with a small effect
size would pass the disease phenotype threshold to manifest
complex trait diseases.
The population-based studies represented by GWAS
illustrate the difficulties in applying population-based data
of phenotype to genotype association in order to estimate
an individual’s risk for complex traits such as metabolic
syndrome. The awareness of these difficulties prompted
new efforts to analyze an individual’s disease risk from the
standpoint of genotype to phenotype association, which
is termed as Phenome-Wide Association Study (PheWAS)
[76–78]. This reverse genetics approach utilizes electronic
medical records (EMR), which represents a wide spectrum
of human disease phenotypes and/or simply physiological
readings provided by laboratories, termed as the human
phenome. Individual phenome information is extracted from
longitudinal medical histories such as medication, laboratory testing for blood and image testing, physician’s notes,
and the universal International Classification of Disease
(ICD) code [78]. The advantage of this approach is that
it stipulates association of a specific genetic variant with
clinically defined physiological conditions by assessing effects
of individual sequence variants; therefore, interconnected
disease etiology could be uncovered [76, 78]. In addition, if
detailed quantitative information is available in EMR (e.g.,
blood pressure and blood glucose levels), it could allow us
to assess genotype to phenotype association quantitatively.
In the recent systematic PheWAS (3,144 SNPs previously
associated with traits by GWAS in 13,835 individuals), 66% of
the prior GWAS associations were replicated (type 2 diabetes
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was part of them) along with newly identified genotypephenotype associations [77]. As whole genome and exome
sequencing becomes less expensive and an increasingly common practice, it would be possible to catalogue rare sequence
variants in combination with medical records applicable to
PheWAS. Though it is a considerable endeavor, networks of
population study bases for PheWAS are emerging [77, 79].
When combined with model organism studies which are
discussed below, this genotype-phenotype approach could be
extremely powerful for assessing risks and etiology of complex trait diseases including metabolic syndrome in human
population.
3.2. Use of Model Organism in Validating Candidate Genes
Identified by Human Population Studies
3.2.1. Nonmammalian Models-Fruit Flies, Worms, and Zebrafish. Model organisms play critical roles in the functional validation of metabolic syndrome candidate genes and sequence
variants identified by GWAS and PheWAS in the human
genome. Although only humans can represent the true nature
of our physiology and body design, significantly high levels
of evolutionary conservations in gene function among invertebrates, nonmammalian vertebrates, and mammals provide
invaluable resources to conduct functional assays for the
candidate genes.
Fruit flies (Drosophila melanogaster) have been a leading
model organism for investigating the genetic regulation of
body pattern formation and gene-gene interactions. Their
short life cycle, highly efficient mutagenesis as well as genespecific inactivation technologies, and the low cost for breeding provide great advantages as a model system to perform
functional studies for multiple candidate genetic loci identified in human population studies. Recently, the recognition
of Drosophila as a model system to investigate metabolic syndrome is growing. Importantly, sequences of key molecular
components in the mammalian insulin signaling pathway
(e.g., IR, IRS, Akt, target of rapamycin (TOR), and secondary
messengers) are evolutionarily conserved in Drosophila [80–
82]. It has also been demonstrated that fruit flies fed a highfat-diet develop obesity and cardiac dysfunction because of
the impairment of the insulin signaling pathway [83]. In
a recently published study, RNAi knockdown experiments
were applied to assess sucrose tolerance in Drosophila in order
to validate the functional significance of human candidate
genes for metabolic syndrome risks identified in GWAS
studies [84]. 83 candidate genes have recognized fruit fly
orthologs. Of these, the transcription factors TCF7L2, HHEX,
and PPARG induced strong sucrose intolerance when their
expression was knocked down [84]. Each of these transcription factors has previously been implicated for their
association with type 2 diabetes, confirming their conserved
functionality in metabolic homeostasis.
Other invertebrate and nonmammalian organisms are
also gaining recognition as models for metabolic syndrome.
C. elegans exhibits an insulin-like signaling cascade for
the regulation of nutrient storage and has been applied
to investigate metabolic defects [85–87]. As described for
Drosophila, C. elegans has been also used to functionally
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validate a human candidate gene associated with type 2
diabetes. Aberrant glycosylation of proteins with O-GlcNAC
(O-linked 𝛽-N-acetyleglucosamine) is linked to the pathogenesis of type 2 diabetes [88] and a SNP for the O-GlcNAC
glucosaminidase MGEA5 was found to be associated with the
risk for type 2 diabetes in a Mexican American population
study [89]. Knocking out the orthologous O-GlcNAC glucosaminidase in C. elegans, oga-1, demonstrated metabolic
and signaling defects resembling human insulin resistance
[90].
In addition to Drosophila and C. elegans, zebrafish (Danio
rerio) is recently attracting attention as a model to study obesity and metabolic syndrome [91]. Application of zebrafish for
metabolic study is appealing because they possess the major
organs involved in the development of metabolic syndrome,
the pancreas, and insulin-responsive peripheral tissues such
as skeletal muscle (slow-twitch and fast twitch), liver, and
white adipose tissue. Also, the chambered heart (atria and
ventricle) of zebrafish allows us to model cardiomyopathy
induced by metabolic challenges. The recent development
of TALEN and CRISPR/Cas9 sequence editing technologies
[92, 93] can significantly expand the capacity of reversegenetics (genotype to phenotype) using zebrafish, increasing
their value as a model for metabolic syndrome. In summary,
combining the resources discussed here with mouse models
as discussed below will propel and expand our ability to
identify bona fide gene sequence variants and mutations for
metabolic syndrome in humans.
3.2.2. Mouse Models. The mouse is the evolutionarily closest
model organism to humans whose genome is readily manipulated. At the DNA level, over 90% of human and mouse
genomes can be aligned as conserved syntenic segments,
substantiating the value of mouse models for deciphering
molecular mechanisms of complex human diseases which
are associated with multiple sequence variants [94]. With
the recent data from the ENCODE project, potential biological functions of noncoding DNA sequences that could
be relevant to human complex trait diseases have started
to be uncovered [95, 96]. When the noncoding sequence
variants are mapped in the syntenic regions that are conserved between mice and humans, it enables researchers to
conduct in-depth functional studies using mouse genome
manipulation to uncover their functions. The utility of
this approach was demonstrated in the case for noncoding SNPs of the FTO (fat mass and obesity associated)
gene.
The noncoding SNPs identified in the 47 kb linkage
disequilibrium (LD) block spanning through the first and
second introns of the FTO gene are the most consistent and
significant associations reported so far for the risk of obesity
in humans [97–99]. One of these common variants is also
associated with metabolic syndrome and its traits [100, 101].
Although the exact biological functions of the FTO gene
are still unknown [102], transgenic overexpression as well
as inactivation of the Fto gene in mice demonstrated that
Fto gene expression levels positively correlate with obesity
phenotype [103–105]. However, no correlation between FTO
expression levels and FTO SNPs has been found in human
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tissues [106–108], leaving the connection between the FTO
SNPs and the effect on obese phenotype unsettled. Since these
noncoding FTO SNPs are mapped in the syntenic region
between the mouse and human genomes [109], they present
an ideal opportunity to apply mouse genome engineering to
probe the function of the FTO noncoding region sequence
presumably conserved in mice as well.
This approach was employed successfully in a recent
report which revealed that the sequence of the common SNPcontaining FTO first intron region is indeed conserved in the
mouse Fto gene and functions as an enhancer of the Irx3
gene located a half megabase downstream of the Fto gene
[110]. Importantly, the authors found that the SNP associated
with obesity risk in humans was also positively correlated
with increased expression of IRX3 in human brain, but no
such correlation was found for FTO. This result suggested
that misregulation of IRX3, but not FTO, is the culprit for
human obesity. To functionally validate this discovery, Irx3knockout mice were generated; Irx3 KO mice were leaner
and were protected against a high-fat-diet, showing for first
time that Irx3 expression level regulated by the Fto first intron
enhancer is the likely cause for obesity risk [110]. This example
demonstrates the promise of successfully uncovering biological effects of the sequence variants associated with metabolic
syndrome using mouse models. In the next section, I will
discuss how mouse models are being utilized to dissect out
the possible roles of skeletal muscle in the development of
metabolic syndrome and insulin resistance.

4. Genetic Regulation of Physiological
Characteristics in Skeletal Muscle and Their
Implications for Metabolic Syndrome
One of the major insulin-responsive tissues responsible for
glucose homeostasis is skeletal muscle. Since skeletal muscle
is not a homogeneous tissue, it is important to understand
how the various muscle fiber types relate to the overall
metabolic state of the organism. Molecular mechanisms of
fiber type differentiation and plasticity of mammalian skeletal
muscle have been intensively investigated using rodents as a
model. The most well-defined classification of skeletal muscle
fiber type is by expression of specific myosin heavy chain
isoforms, from slowest to fastest, MyHC-I/𝛽 (Myh7), MyHCIIa (Myh2), MyHC-IIx/d (Myh1), and MyHC-IIb (Myh4)
[111]. MyHC isoform expression corresponds to the degree
of oxidative metabolic capacity of the muscle fiber, from
the most oxidative to the least oxidative in the order of the
slowest to the fastest MyHC isoform [12]. There is some
dissimilarity in skeletal muscle physiology between humans
and mice though, likely stemming from difference in their
body size. First, in humans, MyHC-IIb is expressed only in
extraocular and laryngeal muscles, but not in the larger body
muscles [112], whereas MyHC-IIb and MyHC-IIx/d express
muscles predominate in mice (Figure 1). Secondly, in humans
MyHC-IIx/d fibers are least oxidative, whereas in mice, these
muscle fibers are highly oxidative [12]. However, because
of the evolutionarily conserved organization of muscle fiber
type-specific genes and their transcriptional regulation at the
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Figure 2: Schematic diagram of activation of slow fiber-specific and oxidative metabolic genes in skeletal muscle fiber type plasticity.
Intracellular Ca2+ levels are raised by tonic-low frequency (slow type) stimulation. An arrow indicates activation and a bar with a horizontal
line indicates suppression. The transcription factors NFAT, Mef2, and PGC-1𝛼 activate transcription of target genes which define fiber type
properties.

molecular level between the two species (e.g., the MyHC gene
clusters, [113]), the mouse is a highly valuable model system to investigate the molecular mechanisms regulating the
determination of physiological properties of human skeletal
muscle. In the following section, I will discuss transcriptional
regulation of skeletal muscle fiber type-specific properties
followed by a discussion on the use of mouse models for
identifying therapeutic target genes in metabolic syndrome.
4.1. Molecular Mechanisms of Fiber Type Plasticity in Adult
Skeletal Muscle. As discussed earlier, the physiological properties of skeletal muscle, both contractility and metabolic
capacity, are highly adaptive to the use and disuse of muscle.
Because of the importance of skeletal muscle physiology
in the development of insulin resistance (e.g., oxidative
metabolism, glucose uptake), remodeling of adult skeletal
muscle is emerging as a key area of research in the field
of metabolic diseases. In adult skeletal muscle, maintenance
and remodeling of contractility and the metabolic capacity of
skeletal muscle are largely regulated by electrical input from
motor neurons and nutrient conditions as described below.
Corresponding to the slow-twitch and fast-twitch skeletal
muscle fiber types, motor neurons vary in their firing patterns, namely, tonic (constant and low frequency-activities)
and phasic (a short burst of high frequency-activities) discharge patterns, corresponding to slow and fast type motor
neurons, respectively [114, 115]. Slow oxidative (SO), fast
glycolytic (FG), and fast oxidative/glycolytic (FOG) muscle
fibers are singly innervated by motor neurons of the matching
firing patterns [116]. By mimicking the slow and fast motor
neuron firing patterns using electrical stimulation, a shift in
MyHC isoform expression patterns was successfully induced
in rat hindlimb muscle [117]. Also in humans, this principle of

converting muscle fiber types via electrical stimulation mimicking motor neuron firing patterns was successfully applied
to physiologically remodeling skeletal muscle. Chronic low
frequency stimulation (CLFS), which delivers electrical stimulation resembling the pattern of motor neurons innervating
slow and fatigue resistant (SO) muscle fibers, induced a
shift from faster to slower MyHC isoform expression and an
increase in oxidative metabolic capacity in human hamstring
muscle [118]. To test the efficacy of CLFS as a therapy to
improve exercise capacity in humans, congestive heart failure
(CHF) patients were treated with CLFS [119]. In this clinical
study, CLFS treated patients presented a significant faster to
slower shift in MyHC isoform expression and an increase in
oxidative enzyme activity which was reflected in improved
exercise performance and quality of life of the treated patients
compared to control [119]. Since skeletal muscle of CHF
patients exhibits a decrease in SO fibers and reduced oxidative
metabolic capacity [120] analogous to that of type 2 diabetes
[44, 121], CLFS has a potential to improve oxidative metabolic
capacity of skeletal muscle afflicted by metabolic syndrome,
an avenue which, as yet, has not been fully explored. In
this light, identifying molecules mediating skeletal muscle
fiber type plasticity in response to neural stimulation may
also present new targets for therapies of metabolic syndrome
patients.
Several signaling molecules and transcription factors
have been implicated as mediators to convert the information coded in nerve firing patterns of motor neurons
into the instructions to elicit cellular responses in skeletal
muscle (Figure 2). Chronic nerve activity of the slow type
motor neuron results in an elevated free intracellular calcium concentration, which activates the calcium-calmodulin
dependent phosphatase calcineurin [122]. Activation of calcineurin then leads to increased transcription of slow fiber
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type-specific isoform genes in skeletal muscle [123–125]. The
nuclear factor of activated T-cells (NFAT) is among the
targets activated by calcineurin; dephosphorylation of NFAT
by calcineurin prompts nuclear translocation of NFAT and
leads to expression of slow fiber type-specific genes [12, 123,
126–131] and repression of fast fiber type-specific genes [130].
It should be noted that the nuclear translocation of NFAT is
induced by electrical stimulation mimicking slow-type motor
neuron firing (i.e., CLFS), but not by fast-type firing pattern
[131], indicating discrete regulation of muscle fiber type by
nerve impulse.
In addition to motor neuron firing patterns, NFAT
nuclear translocation is also controlled by nitric oxide (NO),
a signaling molecule whose synthesis is regulated by nitric
oxide synthase (NOS) [132]. NOS activation in skeletal muscle (endothelial NOS and neuronal NOS in particular) is regulated by its interaction with calcium-calmodulin [133]. This
interaction couples the NO signaling pathway with the elevated intracellular calcium levels induced by slow-type motor
neuron stimulation. Indeed, it has been shown that chronic
low frequency stimulation (CLFS) induces nNOS expression
in skeletal muscle [134]. Therefore, it is conceivable that the
NO and calcineurin pathways work collectively to promote
fast to slow muscle fiber type conversion in response to slow
motor neuron activity. This was demonstrated in rat models
by simultaneous treatment of fast-type limb muscle with
CLFS and the NOS inhibitor L-NAME [135]. As discussed
above, CLFS typically induces NFAT nuclear translocation
and subsequent transcriptional activation of slow fiber typespecific isoform genes; however, in the presence of L-NAME,
dephosphorylation and nuclear translocation of NFAT was
suppressed; therefore, despite the treatment with CLFS, faster
to slower shift in MyHC isoform expression did not occur
[135]. This report indicates that part of the fast to slow
conversion of skeletal muscle fiber type is controlled by two
parallel Ca2+ sensor pathways, calcineurin and NOS which
converge at the regulation of NFAT activity (Figure 2).
What is the relation of this result to metabolic syndrome patients? In human skeletal muscle, NOS expression
is the highest in FOG (fast oxidative/glycolytic) fibers and
the more oxidative the fiber, the higher the level of NOS
expression [136], suggesting that NOS activity levels may
be correlated with the oxidative capacity of FOG muscle
fibers. In skeletal muscle of type 2 diabetes patients with
decreased oxidative metabolic capacity [43–45], both basal
and insulin-stimulated levels of NOS activity are notably
reduced [137]. Additionally, a deficiency in insulin-stimulated
NOS activation is highly correlated with the severity of
insulin resistance [137]. Taken together, successful activation
of the NO signaling pathway to regain the diminished
oxidative metabolic capacity in skeletal muscle will likely have
a beneficial effect on mending insulin resistance in metabolic
syndrome.
In addition to the Ca2+ /calmodulin-dependent phosphatase calcineurin, Ca2+ /calmodulin-dependent kinases
(CaMK) have been shown to function as mediators of skeletal
muscle remodeling induced by nerve stimulation (Figure 2).
CaMKII can sense oscillations in Ca2+ concentration through
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autophosphorylation of the Thr287 residue, leading to its
enzymatic activation [138, 139]. For CaMKII activation in
skeletal muscle, cellular Ca2+ concentration needs to be elevated above the basal level by muscle contraction [140]. In
humans, exercise has been shown to significantly increase
CaMKII activity in skeletal muscle [141, 142]. Taken together,
these observations suggest that CaMKII is as equally vital of
a Ca2+ concentration sensor in muscle as calcineurin. How
does activation of CaMKII lead to physiological remodeling
of skeletal muscle? It is proposed that CaMKII assists transcriptional activation of slow fiber type-specific isoform genes
by NFAT through activation of a NFAT partner transcription
factor, the myocyte enhancer factor 2 (MEF2) [143, 144].
The transcriptional activity of MEF2 is controlled by class II
histone deacetylases (HDACs), which directly bind to MEF2
and suppress MEF2’s activity [145–148]. MEF2 activation
occurs when CaMKII phosphorylates HDACs, leading to
dissociation of HDAC from MEF2. The release of the bound
HDAC allows MEF2 to activate transcription of its target
genes and induce differentiation and fiber type shifting of
skeletal muscle [149, 150]. The activation of MEF2 by CaMKII
appears to be regulated by firing patterns of motor neurons,
because electrostimulation of muscle fibers with tonic-low
frequency (slow type) induced CaMKII activation, which was
coupled with nuclear efflux of HDAC4 and consequent activation of MEF2 [151]. It should be noted that MEF2 activation
is controlled by calcineurin as well [143, 144]. Multiple Ca2+
sensors activated by tonic motor neuron stimulation regulate
the slow fiber type, phenotype, in a synergistic manner,
likely providing a tight control on remodeling of skeletal
muscle. These sensor molecules therefore constitute candidates for inducing fast to slow fiber type shifting of skeletal
muscle which could be beneficial for patients of metabolic
syndrome.
The shifting towards slower fiber types in skeletal muscle
is presumed to be beneficial to type 2 diabetes or metabolic
syndrome mainly because of the coupled increase in oxidative metabolic capacity and glucose uptake, traits that are
highly correlated with insulin sensitivity [152]. One of the
key transcriptional regulators of oxidative metabolism is
the peroxisome proliferator-activated receptor-𝛾 (PPAR𝛾)
coactivator 1𝛼 (PGC-1𝛼) (Figure 2) [153–156]. It has been
shown that endurance exercise increases PGC-1𝛼 expression
levels at both the mRNA and protein levels [157–159]. A
likely Ca2+ sensing pathway that increases PGC-1𝛼 expression
level to coordinate oxidative metabolic capacity with muscle
contractility is the CaMKII-p38 mitogen-activated protein
kinases (p38 MAPK) axis [160, 161]. The p38 MAPK family
(𝛼, 𝛽, 𝛾, and 𝛿) plays a significant role in differentiation
[162], energy expenditure [163], and insulin-induced glucose
uptake in skeletal muscle [164]. It has also been shown using
transgenic mice that muscle-specific activation of p38 activity leads to increased expression of PGC-1𝛼 and oxidative
metabolic enzymes [160]. A more recent report demonstrating that p38 activation is induced by CaMKII, followed by
upregulation of PGC-1𝛼 and mitochondrial biogenesis [161],
has provided evidence linking this Ca2+ sensor molecule with
PGC-1𝛼 induced oxidative metabolism. This result suggests
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that the motor neuron activity-induced metabolic adaptation
employs separate downstream effectors (such as p38 MAPK
and PGC-1𝛼) from those involved in a fast to slow shift
in fiber-type-specific isoform gene expression. This view is
supported by muscle specific knockout mice of p38 and
PGC-1𝛼. Inactivation of either p38𝛾 (not p38𝛼 and p38𝛽)
or PGC-1𝛼 in skeletal muscle abrogated metabolic adaptation through mitochondrial biogenesis but did not affect
contractile adaptation of the fast to slow shift in fiber typespecific isoform expression [165, 166]. Although experimental
separation of metabolic and contractile adaptation of skeletal
muscle to nerve activation is possible, convergence of the
two regulatory axes at multiple effector molecules integrates
two adaptive responses into a highly coordinated process
(Figure 2).
The relevance of PGC-1𝛼 in the metabolic adaptation
of skeletal muscle can be seen in type 2 diabetes patients
and their asymptomatic relatives as well as obese mice and
obese insulin resistant rat model, all of which demonstrated
a clear reduction of PGC-1𝛼 expression in skeletal muscle
(an average of ∼30%) [43, 44, 167, 168]. Supporting the
efficacy of therapeutic intervention, modest overexpression
of PGC-1𝛼 in rat skeletal muscle (30–40% of muscle fibers
were transfected by a PGC-1𝛼 transgene) induced a beneficial physiological change by increasing oxidative metabolic
enzyme and insulin-induced glucose uptake levels [169].
In addition to the nerve activity-based Ca2+ signaling
pathways, nutrient levels within cells have a significant effect
on the metabolic state of skeletal muscle. The most essential
molecule to sustain cellular energy level is ATP. The primary
energy sensor for the fluctuation of ATP levels is AMPactivated protein kinase (AMPK) which is activated by an
increased AMP to ATP ratio in the cell [170]. AMPK manages
cellular energy homeostasis by modulating activities of a
vast number of mediator molecules. In skeletal muscle,
PGC-1𝛼 is one of the AMPK targets; PGC-1𝛼 is activated
through direct phosphorylation by AMPK [171] as well as
deacetylation by the SIRT1 deacetylase [172, 173] induced
by AMPK [174] (Figure 2). In the intact skeletal muscle,
contraction-induced increases in AMP to ATP ratio induced
AMPK activation, underlining the importance of exercise to
maintain high levels of oxidative metabolism and glucose
uptake [175]. However, it is also possible to pharmacologically
activate PGC-1𝛼 by means of activating AMPK by AICAR
and SIRT1 using resveratrol [176–178]. Since maintaining a
sufficient level of physical activity to gain health benefits
in sedentary individuals is often difficult in implementation, pharmacological activation of PGC-1𝛼 and relating
metabolic regulators could be a promising treatment option
for metabolic syndrome patients.
4.2. Developmental Regulation of Skeletal Muscle Fiber Type
Specification. In humans, it has been shown that heredity
plays a major role in determining fiber type distribution
and metabolic activities of skeletal muscle in each individual
[55, 179, 180]. The observations that the healthy offspring of
type 2 diabetes patients show lower ratios of SO muscle fiber
content in skeletal muscle [52–54], a phenotypic trait of type 2
diabetes skeletal muscle, validates the significance of genetic
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factors in determining the physiological property of skeletal
muscle. These reports imply that a predetermined condition
of skeletal muscle may influence an individual’s predisposition to the development of metabolic syndrome and may also
affect the capacity of postnatal muscle remodeling. Unlike
fiber type plasticity, which is primarily regulated by slow
and fast type firing patterns of motor neurons, initial fiber
type specification during embryonic muscle development is
initiated without significant input from motor neurons [181].
Nerve input gains control over muscle fiber type development
only in later fetal stages [182]. To support the presence of
nerve-independent mechanisms of fiber type specification,
it has been shown that calcineurin, one of the main nerve
activity-dependent regulators of slow fiber gene expression
in adult muscle, is dispensable for the development of slow
type fibers in embryonic skeletal muscle [183]. Therefore, a
blueprint for skeletal muscle fiber type distribution is most
likely designed by muscle-intrinsic factors different from
those regulating muscle fiber type plasticity in adult muscle.
The identification of factors regulating embryonic muscle
fiber type differentiation is beginning to reveal the developmental pathways which are responsible for an individual’s
predisposition to metabolic syndrome.
Development of skeletal muscle fibers in mammalian
embryos occurs in waves and fiber type differentiation
is controlled in a sequential manner [184, 185]. The first
wave, primary myogenesis, generates myofibers committed
to express the slow MyHC-I/𝛽 isoform [181, 186]. The second
wave, secondary myogenesis, generates myofibers whose
default state is fast MyHC expressing fibers, but muscle
progenitor cells generated in this lineage are receptive to
external cues and are able to adapt their final phenotype
to the local environment [187]. In mice and humans, primary myogenesis and secondary myogenesis occur around
embryonic days 11–15 and 15-birth [188, 189] and gestation
weeks 6–8 and 8–18 [190], respectively. Satellite cells, which
facilitate growth, remodeling, and regeneration of adult
skeletal muscle [191], also exhibit predetermined MyHC
expression patterns. Namely, mouse satellite cells associated
with slow or fast muscle fibers preferentially differentiate
into slow or fast type myotubes in culture, respectively
[192]. This default state of MyHC isoform expression has
been replicated in regenerating rat skeletal muscle, indicating
that the future fiber type phenotypes of satellite cells are
intrinsically determined by the types of muscle fibers with
which they are associated [193]. Therefore, uncovering the
mechanisms determining the developmental competence of
fetal myoblasts as well as satellite cells will aid our effort in
remodeling skeletal muscle.
It has been shown that formation of fast type myofibers
during embryogenesis requires the transcription factor Sryrelated HMG box protein 6 (Sox6) [194, 195]. During embryonic limb muscle development in mice, Sox6 is expressed in
fast secondary myofibers (negative for MyHC-𝛽/I), but not in
MyHC-𝛽/I positive slow myofibers [196]. These results indicate that the function of Sox6 in skeletal muscle development
is to suppress slow fiber type-specific isoform gene expression
in myofibers differentiating into fast fibers (Figure 3). This is
indeed the case as shown by muscle-specific Sox6 inactivation
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Err𝛾
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miR-499(in Myh7b intron)

Fast fiber-specific genes
glycolytic metabolism
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Slow fiber differentiation

Presence of Six1/4 and Sox6
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Figure 3: Schematic diagram of skeletal muscle fiber type differentiation during embryogenesis. Sox6 functions as a suppressor of slow fiberspecific genes and Six1/4 function as activators of fast fiber-specific genes. An arrow indicates activation and a bar with a horizontal line
indicates suppression.

[196, 197] and ChIP-seq which detected Sox6 binding targets
in the genome [196]. Inactivation of Sox6 in embryonic
skeletal muscle led to a significant expansion in MyHC-I/𝛽
expressing slow oxidative fibers at the expense of MyHCIIb expressing fast fibers [196, 197]. This developmental shift
in fiber type ratio is directly regulated at the transcriptional
level by Sox6 which binds to the regulatory sequence of slow
fiber type-specific genes and suppresses their transcription
[196]. Along with the fast to slow shift in contractile gene
expression, Sox6 KO muscle was more fatigue resistant [197],
indicating the presence of coordinated adaptation towards
oxidative metabolism when Sox6 is inactivated.
How is this coordination of slow contractile and oxidative
metabolic traits achieved in developing skeletal muscle in the
absence of well-established motor neuron innervation? Since
PGC-1𝛼 expression was not reliably upregulated in Sox6 KO
skeletal muscle [196, 197] and calcineurin was shown to be
unnecessary for embryonic slow fiber differentiation [183],
oxidative metabolic adaptation in Sox6 KO muscle during
development should be independent of the calcineurin-PGC1𝛼 pathway. A likely candidate is estrogen-related receptor
𝛾 (ERR𝛾/ESRRG) which activates oxidative metabolism and
mitochondrial biogenesis in a PCG-1𝛼 independent manner
[198, 199]. ERR𝛾 is among the Sox6 target genes identified
by ChIP-seq [196] and is upregulated in Sox6 KO skeletal
muscle (Hagiwara, unpublished data) (Figure 3). Therefore,
coordinated expression of slow contractile proteins and
oxidative metabolic enzymes in fetal skeletal muscle could be
orchestrated by the balance of Sox6 and ERR𝛾 expression.
In this regulatory pathway, the microRNA miR-499 is also
involved, buttressing the regulatory circuit. The miR-499 is a
member of MyomiRs (myogenic microRNAs) and downregulates Sox6 expression level in skeletal muscle [200, 201]. It
has been reported that ERR𝛾 upregulates miR-499 synthesis
[202]. This ERR𝛾-miR-499 interface may take part to form
a Sox6-ERR𝛾 feedback loop for orchestrating skeletal muscle
phenotype during development (Figure 3).
The importance of Sox6 in determining the fiber type
distribution and metabolic traits during muscle development

raises the possibility that Sox6 expression levels may have
a link to the predisposition towards metabolic syndrome.
Indeed, several GWAS studies demonstrated that SOX6 is
associated with elevated blood pressure and obesity risk in
multiple ethnic populations [203–206]. These observations
suggest that sequence polymorphisms, as well as mutations
which affect the SOX6-ERR𝛾-miR499 regulatory loop, could
increase individuals’ susceptibility to metabolic syndrome.
For the fast muscle fiber-development program, the sine
oculis homeobox 1/eyes absent 1 (Six1/Eye1) transcriptional
complex plays an important role [207]. It has been shown
that the Six1/Eye1 complex is found to be accumulated in the
nuclei of fast-twitch fibers in adult and activates transcription
of the glycolytic enzyme Aldolase A gene. Electroporation
of Six1/Eye1 expression vectors in a slow muscle resulted
in upregulation of fast contractile and glycolytic metabolic
enzyme genes, indicating their role in coordinating fast fiber
type phenotype [207]. Subsequently, using double KO mice
for the Six1 and Six4 genes, it has been shown that Six genes
are necessary for fast glycolytic muscle fibers during fetal
development (Figure 3) [208]. Interestingly, in Six1/4 DKO
fetal skeletal muscle, Sox6 appeared to be localized more in
the cytoplasm, suggesting that there is a crosstalk between
Six and Sox6 regulatory pathways during fetal skeletal muscle
development [208]. Fiber type and metabolic specification
of skeletal muscle during development is still not well
understood. Uncovering regulatory networks determining
physiological properties of skeletal muscle as fetus develops
would likely present diagnostic markers for predisposition
towards metabolic syndrome and possibly new therapeutic
targets for preventing the future development of metabolic
syndrome.
4.3. Use of Genetically Engineered Mice in Search of Therapeutic Targets for Metabolic Syndrome and Obesity. As discussed
above, ratios of SO muscle fibers, oxidative metabolic capacity, and glucose uptake are reduced in type 2 diabetic patients
and obese individuals. The epidemiological studies do not
distinguish whether this physiological change in muscle is
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a cause or simply an effect of the conditions induced by
metabolic syndrome. Studies using genetically engineered
mice, although somewhat artificial, are allowing us to tease
out a web of causes and effects regarding this issue.
One of the main questions being asked is whether genetically increasing SO fibers in skeletal muscle can improve or
even prevent the deleterious metabolic conditions caused by
metabolic syndrome. To test this, several key genes regulating
the activity-induced FG to SO transition in skeletal muscle
were inactivated in muscle for the proof of concept and
overexpressed in muscle to assess their beneficial effect. Three
of the major regulatory molecules described above, namely,
calcineurin, PGC-1𝛼 and their partner proteins, and AMPK,
will be discussed below.
Calcineurin is necessary to maintain slow muscle fibers
in adult skeletal muscle [183]. Accordingly, transgenic overexpression of a constitutively active form of calcineurin in
mouse skeletal muscle results in a significant increase in
expression of the GLUT4 glucose transporter and insulin
receptor [209]. Due to elevated expression of these genes,
the calcineurin transgenic mice exhibited elevated insulinstimulated glucose uptake and glycogen synthesis levels in
the muscle, converting them into SO types, and additionally,
increasing resistance to high-fat induced glucose intolerance
[209]. This result demonstrates that the activation of calcineurin in skeletal muscle could be a viable strategy for
treating insulin resistance in metabolic syndrome.
PGC-1𝛼 functions as a central regulator of mitochondrial
biogenesis and cellular metabolism as a cofactor of multiple
nuclear receptor transcription factors [210]. Adult mice overexpressing PGC-1𝛼 in a muscle-specific manner exhibit an
increase in oxidative metabolism [154] and enhanced exercise
performance [211]. Skeletal muscle of muscle-specific PGC-1𝛼
KO mice, conversely, presented an increase in FG fibers at the
expense of SO and FOG fibers and a decrease in voluntary
physical activity [212], indicating PGC-1𝛼’s importance in
maintaining physiological properties of adult skeletal muscle.
The main function of PGC-1𝛼 as a regulator of exerciseinduced metabolic adaptation has been confirmed using
muscle-specific PGC-1𝛼 KO mice; in these mice, exerciseinduced mitochondrial biogenesis was defective, whereas the
faster to slower transition in contractility was not affected
[165]. PGC-1𝛼 transgenic mice were then used to test whether
overexpression of PGC-1𝛼 in skeletal muscle provides a
beneficial effect on whole body metabolism when challenged
by obesity-inducing conditions. The answer was no. The
muscle-specific PGC-1𝛼 TG mice (driven by the muscle
creatin kinase promoter) show a 600% increase in PGC-1𝛼
mRNA expression and a 2.4-fold increase in mitochondrial
density in muscle and also maintain similar body weight
and fat mass as wild type mice when fed on regular chow
diet [213]. When the PGC-1𝛼 transgenic mice were fed a
high fat diet, they were not only unprotected from high
fat diet-induced obesity but also exhibited decreased insulin
sensitivity [213]. It appeared that the high fat diet-induced
insulin resistance of PGC-1𝛼 transgenic muscle was caused
by elevated levels of muscle lipid accumulation, since the
expression of genes involved in fatty acid intake and storage
was significantly upregulated in these mice [213], and a high
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level of lipid accumulation in muscle is linked to insulin
resistance [214].
Interestingly, this lipid-overload phenotype of the PGC1𝛼 TG skeletal muscle is very similar to that of PPAR𝛼
overexpressing cardiac and skeletal muscle [215, 216]. PPAR𝛼
is one of the nuclear receptor transcription factors for
which PGC-1𝛼 works as a cofactor [210]. Both musclespecific PPAR𝛼 transgenic mice exhibited increased fatty acid
uptake coupled with decreased glucose uptake and metabolic
phenotype of diabetes [215, 216]. It should be noted, however,
that expression of PGC-1𝛼 is downregulated in PPAR𝛼
overexpressing muscles [215, 216], suggesting the existence
of some compensation mechanisms. Though there is some
promise in manipulating the PGC-1𝛼 cofactor regulating
pathways as therapeutic targets for metabolic syndrome,
caution should be taken to find a right range of activation for
each component so as not to disrupt the delicate balance of
the pathways.
One exception to this could be PPAR𝛿. PPAR𝛿 is a
predominant PPAR receptor isoform in skeletal muscle and,
together with PGC-1𝛼, induces expression of fatty acid oxidative enzymes [217]. Pharmacological activation of PPAR𝛿 in
mice with GW5015 showed protection against diet-induced
obesity and improved insulin sensitivity [218]. This beneficial
effect of PPAR𝛿 activation was reproduced by muscle-specific
overexpression of a constitutively active form of PPAR𝛿
[219]. These mice displayed increased physical endurance and
protection from obesity as well as improved insulin sensitivity
when fed with high-fat diet [219]. In these mice, PGC-1𝛼
expression levels were unchanged [219]. These observations
suggest that among the PGC-1𝛼 regulatory pathways, PPAR𝛿
so far presents the best application potential as a therapeutic
target for metabolic syndrome.
Activation of AMPK affects a wide range of downstream
targets, including elevation of fatty acid uptake and oxidation, increased mitochondrial biogenesis, and stimulation of
glucose uptake, through both transcriptional and posttranslational changes [170]. Because these effects are expected to
be beneficial to improve metabolic conditions of metabolic
syndrome patients, AMPK is one of the most sought-after
therapeutic targets for type 2 diabetes [220]. Indeed, a
commonly used type 2 diabetes drug, metformin, activates
AMPK to induce its beneficial effects [221, 222].
To gain direct evidence for the importance of AMPK
in skeletal muscle metabolism and exercise capacity, KO
mice for multiple AMPK subunits (𝛼, 𝛽, and 𝛾-subunits)
have been generated. Muscle-specific 𝛼1/𝛼2 double KO mice
showed reduced endurance exercise capacity and mitochondrial respiration rates but retained mitochondrial density
and contraction-induced glucose uptake in skeletal muscle
[223]. Reflecting the role of AMPK in regulating PGC-1𝛼
expression [171, 174], PGC-1𝛼 mRNA levels were significantly
reduced in the DKO mice, which is likely the cause of the
exercise intolerance seen in these mice [223]. Muscle-specific
AMPK 𝛽1/𝛽2 double KO mice had a similar but more severe
phenotype; they presented reduced capacity for voluntary
and forced exercise, significant reduction in mitochondrial
content, and contraction-induced glucose uptake [224]. In
contrast to the AMPK 𝛽1/𝛽2 DKO mice, 𝛾3 subunit KO mice

12
exhibited a more specific phenotype, mainly deficiency in
glycogen synthesis after exercise [225], reflecting the highlevel expression of the 𝛾3 subunit in glycolytic fibers [226].
Fittingly, mice overexpressing a gain-of-function form of
𝛾3 subunit mutant showed enhanced postexercise glycogen
synthesis [227]. Together, these reports underline the central
role of AMPK in regulating glucose and lipid metabolism in
skeletal muscle, hence its utility as a therapeutic target for
metabolic syndrome [228].
In studies using rodents, pharmacological activation of
AMPK has been shown to be beneficial. In mice, double
treatment of AICAR and GW1516 (PPAR𝛿 agonist) mimicked the benefits of exercise and resulted in a reduction
in epididymal fat mass [177]. To test its efficacy for treating the conditions associated with insulin resistance, obese
Zucker rats were treated with the AMPK activator AICAR
for 7 weeks (0.5 mg/g body weight) [229]. Treated animals
showed a significant decrease in fasting plasma glucose,
insulin, triglyceride, and free fatty acid levels, increased
HDL levels, and demonstrated normalized glucose tolerance
and lowered systolic blood pressure [229]. Also AICAR
treatment enhanced the expression of the GLUT4 glucose
transporter with resulting insulin induced glucose uptake
primarily in fast glycolytic muscle [229]. AICAR treatment
of a mouse model for type 2 diabetes, ob/ob mice (leptin
mutant homozygous mice) provided mixed results; oneweek treatment with AICAR (1 mg/g body weight) corrected
hyperglycemia and improved glucose tolerance; however, it
also induced higher levels of free fatty acids and triglycerides
[230]. This deleterious effect with AICAR could be due
to a high dose or genetic conditions caused by the leptin
mutation. When high-fat fed obese wild type mice were
treated with a lower dose of AICAR (0.15 mg/g body weight)
for 5 weeks, these animals showed significant improvement
in glucose tolerance and insulin sensitivity accompanied with
reduced adipose inflammation [231]. These results indicate
complex and unexpected biological effects could be induced
by pharmacological activation of AMPK.
Stimulating glycogen synthesis in skeletal muscle could
improve insulin sensitivity. The efficacy of this strategy
to combat against diet-induced obesity and associated
metabolic defects was verified by using transgenic mice.
These mice were engineered to induce overexpression of
AKT1 (a serine/threonine kinase, also known as protein
kinase B) specifically in fast glycolytic muscle which resulted
in significant hypertrophy of muscle FG fibers [232]. The
FG muscle AKT overexpression reduced body weight along
with fat mass and improved insulin-induced glucose uptake
in mice fed a high fat diet [232]. This result suggests that
augmentation of FG muscle fibers would provide another
promising therapeutic target for improving whole-body
metabolism of metabolic syndrome patients.

5. Epigenetics and Metabolic Syndrome
An emerging field in the study of metabolic syndrome is
epigenetic regulation of the disease. Epigenetics lies between
the genotype (DNA sequence) and the phenotype (manifestation of traits), by inducing heritable changes without
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altering the DNA sequence. These heritable changes include
DNA methylation and posttranslational modifications of
histone molecules [233]. It is thought that epigenetic changes
have a significant share in the etiology of complex diseases
including metabolic syndrome by affecting the age of onset,
quantitative nature of complex trait disease, and genetic
predisposition of individuals in relation to the environment
[234]. It has been shown that monozygotic twins who share a
common genotype accumulate differential DNA methylation
patterns and histone modifications during their life time,
which in turn alters their gene expression profile [235].
This observation underscores the importance of the epigenetic contribution to complex trait diseases that are adult
onset.
DNA methylation commonly targets the cytosine at CpG
sites [236]. Clusters of CpG sites, termed as CpG islands, have
been identified near the transcriptional start sites (TSS) of
approximately 70% of annotated genes [237]. Methylation of
TSS CpG islands is correlated with transcriptional silencing
[238]. Based on this observation of CpG methylation near the
gene promoter region and suppression of gene transcription,
efforts have been made to find links between the methylation
levels of genes involved in metabolic regulation and the
occurrence of metabolic disease states. Genome-wide DNA
methylation analysis has been performed for monozygotic
twins with or without type 2 diabetes [239]. It was found
that among the 49 known type 2 susceptibility loci identified by GWAS, 8 loci in skeletal muscle and 17 loci in
subcutaneous adipose tissue showed differential methylation
patterns at the gene promoter regions between affected and
nonaffected monozygotic twins [239]. PGC-1𝛼 was one of the
differentially methylated genes, which was hypermethylated
in affected twin’s skeletal muscle compared to unaffected
[239]. The hypermethylation of the PGC-1𝛼 promoter region
correlates with its reduced mRNA expression level in type
2 diabetes patients [43, 44]. Reciprocally, in the skeletal
muscle of formerly obese individuals whose weight was normalized by gastric bypass surgery, reduced promoter DNA
methylation and increased expression of the PGC-1𝛼 gene
were observed [240]. Inducing hypomethylation of DNA as
a therapy using inhibitors for DNA methyltransferases has
been explored in the cancer field [241]. Though treatment
regimen could be quite different, the same principle may be
applied for the therapy of metabolic syndrome in the future.
Posttranslational modifications of histone molecules
(H2A, H2B, H3, H4) regulate accessibility and recruitment
of the transcription-initiating RNA polymerase II enzyme
complex by tightening or loosening the chromatin structure [242]. Specific histone modifications indicate functional
domains along the genome, for example, enhancer sequence,
actively transcribed gene regions, and heterochromatin; thus,
identifying histone modifications for individual genes at the
genome wide-level will provide a supporting data for gene
expression profiling in specific tissues [243–245].
The nutritional state during the fetal stage significantly
affects the metabolic state of individual’s adult life, and it is
likely through epigenetic regulation. Using rodent models,
it has been shown that the defects in glucose metabolism
seen in offspring of malnourished pregnant female rats can
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be inherited to later generations [246–249]. The molecular mechanisms of transgenerational inheritance of the
metabolic phenotype are not well understood; however,
epigenetic changes are the most likely culprits since they
not only can significantly alter the phenotype but can also
transcend generations by replicating the epigenetic modifications. Accordingly, it has been reported that malnourished
female rat’s offspring demonstrated reduced expression of the
Glut4 gene in skeletal muscle partly because of the change
in acetylation and methylation levels of H3 molecules at the
promoter region [250]. Since maternal diet-induced obesity
in rodents also causes adult-onset obesity and dysfunction
in glucose metabolism in offspring [251, 252], investigation
of maternal obesity-induced epigenetic landscape in insulinresponsive peripheral tissues in the offspring would uncover
the critical molecular changes responsible for their adultonset metabolic syndrome.
Genome-wide analysis of histone modifications for
metabolic syndrome is not yet available; however, targeted
inactivation of histone modification enzymes in mice has
indicated a link between histone modifications and manifestation of metabolic syndrome. The JHDM2A gene (jumonji
C-domain-containing histone demethylase 2A) removes histone H3 lysine 9 (H3 K9) methylation, an epigenetic marker
for transcriptional silencing [253]. Knockout mice for the
JHDM2A gene develop adult onset obesity (not due to food
intake), hyperlipidemia, and defects in glucose metabolism
[254, 255]. In skeletal muscle of these mice, genes involved
in lipid metabolism were significantly downregulated [255].
It has also been reported that mutations in the H3 K4
methyltransferase gene, MLL2, which marks transcriptionally active promoter regions during development [256], result
in metabolic syndrome in mice. Mice heterozygous for a null
mutation of the MLL2 gene develop hyperglycemia, hyperinsulinaemia, and insulin resistance [257]. Taken together,
histone modifications during development have a decisive
impact on the adult metabolic phenotype and likely hold
many answers for the hereditary nature of metabolic syndrome.

6. Concluding Remarks
Skeletal muscle is responsible for the majority of insulininduced glucose uptake. Reduction in oxidative metabolic
capacity in muscle is significantly associated with obesity and
type 2 diabetes. Because of its adaptability and accessibility,
skeletal muscle remodeling could be a viable therapeutic
approach for metabolic syndrome. Recent advance in GWAS
and animal model studies for metabolic syndrome present
multiple genes and signaling pathways for use as therapeutic
targets. As more detailed molecular mechanisms, especially
epigenetic regulation, are revealed, manipulating physiological properties of skeletal muscle holds a promise for treatment
of obesity-induced clinical conditions.
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