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Summary

The metabolic syndrome (MS) is characterized by the clustering of several
metabolic disorders such as increased body weight, insulin resistance, elevated
plasma triglyceride levels, low HDL-cholesterol, high blood pressure and altered
glucose homeostasis. Genetic and environmental factors such as low physical
activity and unhealthy diet are strong determinants of the MS. Association and
linkage studies on candidate genes for MS have revealed significant associations
between the MS and polymorphisms in several different genes such as
adiponectin, Plasma Cell Membrane Glycoprotein 1 (PC1), Hepatic Lipase,
ApoAl/A5/C3/A4 Cluster, Lymphotoxin, interleukin 6 , lamin A/C,
peroxisome proliferator-activated receptor-gamma 2 (PPAR v2),
angiotensinogen-1-converting enzyme (ACE), low density lipoprotein-related
protein-associated protein, and Beta 2-adrenergic receptor (ADRB2) genes . In
contrast, no significant associations have been reported for PPAR o, PPAR co-
activator 1 o, protein tyrosine phosphatase 1 B, ACE,, fatty acid binding protein
2 , tumor necrosis factor alpha (TNF-g) , insulin receptor and ADRB3. genes.
Altogether, the data supports the hypothesis that complex genetic factors may
be implicated in the pathogenesis of the MS,

Introduction activity and unhealthy diet are strong

The metabolic syndrome (MS) is determinants of the MS.

characterized by the clustering of several
- metabolic disorders, such as increased body
weight, insulin resistance, elevated plasma
triglyceride levels, low HDL-cholesterol,
high blood pressure, and altered glucose
homeostasis. The prevalence of the MS
ranges between 15 and 25%. This
prevalence increases with age, affecting
40% of subjects aged 60 years or more.
Environmental factors such as low physical

The metabolic syndrome is a disease
with multifactor etiologies. Genetic factors
have been found to influence the individual
susceptibility to the MS. This is supported
by the observation that metabolic disorders
of the MS tend to clusters in families. For
instance, 45% of first-degree relatives of
type 2 diabetes patients are insulin resistant
compared to 20% of individuals without a
family history of diabetes. Patients with
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type 2 diabetes also have an increased
waist-to-hip ratio compared to subjects
without a family history of type 2 diabetes.
The heritability of obesity varies from 20 to
90% depending on whether the estimates
are based on twin, adoption, or family
studies. It has been reported that
heritability also influences other
components of the MS such as
hypertension, triglyceride, and HDL-
cholesterol concentrations.

There are a number of approaches
available for investigating genes that confer
susceptibility to a disease, including
genome scanning by positional cloning and
the candidate gene approach. Genome-
wide linkage analyses have identified
several chromosomal regions where major
susceptible genes to MS may exist. Tablel
shows the range of LOD scores and
locations on various chromosomes where
such susceptibility loci have been
discovered. These loci are known to harbor
several candidate genes for metabolic
syndrome.

Table 1
S.No | Chromosome | LOD Signal | Location(cM) |
1 2 1.0-3.4 122-180.6
2 ' 11 1.1-3.0 131-143.1
3 16 1132 46.78.6
4 19 1.0-3.3 80-86.4
5 22 1.0-3.4 19-20.9

Mutations and Polymorphisms in the
genes ’

Several studies have reported
significant associations between the MS

and polymorphisms (SNPs) in several
different genes associated with lipid
metabolism, insulin resistance, adipocyte
abnormality, chronic inflammation,
autonomic imbalance etc. Promising
candidate genes include PPAR v2, PC1,
Adiponectin, Hepatic Lipase, Apo Al, C3,
A4, A5, Fatty Acid Binding Protein 2, BAR
2, RAS, Insulin Receptor substrate 1 and 2,
lymphotoxin-a, interleukin 6, lamin A/C,
peroxisome proliferator-activated receptor-
v (PPARY), angiotensinogen-1-converting
enzyme (ACE), low density lipoprotein-
related protein-associated protein 1, B,- '
adrenergic receptor (ADRB2) genes, USF1,
CAPNI10, HNF4a and PPARCc etc.

Peroxisome  Proliferator-Activated

Receptors

The three peroxisome-proliferator-
activated receptor (PPAR) subtypes, PPAR-
gamma, PPAR-alpha and PPAR-delta, are
nuclear receptors that have been the focus
of extensive research during the past
decade. These receptors function as lipid
sensors that coordinately regulate the
expression of large gene arrays and,
thereby, modulate important. metabolic
events. Peroxisome proliferator-activated
receptor (PPAR) gamma is involved mainly
in adipocyte differentiation and has been
suggested to play an important role in the
pathogenesis of insulin resistance and
atherosclerosis. The most frequently
occurring PPARy polymorphism is
substitution of proline to alanine
(Prol12Ala) in exon B of the PPARY2 gene,
and although many studies have been
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performed on the association between this
polymorphism and type 2 diabetes
mellitus, insulin resistance, and obesity, the
significance of such associations remains an
issue of debate Many studies explored the
association between the Prol2Ala
polymorphism in PPAR gamma and
obesity, insulin sensitivity, and type 2
diabetes (1). It appears that the Alal2 allele
confers modest protection against the onset
of type 2 diabetes and is also associated
with an increased BMI in overweight
individuals.

PPAR alpha L162V polymorphism,
alone or in combination or in interaction
with dietary fat intake has been also found
to be associated with metabolic syndrome

(2). '

Plasma Cell Membrane Glycoprotein 1
(PC1)

PC1 is a class II transmembrane
glycoprotein that inhibits IR tyrosine kinase
activity. The A K121Q polymorphic variant
in exon 4 of this PC-1 gene has been
associated with insulin resistance or
hyperglycemia (3, 4).

Adiponectin

Adiponectin, is an adipose-derived
plasma protein and has been well
established to be an important biomarker
for metabolic syndrome and its
complications in humans.
Hypoadiponectinemia is associated with
insulin resistance, type 2 diabetes, obesity,
and dyslipidemia. Some of the common
polymorphisms in the promoter region,

exon and intron 2, and the rare
nonsynonymous mutations in exon 3 of the
human adiponectin gene were repeatedly
shown in many studies from many
different ethnic populations to associate
with the phenotypes related to body
weight, glucose metabolism, insulin
sensitivity, and risk of type 2 diabetes
mellitus and coronary artery disease. The
SNP276 may affect impaired glucose
tolerance and hypoadiponectinemia (5).

The association of adiponectin genetic
variations with dyslipidemia and blood
pressure have been less explored. The
common polymorphisms and rare
mutations of the human adiponectin gene
itself were demonstrated to associate with
differential expression of adiponectin at the
plasma protein level and mRNA level in
adipose tissue. The PPARgamma?2
Prol2Ala variants were also shown to
influence insulin sensitivity in interaction
with adiponectin genotype or to influence
plasma adiponectin levels. However, the
results were not consistent. Three genome-
wide scans for the loci that regulate plasma
adiponectin concentration suggest that
further exploration on chromosomes 5, 9,
14, 15, and 18 is required. These human
genetic studies on adiponectin and the
metabolic syndrome strongly suggest that
adiponectin is one of the causative factors
in its pathogenesis and provide significant
insights into the genetic makeup of the
metabolic syndrome

Hepatic Lipase (HL)
High HL activity is associated with

‘reduced HDL2 cholesterol levels and is




36  Madhu Khullar and Taranjit Singh Rai

affected by dietary fat intake and selected
medications. There is evidence for an
interaction of the HL promoter
polymorphism with visceral obesity and
dietary fat intake. Several polymorphisms,
G250 A, C514T, T710C, A763 G are
known to be associated with HL activity (6).

A recent linkage and association
analysis revealed variation at the APOA1/
C3/A4/A5 gene cluster contributes to
Familial hypercholesterolemia
transmission in a substantial proportion of
Northern European families. Apo CIII: TG-
rich lipoproteins are often increased in
metabolic syndrome. The T-455C
polymorphism of Apo Cill are shown to be
associated with increased Apo Clll and TG
levels. Apo CIII-455C was found to
increases risk of CAD in MS. Obesity was
less frequent in MS carriers of the -455C
allele than in MS non carriers (21.6% vs.
34.8%, P < 0.05) '

APOA 'V

Several polymorphisms of Apo V (-
1131C (originally referred to as SNP3),
Ser19Trp , have been shown to be have
associations with TG in healthy and non-
smoking subjects. T-1131C was found to be
associated with higher concentrations of
plasma TG -

Fatty Acid Binding Protein 2(FABP 2) and
Beta Adrenergic Receptor 2 (BAR 2)

Both these proteins link the
inflammatory and lipid-mediated
pathways and have been are implicated in
Atherosclerosis, Obecity, Insulin resistance,

Type 2 diabetes and Fatty liver disease .
Ala54Thr polymorphism of FABP2 and
Trp64Arg polymorphism of BAR 2 has been
implicated in MS (7).

Renin Angiotensin System (RAS)

Helps maintain blood pressure and salt
homeostasis. Polymorphisms of RAS genes,
namely ACE insertion/deletion (I/D),
Angiotensinogen  (AGT).  M235T,
Angiotensin 1I type 1 receptor (ATIR).
A1166C polymorphisms have been studied
for their association with wvarious
cardiovascular disorders, including
metabolic syndrome. D-allele and DD
genotype of ACE I/D has been found to be
associated with development of obesity,
insulin resistance, type 2 diabetes,
dyslipoproteinemias and ischemic heart
disease and myocardial infarction in some
of the studies whereas many studies have
failed to show any such association (8).

There has been some evidence to
support an association between the AGT
polymorphism and insulin resistance (9).

Angiotensin 11 type I receptor (AGTR1)
A1166C appears to predisposeto favourable
anthropometric and metabolic traits,
relative to cardiovascular risk (10).

USF1

USF1 is a transcription factor of the c-
myc family [11] that is known to regulate
several genes involved in glucose and lipid
metabolism, including apolipoproteins
CIII, AIl and E, hormone sensitive lipase,
fatty acid synthase, glucokinase, the
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glucagon receptor, ATP binding cassette Al
and rennin (12). The USF1 gene is located
on human chromosome 1q22-q23 (13). This
locus on chromosome 1 has been linked to
familial combined hyperlipidaemia
(FCHL), a condition characterized by
elevated total cholesterol and / or
triglycerides, in Finnish families (14) and
is also located close to type 2 diabetes

linkage peaks in other populations (15, 16).
" Subsequently, the USF1 gene has been
linked and associated with FCHL, and
haplotypes of USF1 explain the linkage
peak associated with disease, triglycerides,
cholesterol, small dense low-density
lipoprotein and apolipoprotein B,
Furthermore, target genes for this
transcription factor include many other
genes associated with hypertension and
diabetes. Subsequent candidate gene
studies will determine if there is an
association between components of
metabolic syndrome and SNPs of the USF1
gene.

CAPNI10

Calpains are ubiquitously expressed
cysteine proteases that regulate a variety of
cellular functions. CAPN10 is expressed in
B cells where evidence suggests it mediates
apoptosis and insulin exocytosis (17, 18), in
fat and muscle CAPN10 modifies insulin-
mediated glucose transport (18). It also
appears to be involved in myoblast / pre-
adipocyte differentiation (19, 20). CAPN10
was the first type 2 diabetes gene identified
by a genome-wide scan of Mexican-
American families. Initially, linkage was

found on chromosome 2 (LOD 4.03) (21)
and the gene was identified as calpain 10.
Three intron variants account for most of
the haplotype diversity and for 14% of the
population-attributable risk of type 2
diabetes in Mexican-Americans (22). Meta-
analyses of association studies assessing
CAPNI10 and type 2 diabetes risk have
confirmed a role for CAPNIO
polymorphisms in type 2 diabetes
susceptibility (23), increasing risk by _30%
for type 2 diabetes (24). In one of the
analyses, SNP44, arare CAPN10 allele, was
shown to be over-transmitted from
heterozygous parents to their affected
offspring with type 2 diabetes. In Pima
Indians, a CAPN10 polymorphism (SNP43)
correlates with impaired insulin action and
reduced expression of CAPNI10 in the
skeletal muscle of prediabetic subjects (25).
CAPNI10 polymorphisms have also been
associated with insulin secretion, adipocyte
biology and microvascular function. This
suggests that CAPN10 plays a role in the
metabolic syndrome.

HNF4a

HNF4a is a hepatic nuclear factor that
controls expression of many essential genes
in the liver, gut, kidney and B cells, and
plays an important role in maintaining
glucose homeostasis (26). It is also involved
in ‘B-cell development, and mutations of
HNF4a are a rare cause of MODY (27). The
gene for HNF4a has been mapped to
chromosome 20. Chromosome 20 has
shown evidence of linkage to type 2
diabetes (LOD score 2.48) (28), and an
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association between a common HNF4a
polymorphism in the upstream promoter
region of the gene has been found in an
Ashekenazi Jewish population.
Furthermore, a case control association
study searching for diabetes susceptibility
variants at 20q13 found 10 associated
polymorphisms located in the promoter
regions and exons 1--3 of the HNF4a gene
(28). These data suggest variants located
near or within the HNF4 gene increase
susceptibility to type 2 diabetes.

PPARc

Variants of the PPARc gene are strong
candidates for conferring susceptibility to
type 2 diabetes and obesity, because PPARc
regulates adipocyte differentiation, and
lipid and glucose metabolism (29). Two
PPARc isoforms, PPARcl and PPARc2Z,
have been characterized, and are encoded
by a single PPAR gamma gene. The PPARc
gene has been mapped to human
chromosome 3p25 (30). One of the first
examples of a meta-analysis in complex
disease demonstrated that the ProlZ2Ala
variant of PPARc?2 is associated with
predisposition to type 2 diabetes (31).
Evidence suggests a  gene-nutrient
interaction at the PPARcZ locus in
nondiabetic subjects(32). BMI was shown
to vary with the ratio of dietary
polyunsaturated to saturated fat (P:S) - in
Alal2 carriers, BMI was low when the P.S
ratio was high and was elevated when the
P:S ratio was low. This gene-nutrient
interaction suggests that effects of the
Pro12Ala polymorphism could depend on
the most common diets in the populations

studied and may explain the conflicting
results of previous studies. Furthermore, in
a single study, the Finnish diabetes
prevention study, the AlalZ2 allele was
associated with increased risk of
progression to type 2 diabetes. However,
the Alal2Ala genotype was found to be
associated with increased weight loss in
response to lifestyle intervention and less .
progression from IGT to diabetes (33). Thus,
lifestyle intervention can reverse the
diabetogenic risk of the Ala allele.

In contrast, no significant associations
have been reported for PPARo [2], PPAR
co-activator lo (34), protein tyrosine
phosphatase 1 B (35), ACE (36), fatty acid
binding protein 2 (37) tumor necrosis factor-
o. (TNF-o) (38) , insulin receptor (39) and
ADRB3 (40) and (41) genes. Altogether,
these data support the hypothesis that
complex genetic factors may be implicated
in the pathogenesis of the MS.

UCP3

UCP3 is a mitochondrial membrane
transporter mainly expressed in skeletal
muscle. This protein uncouples oxidative
ATP phosphorylation and if dysregulated,
might lead to thermogenesis and energy
balance disorders. The UCP3 -55 C/T SNP
is associated with higher UCP3 mRNA
expression levels (42) and fat mass (43-47).
The relation between this SNP and type 2
diabetes is controversial, with a lower risk
of type 2 diabetes in this population sample
(48, 27) and a higher risk in Chinese (49).

‘Despite the major contribution of increased

body mass in the clustering of metabolic
disorders and the persistent association
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between the UCP3 -55 C/T SNP and
increased fat mass, there was no significant

association between this SNP and the MS
Leptin

It is an adipocyte-secreted hormone
acting in the brain to control energy
homeostasis. Its main effect is to regulate
appetite and energy balance (50).
Pathogenic mutations in the leptin (LEP)
gene leading to the absence of any
functional hormone are associated with
early-onset morbid obesity (51, 52). The LEP
5'UTR +19 G/A SNP is associated with
lower leptin concentrations in obese
individuals (53). In the present population
sample, this SNP was not significantly
associated with the MS.

G proteins mediate many pathways
including the B-adrenergic signalling
pathways. A polymorphism in the B,-
adrenergic receptor is associated with the
MS (54) , suggesting a possible implication
of the adrenergic pathway in the clustering
of MS. The GNB3 C825T SNP is functional
and has been associated with several
phenotypes such as dyslipidemia,
hypertension, obesity, and diabetes
mellitus (55, 56). Furthermore, a study
including 806 Japanese subjects (80% men)
showed the CC genotype was protective
against the onset of the clustering of
obesity, hypertriglyceridemia, hyper-
tension, and diabetes mellitus (56).

Given the fact that the prevalence of
coronary heart disease stroke and all-cause
mortality is increased threefold in subjects
with the MS (57), even in the absence of
baseline CVD and diabetes (58), it is

important to better understand the factors
that increase the susceptibility to the
development of the MS. Genetic association
studies may help in this respect. We could
not reveal major associations between any
of the studied polymorphisms in FATP1,
UCP3, TNF-o, LEP, and GNB3 genes and
the MS, suggesting that these
polymorphisms are not major risk factors
for the MS.

As is evident, association of gene
variants, insulin resistance and
dyslipidaemia is complex and has resulted
in inconsistent findings in different studies.
Moreover, the genetic studies till date
generally have been of a small size and
cross sectional in approach which limits
analysis of trends in insulin sensitivity and
lipid and lipoprotein levels in association
with different gene variants. Ethnic
differences in prevalence of various alleles
have further led to a large variability in the
results. However, even taking these
limitations into account, gene variants and
their interaction with environment appear
to modulate glucose and lipoprotein
metabolism.

Given the fact that the prevalence of
coronary heart disease, stroke and all-cause
mortality is increased several folds in

- subjects with the MS, even in the absence

of baseline cardiovascular diseases and
diabetes, it is important to better
understand the factors that increase the
susceptibility to the development of the MS.
Genetic association studies may help in this
respect
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