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The metabolic syndrome is a very common condition, characterised by insulin resistance,
dyslipidaemia, abdominal obesity and hypertension, that is associated with a high risk of type 2
diabetes mellitus (T2DM) and CVD. Obesity is a key aetiological factor in the development
of the metabolic syndrome. In light of the increasing prevalence of obesity, there is a high
requirement to reduce the impact of the adverse health effects associated with the metabolic
syndrome. The aetiological role of nutrient-derived metabolic stressors, in particular fatty acids,
in the development of obesity and the metabolic syndrome is explored. Also, the evidence that
pro-inflammatory stressors may predispose to obesity-induced insulin resistance is reviewed.
The present paper explores the concept that reducing the impact of metabolic and inflammatory
stressors may reduce the adverse health effects of obesity and slow the progression towards
the metabolic syndrome and T2DM. Evidence from human dietary intervention studies that
have investigated the potential therapeutic effects of dietary fatty acid modification is explored.
The present review highlights the requirement to take account of genetic background, within
the context of nutrient regulation of gene expression and individual responsiveness to dietary
therapy. This approach will further the understanding of the interaction between fatty acids
in the pathogenesis and progression of the metabolic syndrome.
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The metabolic syndrome

The metabolic syndrome represents a multi-component
disorder that is characterised by impaired insulin sensitiv-
ity, dyslipidaemia, abdominal obesity and hypertension. It
is associated with a high risk of subsequent development
of type 2 diabetes mellitus (T2DM), CVD and premature
death (Isomaa et al. 2001). The WHO have defined the
metabolic syndrome as impaired insulin sensitivity, glu-
cose intolerance or diabetes mellitus in combination with
at least two other metabolic derangements, including
abdominal obesity, dyslipidaemia (increased triacylglycer-
ol (TAG) or reduced HDL-cholesterol concentrations) and
urinary microalbuminuria (Alberti & Zimmet, 1998). The
National Cholesterol Education Program Expert Panel
on Detection, Evaluation and Treatment of High Blood
Cholesterol in Adults (Adult Treatment Panel III) (2001)
have proposed that individuals with the metabolic syndrome
have three or more of the five criteria listed in Table 1.

Obesity has been identified as the key aetiological
condition that predisposes to the development of the meta-
bolic syndrome (Kahn & Flier, 2000). Given the increasing
prevalence of obesity, there is a high requirement to reduce
the impact of the adverse health effects, particularly T2DM
and CVD. By 2010, approximately thirty-one million of
the population in Europe and an estimated 239 million
worldwide will require treatment for T2DM and its related
complications (King et al. 1998; Zimmet et al. 2001). The
link between obesity and T2DM is because of adverse
effects of excess body fat on systemic responsiveness to
insulin, resulting in impaired action of insulin for both
carbohydrate and lipid metabolism, which leads to a
compensatory hyperinsulinaemia (Saltiel, 2000). Insulin
resistance is the central metabolic perturbation of the
metabolic syndrome and T2DM. Fig. 1 illustrates the
potential pathway between obesity and insulin resistance,
towards the metabolic syndrome and T2DM. This pathway
represents a progressive phenotype. Insulin resistance
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Table 1. The National Cholesterol Education Program Expert

Panel on Detection, Evaluation and Treatment of High Blood

Cholesterol in Adults (Adult Treatment Panel Ill) (2001) criteria for
the metabolic syndrome

Waist girth (mm)

Men >1020

Women >880
HDL-cholesterol (mmol/l)

Men <11

Women <1-3
Triacylglycerol (mmol/l) >1-7
Blood pressure (mm Hg) 130/85
Fasting blood glucose (mmol/l) >6-1

Sensitive genotype
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Fig. 1. The development and progression of the metabolic syn-
drome. T2DM, type 2 diabetes mellitus.

is a relatively common pathological state, whereby target
tissues fail to respond effectively to normal circulating
concentrations of insulin and reduced glucose transport in
muscle and adipose tissue (Le Marchand-Brustel ef al.
2003). Pancreatic PB-cells first compensate for peripheral
insulin resistance by increasing basal and postprandial
insulin secretion to maintain euglycaemia. At some point
B-cells fail to respond effectively and there is deterioration
of glucose homeostasis, which leads to the development of
glucose intolerance. Impaired insulin action and hyper-
insulinaemia lead to a variety of abnormalities in liver,
muscle and adipose tissue that result in elevated NEFA and
TAG concentrations, low HDL levels, hyperglycaemia,
impaired glucose disposal, a prothrombotic state and
increased vascular resistance (Saltiel, 2000). Hypothetically,
individuals with a sensitive genotype will be most suscep-
tible to the impact of metabolic and pro-inflammatory
stressors. The present paper will explore the hypothesis that
the interaction between metabolic stressors and inflam-
mation, particularly in adipose tissue, are key initiators of
insulin resistance.

Several lines of evidence suggest that both metabolic
stressors (e.g. NEFA) and pro-inflammatory signals (e.g.
TNF-0) induce insulin resistance by inhibiting insulin
signalling (Zick, 2001). Animal studies suggest that it may
be possible to attenuate the interaction between metabolic
and inflammatory stressors to improve insulin sensitivity.
For example, lipid infusion fails to induce insulin resistance
in skeletal muscle of IxB kinase B-knock-out mice and
salicylate treatment prevents fat-induced muscle insulin
resistance by inhibiting IxkB kinase B activity (Kim er al.
2001). A greater understanding of the molecular
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mechanisms that underlie this progressive disease needs
to be defined, so that evidence-based nutritional therapies
can be developed to attenuate the impact of obesity-
induced insulin resistance. The present paper will explore
the concept that the potential impact of obesity may be
attenuated by reducing the impact of metabolic and
inflammation stressors to slow the progression towards
the metabolic syndrome and T2DM. A notable develop-
ment is recent evidence from controlled trials that shows
that both diet and exercise are effective in preventing the
development of T2DM in high-risk individuals (Knowler
et al. 2002; Mann, 2002).

Adipose tissue and insulin resistance

There are at least two ways whereby adipose tissue may
influence glucose homeostasis and act as the key aetiolo-
gical factor in the development of insulin resistance and
the metabolic syndrome (Kahn & Flier, 2000). First, ex-
cessive adipose tissue energy storage results in increased
fatty acid flux to other tissues and increased TAG storage
in peripheral tissues, which promotes insulin resistance.
Second, adipose tissue is an important endocrine organ that
secretes several inflammatory factors, collectively known
as adipocytokines or adipokines, which have a direct effect
on insulin sensitivity. The present paper will focus on
the pro-inflammatory component of insulin resistance and
show how dietary fatty acids may reduce the impact of
these cellular stressors. The important adipocytokines in-
clude TNF-o, leptin, plasminogen activator protein-1,
IL-6, resistin, angiotensin and adiponectin (also known as
Acrp-30) (Dandona et al. 2004). The insulin-desensitising
effects of TNF-o are probably the best characterised.
TNF-o inhibits autophosphorylation of tyrosine residues
of the insulin receptor (IR), promotes serine phospho-
rylation of insulin receptor substrate-1, which in turn
causes serine phosphorylation of IR in adipocytes, and
inhibits tyrosine kinase phosphorylation (Hotamisigil,
2003); the combined effects ultimately lead to insulin
resistance and glucose intolerance. It has been demon-
strated that knocking out the TNF-o. and TNF-o receptor
genes improves insulin resistance in several animal
models of obesity-associated insulin resistance (Peraldi &
Spiegleman, 1998; Hotamisigil, 1999). It is important
to note that the improvement in insulin resistance with
loss of TNF-a signalling is partial; therefore, other insulin-
desensitising factors must exist. Resistin markedly
decreases insulin-mediated glucose uptake (Steppan et al.
2001). More recently, it has been shown that IL-6 inhibits
insulin transduction in hepatocytes (Senn et al. 2002). The
insulin-desensitising effect of IL-6 has been confirmed in
vivo. It is mediated by suppressor of cytokine signalling-3,
which associates itself with the IR and insulin receptor
substrate-1 and impedes insulin signalling (Senn et al.
2003).

Serum adipocytokine levels are elevated in obesity and
interventions that reduce fat mass also lower adipocyto-
kine levels. This relationship implies that approaches
designed to reduce adipose tissue mass will attenuate the
pro-inflammatory milieu that is associated with obesity-
induced insulin resistance. Whilst most adipocytokines are
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associated with insulin resistance, greater levels of adipo-
nectin are associated with improved insulin sensitivity by
reversing insulin resistance associated with obesity and
lipodystrophy (Yamauchi et al. 2001). Furthermore, plasma
adiponectin levels are inversely associated with several
risk factors for the metabolic syndrome, including adiposity
(waist: hip ratio), insulin resistance, diastolic blood pressure,
TAG concentrations and TNF-o receptor concentrations
(Fernandez-Real er al. 2003). In addition, it appears that
there is adipose tissue depot-specific adipocytokine ex-
pression. Visceral fat appears to produce several of these
adipocytokines more actively than subcutaneous adipose
tissue depots (Lyon ef al. 2003). It has been estimated that
abdominal fat may produce up to three times as much IL-6
as subcutaneous adipose tissue (Fruhbeck er al. 2001).
Given the association between central obesity and the
metabolic syndrome, it is interesting to speculate that
visceral fat depots may express a greater proportion of
the insulin-desensitising adipocytokines that directly affect
peripheral insulin sensitivity.

Whilst there is strong evidence supporting the insulin-
desensitising effects of adipocytokines, it should also be
noted that this relationship may be more complex. Insulin
itself induces an anti-inflammatory effect at the cellular
level both in vitro and in vivo. A low-dose infusion of
insulin reduces mononuclear cell reactive oxygen species
generation, suppresses NF-kB DNA binding, induces
inhibitor of kBal expression and suppresses concentrations
of plasma intercellular adhesion cellular molecule-1,
plasminogen-activator inhibitor-1 and monocyte chemo-
tactic protein-1 (Dandona et al. 2001; Aljada et al. 2002).

The source of the pro-inflammatory profile in adipose
tissue has been controversial. Relative to the classical
inflammatory cells, adipocytes produce much smaller levels
of cytokines. A very interesting recent study has demon-
strated that obesity is associated with progressive infiltra-
tion of monocytes and macrophages into adipose tissue
(Weisberg et al. 2004). It was shown using cell-specific
gene expression analysis that adipose tissue macrophages
are the source of almost all adipose tissue TNF-o ex-
pression and substantial amounts of inducible NO synthase
and IL-6 expression. It was hypothesised that this process
is initiated by adipocytes that secrete low levels of TNF-q,
which in turn stimulates pre-adipocyte and endothelial cell
macrophage chemo-attractant protein-1 and adipocytokine
expression, and NEFA release, to further promote a pro-
inflammatory and pro-oxidative state. The ultimate out-
come is impaired adipocyte function and insulin resistance.
With a greater understanding of the interaction between
pro-inflammatory adipocytokines and metabolic stressors
in obesity-induced insulin resistance, potential therapeutic
strategies that attenuate pro-inflammatory insulin-desensi-
tising adipocytokine expression in favour of the anti-
inflammatory adipocytokines may be developed to promote
metabolic health.

Fatty acids, inflammation and adipose tissue:
nutrient regulation of gene expression

In terms of manipulating dietary factors to attenuate the
inflammatory response in adipose tissue to improve insulin
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sensitivity, the most obvious treatment is to reduce adipose
tissue mass. Indeed, several studies have shown that re-
duction of adipose tissue fat mass is associated with lower
serum adipocytokine levels (Kahn & Flier, 2000). Never-
theless, the prevalence of obesity is increasing and because
of poor compliance current therapies are largely ineffec-
tive. Thus, other strategies to attenuate the impact of
insulin resistance in the presence of obesity are required.
The author’s group (Roche er al. 2002; Moloney et al.
2004) have demonstrated that a subgroup of fatty acids,
known as conjugated linoleic acid (CLA), and in particular
the cis-9, trans-11-CLA isomer, may have the potential
to improve lipid metabolism and insulin sensitivity, within
the context of obesity. This effect has been ascribed to
differential sterol regulatory element-binding protein
(SREBP)-1c gene expression, a key regulatory transcrip-
tion factor involved in lipogenesis and glucose metabolism
(Foretz et al. 1999; Shimomura et al. 2000; Gosmain
et al. 2004). Feeding a cis-9, trans-11-CLA isomer-rich
diet has divergent tissue-specific effects on SREBP-1c
expression, markedly reducing hepatic SREBP-1c¢ and
increasing adipose tissue SREBP-1c expression, both of
which could contribute to improved lipid and glucose
metabolism (Roche et al. 2002). Interestingly this study
has also shown TNF-a-regulated SREBP-1c expression in
human adipocytes, but not in hepatocytes (Roche et al.
2002). This finding supports the hypothesis for cross-talk
between molecular markers of insulin sensitivity and
adipocytokines, which in turn can be modified by fatty
acids. Subsequent work has shown that the cis-9, trans-11-
CLA isomer-rich diet improves fasting glucose and
insulin metabolism (Moloney et al. 2004). This improve-
ment is associated with a marked reduction in adipose
tissue TNF-a expression and lower NF-kB DNA binding,
which has been attributed to lower nuclear P65 levels and
increased cytosolic inhibitor of kBa expression (Moloney
et al. 2004). Further work is required to determine the
cell-specific nature of fatty acid interventions on mol-
ecular markers of insulin sensitivity and adipocytokine
expression. Whilst CLA is a limited group of fatty acid
isomers, this study has shown that fatty acids can modulate
the interaction between the pro-inflammatory and metabolic
stressors in adipose tissue and suggests that it may be
possible to manipulate other fatty acids to attenuate the
pro-inflammatory insulin-desensitising effect of obesity-
induced insulin resistance.

Dietary fatty acid intervention studies and the
metabolic syndrome

Several studies have shown a consistent relationship be-
tween plasma fatty acid composition and insulin resistance.
A prospective cohort study (Laaksonen et al. 2002) has
investigated the interaction between serum fatty acid com-
position and the development of impaired fasting glycae-
mia or T2DM in a cohort of middle-aged normoglycaemic
men. It was found that at baseline the proportions of serum
esterified and non-esterified saturated fatty acids (SFA)
were increased and PUFA were decreased in men who after
4 years developed impaired fasting glycaemia or T2DM.
This finding is also in line with recent epidemiological
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evidence from the Nurses’ Health Study (Tanasescu et al.
2004), which shows that a higher intake of saturated fat
and a low polyunsaturated fat:saturated fat are related to
increased CVD risk among women with T2DM. This study
also estimates that replacement of 5% energy from satu-
rated fat with equivalent energy from carbohydrates or
MUFA is associated with 22 and 37 % lower risk of CVD
respectively. This finding suggests that replacement of
SFA by MUFA may be more effective at reducing CVD
risk than low-fat high-carbohydrate diets.

Thus, several studies suggest a causal relationship
between dietary fatty acid composition and insulin resis-
tance. In comparison with the number of studies that have
determined the relationship between dietary fatty acid
composition and CVD risk factors, in particular lipoprotein
metabolism, there are relatively few that have used insulin
sensitivity as the primary metabolic end point. For the
purpose of the present review, studies that have investi-
gated the effect of isoenergetic substitution of dietary fatty
acids and/or carbohydrates will be reviewed in order to
exclude confounding effects associated with altered energy
intake. The earlier dietary intervention studies that aimed
to investigate this relationship have largely proved nega-
tive, which is probably related to methodological problems,
including short study duration, inaccurate measures of
insulin sensitivity and low statistical power.

More recently, the KANWU study, a controlled multi-
centre isoenergetic dietary intervention study involving
162 individuals (Vessby et al. 2001), has shown that de-
creasing dietary SFA and increasing MUFA improves
insulin sensitivity but has no effect on insulin secretion. It
is interesting to note that the favourable effect of substi-
tuting SFA for MUFA is only seen at a total fat intake of
<37 % energy. Within each dietary group a second assign-
ment to fish oil supplementation or placebo was com-
pleted, but the addition of n-3 PUFA was found to have
no effect on insulin sensitivity or insulin secretion, despite
reduced TAG concentrations. The results of the KANWU
study have been corroborated in a smaller randomised
crossover dietary intervention study in fifty-nine young
subjects (Perez-Jimenez et al. 2001). After a baseline
saturated-fat diet subjects were randomly assigned to
carbohydrate-rich and MUFA-rich diets for 28 d. The iso-
energetic substitution of MUFA or carbohydrates for SFA
was found to markedly improve insulin sensitivity to a
similar extent in vivo. Furthermore, in in vitro studies both
the carbohydrate-rich and MUFA-rich diets were shown
to markedly increase basal and insulin-stimulated glucose
uptake in monocytes. In contrast, a recent randomised
double-blind crossover study comparing the effects of
MUFA, SFA and trans-fatty acid diets (Lovejoy et al.
2002) failed to show any sizeable effect on insulin
sensitivity or secretion. When the three dietary groups
were sub-divided according to BMI, insulin sensitivity was
found to be 24% lower in overweight individuals (BMI
25-30kg/m?) after the SFA diet compared with the MUFA
diet. It is interesting to note that these diets were quite low
in fat (28% energy); therefore, the effects of dietary fat
composition may be more obvious without the background
low-fat diet. Overall, human dietary intervention studies
suggest that the removal of dietary saturated fat, as verified
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by alterations in plasma fatty acid composition, can have a
direct effect on insulin sensitivity. This effect has also
been confirmed in an acute study (Stefan et al. 2001) that
has shown that altering the composition of infused NEFA
affects insulin sensitivity. In six healthy subjects a SFA-
rich lipid infusion was found to reduce the insulin sensi-
tivity index (40-50%) to a much greater extent than a
PUFA-rich lipid infusion (20-27 %).

There are a number of positive health benefits associated
with long-chain n-3 PUFA that are relevant to the meta-
bolic syndrome, particularly in relation to TAG metabo-
lism (Roche & Gibney, 2000). However, there is relatively
little direct evidence that n-3 PUFA supplementation has
positive effects on insulin sensitivity in man. Several animal
studies have shown that feeding n-3 PUFA has positive
effects on glucose and insulin metabolism in different
models of T2DM and the metabolic syndrome (Storlien
et al. 1987; Aguilera et al. 2004). Human epidemiological
studies suggest that habitual dietary fish intake is inversely
associated with the incidence of impaired glucose tolerance
and T2DM (Feskens ef al. 1985, 1991). Some studies have
reported positive effects of n-3 PUFA supplementation on
insulin sensitivity in individuals with impaired glucose
tolerance and diabetes (Popp-Snijders et al. 1987; Fasching
et al. 1991). Nevertheless, other studies have not shown
a positive effect (Vessby et al. 2001). A recent study has
investigated whether there is an interaction between back-
ground dietary n-6 PUFA and n-3 PUFA supplementation
and insulin sensitivity in Indian Asians, a cohort particu-
larly susceptible to the metabolic syndrome and T2DM
(Brady et al. 2004). It was found that n-3 PUFA has no
effect on insulin resistance (homeostasis model assessment
of insulin resistance), even though n-3 PUFA supplemen-
tation is associated with improved fasting and postprandial
TAG metabolism. Clearly, the putative effects of n-3
PUFA on human insulin resistance and impaired glucose
tolerance require further clarification.

Diet—gene interactions: sensitive genotypes and
dietary responsiveness

There is no doubt that the lack of consistency between
studies can be partly ascribed to individualised metabolic
variations, which could reflect a variable genetic back-
ground and/or environmental exposure. The search for the
genetic basis of obesity and insulin resistance is funda-
mental to the understanding of the effects of dietary fatty
acids and the metabolic syndrome. Several candidates have
been proposed, all of which are associated with differing
levels of promise. PPARY plays a critical role in adipo-
genesis, insulin sensitivity and blood pressure (Barak et al.
1999; Barroso et al. 1999). Several studies have reported a
relationship between a common PPARY variant (Pro12Ala)
and adiposity (Beamer et al. 1998). However, other studies
have shown no association with BMI, insulin sensitivity
and T2DM. A recent prospective population-based cohort
study of the aetiology of T2DM (Luan et al. 2001) has
shown an interesting interaction between habitual dietary
fat composition and the PPARY Prol12Ala polymorphism.
An inverse relationship was found between both BMI and
fasting insulin concentrations in the Ala carriers but not in
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the Pro homozygotes. This study highlights that gene—nu-
trient interactions, particularly with dietary fatty acids, are
fundamental components of the pathology of common
complex metabolic phenotypes.

Within the hypothesis that pro-inflammatory states are
involved in the metabolic syndrome, common polymorph-
isms of cytokine genes have been associated with greater
risk of the metabolic syndrome. The concomitant presence
of polymorphisms of TNF-o. (G308A) and IL-6 (C124G)
in obese subjects with impaired glucose tolerance carries
twice the risk of conversion to T2DM when compared
with other genotypes. Also, a G308A mutation of the
TNF-o. promoter is associated with increased plasma
TNF-o concentrations and a 1-8 higher risk of developing
diabetes compared with non-carriers. It has also been
shown that a C124G mutation of the IL-6 promoter
increases the risk of insulin resistance (Kubaszek et al.
2003). As yet there has been no study of the interaction
between the inflammatory polymorphism, diet and the
metabolic syndrome. Nevertheless, it has been demon-
strated that the extent to which fish oil supplementation
can suppress peripheral blood mononuclear TNF-o. pro-
duction is modulated by polymorphisms in the TNF-o
gene (Grimble et al. 2002). Finally, the concept of dietary
responders and non-responders is an important issue. It is
possible that individuals with a sensitive genotype who are
susceptible to the metabolic syndrome may or may not
respond to dietary fatty acid therapies. This concept is well
characterised in the case of apoE polymorphisms, whereby
some individuals will respond to dietary therapy, whereas
other genotypes will not (Campos et al. 2001).

Conclusion

Dietary fatty acids play an integral role in the pathogenesis
and prevention of the metabolic syndrome. Given the
increasing prevalence of obesity a key objective should
be to reduce the impact of modifiable risk factors, within
the context of the obese phenotype. Whilst there is evi-
dence to suggest that high-saturated-fat diets have deleter-
ious effects on the metabolic syndrome, there is a paucity
of information in relation to the most effective fatty acid
intervention therapy. In addition, future research will have
to take account of an individual’s genetic background, both
in terms of susceptibility to the metabolic syndrome and
effective dietary responsiveness. With this information the
true effectiveness of dietary therapies to reduce the health
and economic burden associated with the metabolic syn-
drome will be understood.
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