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Abstract

Although the biochemical steps linking insulin resistance with the metabolic syndrome have not been completely clarified, mounting
experimental and clinical evidence indicate oxidative stress as an attractive candidate for a central pathogenic role since it potentially
explains the appearance of all risk factors and supports the clinical manifestations. In fact, metabolic syndrome patients exhibit activation of
biochemical pathways leading to increased delivery of reactive oxygen species, decreased antioxidant protection and increased lipid
peroxidation. The described associations between increased abdominal fat storage, liver steatosis and systemic oxidative stress, the
diminished concentration of nitric oxide derivatives and antioxidant vitamins and the endothelial oxidative damages observed in subjects
with the metabolic syndrome definitively support oxidative stress as the common second-level event in a unifying pathogenic view.
Moreover, it has been observed that oxidative stress regulates the expression of genes governing lipid and glucose metabolism through
activation or inhibition of intracellular sensors. Diet constituents can modulate redox reactions and the oxidative stress extent, thus also
acting on nuclear gene expression. As a consequence of the food–gene interaction, metabolic syndrome patients may express different
disease features and extents according to the different pathways activated by oxidative stress-modulated effectors. This view could also
explain family differences and interethnic variations in determining risk factor appearance. This review mechanistically focused on
oxidative stress events leading to individual disease factor appearance in metabolic syndrome patients and their setting for a more helpful
clinical approach.
© 2008 Elsevier Inc. All rights reserved.
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1. Introduction

The metabolic syndrome is a multifactorial condition
leading to accelerated atherosclerosis and increased risk for
diabetes. It is associated with major cardiovascular events
and a high mortality rate [1,2]. The metabolic syndrome is
characterized by different combinations of three or more of
the following features: abdominal obesity, blood hyperten-
sion, hyperglycemia and serum dyslipidemia as defined by
the criteria of the Third Report of the National Cholesterol
Education Program Adult Treatment Panel III [3] or by the
updated criteria of the International Diabetes Federation [4].

Whichever definition is used, epidemiological surveys
show that the metabolic syndrome is extremely common.
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The 1999–2002 National Health and Nutrition Examination
Survey estimated the age-adjusted prevalence of the
metabolic syndrome in U.S. adults over 20 years to be
between 34.6% and 39.1% and to be even higher if
considering adults over 60 years [4]. It is a little more
common in men, and there exist ethnic differences. Overall,
the prevalence of the metabolic syndrome parallels the
increasing aging population and “epidemic” obesity [5].

The link between individual metabolic syndrome compo-
nents is unknown. Recent studies support the notion that
these metabolic abnormalities do indeed cluster beyond the
effect of chance [6] and that a single factor may underlie the
association [7]. The fact that insulin resistance and
abdominal obesity are also associated with perturbations in
plasma adipokine levels, altered fatty acid metabolism,
endothelial dysfunction, procoagulant state and systemic
inflammation underscores the breadth and complexity of the
pathophysiology of this clustering [8].

Indeed, this systemic disorder may be considered as the
result of the imbalance of some dynamic mechanisms
supporting the robustness and the adaptive response toward
both intrinsic and extrinsic factors (i.e., nutrients, energy
consumption, metabolic rate…) [9]. However, major pro-
blems in approaching a patient with the metabolic syndrome
are on how to manage his or her individual risk factors and
whether it is better to focus on single components by a
reductionist method or to encompass interactions and
dynamics with a systems method. Reductionism is less
helpful to study complex symptoms in which the interactions
among components amplify and dominate the final expres-
sion of the disease. In this context, the interaction of multiple
factors needs to be incorporated in some meaningful way to
be responsible for disease evolution [10,11]. These con-
siderations are important in chronic conditions such as the
metabolic syndrome in which individualized treatments and
multidimensional uses of medications have to be promoted.
On the other hand, setting a complex disease by considering
only the overall behavior inevitably fails in keeping under
control all the single parameters responsible for the
interindividual variability and the spontaneous fluctuation
of the disease features [12].

Therefore, the identification of common basic mechan-
isms driving to a unifying pathogenic hypothesis for the
metabolic syndrome would be helpful in explaining the
clinical manifestations and in approaching patients. As
this review shows, oxidative stress could explain most of
the second-level events resulting in risk factor appearance
and may lead to a unitary pathogenic view of this
chronic disorder.
2. Oxidative stress and the metabolic syndrome
constituent factors

Although it is generally accepted that the main pathogenic
mechanism underlying the first level of metabolic changes in
patients with the metabolic syndrome relies on insulin
resistance, an abundance of evidence demonstrating a close
link among the metabolic syndrome, a state of chronic low-
level inflammation and oxidative stress as second-level
abnormalities had emerged [13]. In fact, oxidative stress
plays an important role in the pathogenesis of vascular
alterations by either triggering or exacerbating the biochem-
ical processes accompanying the metabolic syndrome [14].
In addition, experimental and clinical observations indicate
oxidative stress as an important mechanism in obesity-
associated metabolic syndrome, in the development of
diabetes and its complications and in “satellite” conditions
such as nonalcoholic steatohepatitis (NASH) [15–18].

Defined as an impaired balance between free radical
production and antioxidant capacity resulting in accumula-
tion of oxidative products, oxidative stress is a well-
recognized mechanism playing important roles in many
pathological conditions [19], and several human diseases
have been closely related to oxidative stress [20]. A number
of cell functions appear to be regulated by free radical
molecules, which may also act as intracellular and
intercellular signals [21,22]. Also, the protein redox state is
implicated in the regulation of several cellular activities,
including cell differentiation and activation of specific
metabolic pathways [23,24].

Oxidative stress has been associated with all the
individual components and with the onset of cardiovascular
complications in subjects with the metabolic syndrome
[13,15,25,26]. In a recent study [27], the role of oxidative
stress in the pathophysiologic interactions among the
constituent factors of the metabolic syndrome has been
remarked. However, although some of the constituent
characteristics of the metabolic syndrome are known to
share common pathogenic mechanisms of damage, the
impact of hereditary predisposition and the regulation of
gene expression as well as the role of environment and
dietary habit in determining inflammatory process-triggered
oxidation are still unclear. These aspects of the problem
deserve special attention since it is hypothesized that in
patients with the metabolic syndrome, oxidative stress may
be amplified by a concomitant antioxidant deficiency
that may favor the propagation of oxidative alterations
from intra- to extracellular spaces and from confined to
distant sites, thus realizing a systemic oxidative stress
state [28,29].

Altogether, these considerations would suggest a unifying
hypothesis to explain the mechanisms underlying the onset
and development of metabolic syndrome-associated risk
factors. As the following subsections report, excessive free
radical production and oxidative damages are supported by
several experimental demonstrations and human observa-
tions. Therefore, oxidative stress appears to possess, at least
in part, the credentials to mechanistically explain the
perpetuation of insulin resistance, the altered energy
production, the endothelial dysfunction and the appearance
of vascular complications in this condition.



ig. 1. Serum concentrations of vitamin C and α-tocopherol in 23 healthy
dividuals (open bar) and 41 patients with the metabolic syndrome (filled
ar). Data are reported as mean±S.D. *Pb.001 versus healthy controls.
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2.1. Oxidative alterations, visceral obesity and
liver steatosis

A number of clinical studies have reported the importance
of visceral fat accumulation in the development of metabolic
disorders, including reduced glucose tolerance, hyperlipide-
mia and cardiovascular diseases. Visceral fat accumulation
causes dysregulation of adipocyte functions, including
oversecretion of leptin and tumor necrosis factor-alpha
(TNF-α), and diminished secretion of adiponectin, which
results in the development of a variety of metabolic and
circulatory disorders, including quantitative and qualitative
changes in serum lipids and lipoproteins such as small dense
low-density lipoprotein (LDL) [30]. Visceral adiposity
represents an independent determinant of all the metabolic
syndrome components [31]. In humans, ultrasonographically
measured mesenteric fat has been independently associated
with body mass index and metabolic risk factors better as
compared with measured waist circumference [27,32].
Abdominal adiposity is also critically important as a source
of free fatty acids (FFAs) and inflammatory factors such that
the International Diabetes Federation gives it a central role in
the diagnosis of the metabolic syndrome [4]. Visceral obesity
represents per se a low-grade systemic inflammation as
reflected by elevated serum markers, such as C-reactive
protein and TNF-α [33]. Genetic manipulation and over-
nutrition studies have convincingly shown that insulin
resistance is regulated by cytokines and mediators released
from mesenteric adipocytes [34].

Because of its location and function in fat and sugar
metabolisms, the liver is damaged early in the metabolic
syndrome. In fact, nonalcoholic fatty liver disease
(NAFLD), a chronic potentially progressive liver disease
resembling the alcoholic form but occurring in subjects who
do not abuse alcohol, develops as a companion of the
metabolic syndrome [18]. It is generally accepted that the
sequence of events leading to hepatocyte fatty degeneration
begins with insulin resistance, which precedes fat accumula-
tion [35]. Excess intracellular fatty acids, oxidative stress,
energy depletion and mitochondrial dysfunction then cause
cellular injury [24,36,37]. NASH, the inflammatory form of
NAFLD, is thus viewed as the result of “two hits,” in which
the first hit is fat accumulation [38]. Lipid retention within
hepatocytes triggers oxidative stress (the “second hit”)
generating reactive oxygen species (ROS) at different
intracellular levels and cytokine release. In particular, the
alteration of intracellular fatty acid trafficking and mito-
chondrial β-oxidation, consequent to differential expressions
of perilipin and adipophilin [39] and hepatic refractoriness to
adipokines [34,40], contributes to the impairment of hepatic
lipid turnover and leads to lipid accumulation. Lipid
accumulation and insulin resistance activate different
sources of ROS: (a) the cytochrome P450 2E1, which
generates ROS during the metabolism of endogenous
ketones and dietary constituents [41]; (b) mitochondria,
which continuously generate ROS, being damaged them-
selves if the production of ROS is increased [42]; and (c)
peroxisomes, which generate H2O2 and are activated when
mitochondrial β-oxidation is saturated or impaired [43].

Enhanced hepatic lipid peroxidation causes changes in
physical and chemical membrane properties, with fluidity
and permeability alteration [17] affecting signal transduction
and ion exchange properties [44]. Changes in lipid
composition and characteristics induce membrane remodel-
ing [45]. Most lipid peroxides are volatile molecules that
may reach sites distant from those of generation and cause
damages and fibroblastic cell activation in the presence of
inflammation [46]. In this respect, it has been observed
that subjects with NASH show high hepatic and systemic
levels of lipid peroxidation products. This phenomenon
is associated with an increased risk for cardiovascular
disease [47].

Recently, impaired serum redox balance with decreased
antioxidant capacity and increased lipid peroxidation has
been observed in patients with fatty liver, visceral obesity
and metabolic syndrome (Fig. 1). In the study by
Suthanthiran et al. [27], the amount of visceral fat and
systemic oxidative alterations were significantly related, thus
indicating that excess visceral fat is an important and
independent determining factor of the observed serum
F
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oxidative changes. Moreover, in these patients, the presence
of the metabolic syndrome was predicted from a linear
combination of variables, including liver steatosis, visceral
fat and serum oxidative changes [28,29,47]. The participa-
tion of the liver both as a damaged organ and a contributory
source for systemic oxidative alterations in patients with the
metabolic syndrome and visceral adiposity is therefore
unequivocally suggested [48]. This role is further supported
by the coexistence of fatty liver with blood hypertension
and metabolic syndrome in nonobese patients [49,50] and
by the observation that NAFLD is associated with the
metabolic syndrome to a higher extent than excess adipose
tissue in obese subjects [51].

Another clinically relevant aspect is the increased
vulnerability of fatty livers toward stress events [52]
especially as they occur in transplantation surgery. These
mainly depend on the fact that hepatic steatosis sensitizes
hepatocytes to injury and inflammation through enhanced
fatty acid synthase expression and increased fatty acid
synthase-mediated apoptosis [53].

Finally, another potentially damaging factor in NAFLD is
intestinal bacteria. The contribution of small bowel bacteria
overgrowth to liver inflammatory processes may in fact
be realized through an increased intestinal permeability
that allows entry of gut-derived toxins with consequent
portal inflammation, Kupffer cell activation and liver
injury [54].

In conclusion, accumulation of fat in the abdominal
region and that in the liver in particular induce increases in
systemic lipid peroxidation and damages through excess
FFAs, lipoprotein-bound lipids, cytokines and vasoactive
peptides. These considerations are consistent with abdominal
fat and liver steatosis as the initial alterations responsible for
the subsequent appearance of other metabolic syndrome
factors, representing the trigger for systemic oxidative
alterations and revealing a purported incapacity of patients
to correct excess oxidation.

2.2. Systemic and tissue oxidative changes in hyperglycemic
states and diabetes

Hyperglycemia is the fundamental abnormality under-
lying the mechanisms causing endothelial dysfunction in
diabetes. In fact, increases in blood glucose linearly depress
endothelium-dependent vasodilatation [55]. The early and
high incidence of atherosclerosis and cardiovascular events
in patients with diabetes and postprandial high blood glucose
levels has been associated, at least in part, with oxidative
stress [56]. There are several observations demonstrating
that diabetic patients have increased tissue accumulation of
protein and lipid oxidative products [16], enhanced levels of
circulating oxidative stress markers and reduced antioxidant
defenses [57]. This imbalance is thought to participate in the
onset of diabetic complications [58].

Hyperglycemia can induce oxidative stress by several
mechanisms independently associated [59,60] and including
glucose auto-oxidation, advanced glycation end product
(AGE) formation, abnormal arachidonic acid metabolism
and its coupling to cyclooxygenase catalysis, protein
kinase C activation, increase in the activity of nitric oxide
(NO) synthase and activation of the aldose reductase
pathway [61–63]. The increased intracellular metabolism
of glucose in the hyperglycemic state leads to nicotinamide
adenine dinucleotide (NADH) and flavin adenosine dinu-
cleotide overproduction with consequent stimulation of
adenosine triphosphate generation by the electron transport
chain [64]. Excess NADH causes increases in the mitochon-
drial proton gradient, and, as a consequence, electrons are
transferred to oxygen, producing superoxide at the NADH
dehydrogenase of complex I and at the interface between
ubiquinone and complex III [59,65,66]. Mitochondrial-
derived superoxide causes increased diacylglycerol synthesis
and protein kinase C activation [64].

The mechanism leading to the formation of AGEs begins
with nonenzymatic covalent binding of ketone or aldehyde
groups of reducing sugar to the free amino groups of proteins
and other molecules; next, series of rearrangements and
reactions occur to irreversibly produce AGEs [67]. An AGE,
at its turn, induces ROS production, probably via activation
of nicotinamide adenine dinucleotide phosphate (NADPH)-
dependent oxidases (Nox) and after interacting with
receptor/binding proteins [68]. It has been proposed that
the vascular toxicity of AGEs is realized by binding to and
activating specific receptors on vascular cells, by modifying
the extracellular matrix and circulating lipoproteins, finally
leading to atherosclerosis.

Two enzymes of the polyol pathway contribute to ROS
generation. The first, aldose reductase, uses NADPH for the
reduction of glucose to sorbitol, which is a minor reaction
under normal conditions but reaches up to 30–35% of the
metabolic glucose pathway in hyperglycemic states [69].
When this occurs, the availability of NADPH is critically
reduced because of competition with glutathione reductase.
This results, in turn, in reduced regeneration of glutathione,
thus contributing to the generation of oxidative stress
[70,71]. The second enzyme, sorbitol dehydrogenase,
oxidizes sorbitol to fructose with concomitant NADH
production. Increased NADH is used, in turn, by Nox to
produce superoxide [72].

Other sources of oxidative stress in diabetic subjects
include FFAs, which are generally elevated in such patients
[73], LDL oxidation and accumulation of asymmetric
dimethylarginine (ADMA). Excess FFAs enter the citric
acid cycle and generate acetyl–CoA with increased NADH
production. ADMA is an endogenous competitive inhibitor
of endothelial NO synthase and is derived from the
catabolism of ubiquitous proteins containing methylated
arginine residues. One metabolic pathway for ADMA
clearance is by enzymatic degradation. High serum levels
of homocysteine, as it may occur in patients with the
metabolic syndrome, result in direct inhibition of the ADMA-
degrading enzyme, likely due to the attack of homocysteine
on a critical sulfhydryl group of the enzyme [74].



Fig. 2. Mechanisms of hyperglycemia-triggered vascular oxidative stress events. eNOS=endothelial NO synthase; NF-κB=nuclear factor kappa B; PKC=protein
kinase C.
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In addition, hyperglycemia-induced ROS formation
may successively lead to endothelial dysfunction by
decreasing NO and prostacyclin bioavailability and by
increasing the synthesis of vasoconstrictor prostanoids and
endothelin [75]. Hyperglycemia-induced microvascular per-
meability is responsible, in turn, for the expression of
endothelial growth factors, angiogenesis promoters and
neovascularization, finally leading to diabetic microangio-
pathy. The mechanistic role of hyperglycemia-induced
oxidative stress in adventitial inflammation and neovascu-
larization also provides new pathogenic links between
hyperglycemia and atherosclerosis (Fig. 2).

2.3. Endothelial oxidative dysfunction and
blood hypertension

The normal endothelium has anticoagulant and anti-
inflammatory properties and promotes vasodilatation by
releasing NO, prostacyclin and other molecules. In various
chronic diseases, the endothelium becomes dysfunctional
and promotes inflammation and thrombosis. Loss of NO
bioavailability is a key feature of endothelial dysfunction.
Although incomplete knowledge of ROS and oxidants
involved in vascular damage exists, there is no doubt that
oxidative events and vascular injury are causally linked, and
excessive ROS production is actually seen as the major cause
of reduced vascular NO levels. Among acknowledged
mechanisms, the reaction between superoxide and NO to
form peroxynitrite deserves special attention [76].

Oxidative stress has been closely related to atherosclerotic
processes [14,77] and is believed to be an important
secondary consequence of inflammation associated with
the atherosclerotic process and its cardiovascular complica-
tions [78]. Indeed, the inflammatory process is modulated by
the activity of several families of enzymes, including
cyclooxygenases, lipoxygenases, Nox, NO synthases and
peroxidases — all possessing the capacity to produce ROS
and NO species.

The participation of arterial hypertension in the genera-
tion of systemic oxidative stress associated with the
metabolic syndrome is suggested by a number of
observations on the role of insulin resistance and the
sympathoadrenal system [79], NO metabolism changes and
the low circulating levels of vitamin C in patients with
high-grade hypertension [27] and the improvement of
systemic oxidative stress with antihypertensive treatment
[26]. These considerations have an even higher impact
when associated with endothelium activation and dysfunc-
tion as characterized by increased levels of circulating
oxidized LDL, intercellular and vascular adhesion mole-
cules and C-reactive protein [28] and with the evidence that
vascular complications are also associated with oxidative
stress events [80].



Fig. 3. Serum α-tocopherol/total cholesterol ratio and thiobarbituric acid-
reactive substances (TBARs)/total cholesterol ratio in 23 healthy individuals
(open bar) and 41 patients with the metabolic syndrome (filled bar). Data are
reported as mean±S.D. *Pb.001 versus healthy controls.
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In particular, small dense LDL particles are able to filtrate
through the endothelium of blood vessels. Oxidized LDL
activates endothelial cells with the promotion of an immune
response leading to the formation of lipid-laden macro-
phages. Also, in response to inflammatory stimuli, endothe-
lial cells produce adhesion molecules that will further
facilitate macrophage migration from the blood into the
intima, thus generating an endothelial damage. These events
are favored by insulin resistance and obesity [81,82].

Other factors have a role in the modulation of these
pathophysiologic mechanisms. Among them, vitamin E is a
fat-soluble vitamin that is sequestered in the hydrophobic
interior of membranes where it acts as an antioxidant,
quenching lipid peroxidation. Under normal conditions, the
reduced state of LDL is maintained by vitamin E [83], which
also acts by regulating inflammatory reactions and metabolic
pathways, including platelet aggregation [84]. In combina-
tion with tocopherols, vitamin C counters free radicals and
regulates vitamin E metabolism by recycling oxidized
tocopherols. The synergic action of these two vitamins is
also modulated by the intervention of glutathione, which
maintains vitamin C in the reduced form [85]. Both vitamins,
E and C, appear to be important for the prevention of
cardiovascular events. In fact, consumption of vitamin E
has been associated with a lower risk for coronary heart
disease [86] and with reduced LDL oxidation [87]. Also, the
connection between serum concentrations of vitamin E and
lipid peroxidation products in relation to cholesterol level
and abdominal obesity has been recently studied in patients
with the metabolic syndrome (Fig. 3). An inverse relation
between the serum cholesterol-adjusted vitamin E concen-
trations and the grade of hepatic steatosis and a linear relation
between the extent of visceral fat and the lipid peroxide/
cholesterol ratio have been observed [27]. In other studies,
supplementation of vitamin E was able to prevent the onset
of type 2 diabetes [88] and improve NAFLD in obese
children [89].

Concerning the specific role of vitamin C in oxidative
stress-associated arterial hypertension, mounting evidence
suggest the importance of this vitamin in regulating
endothelial function and vasodilation. In fact, vitamin C is
known to improve elastic artery [90] by contrasting
endothelial cell oxidation [91] and by stimulating both
endothelium-dependent and endothelium-independent arter-
ial vasodilation [92]. In addition, vitamin C administration
was able to restore endothelium-dependent vasodilation in
hyperglycemic patients [93].

Relatively new and interesting pathways of oxidative
stress-induced vascular damages include enzymes such as
Nox and homocysteine [94,95]. Membrane-bound Nox are
major sources of ROS in preatherosclerotic conditions and
have been found in human peripheral and coronary arteries
[96,97]. A direct spatial relationship between Nox-generated
ROS and LDL oxidation was demonstrated in carotid
plaques and in lesions associated with unstable angina
[98]. Enhanced expression and activity of Nox enzymes have
also been detected in new accumulated adipose tissue of
obese mice and have been related to impaired antioxidant
defense and adipocytokine dysregulation [15]. By increasing
oxidative stress, activation of Nox in vascular cells has been
reported to be an important mechanism in the pathogenesis
of hypertension and atherosclerosis [99]. Angiotensin II is
one of the most potent stimuli activating vascular Nox. This
property clearly links ROS production with activation of
the renin–angiotensin system in hypertension [100]. As a
consequence, drugs acting on the renin–angiotensin system
reduce Nox activity, thus rendering this enzyme a specific
drug target (Fig. 4).

Disorders of the folate-dependent methionine metabolism
have been described in experimental models and human
conditions associated with a high cardiovascular risk
[101,102]. These metabolic abnormalities result in high
levels of homocysteine, a molecule belonging to the group of
thiols. Differently from glutathione and cysteine, which exert
protective effects against ROS, homocysteine is considered
to be a “bad thiol” because of its association with a variety
of chronic disease conditions [95]. Homocysteine is formed



Fig. 4. Conceptual view of increased ROS generation and consequent oxidative stress as a “second-level” event causing metabolic syndrome-associated
cardiovascular risk factor manifestation. LXR=liver X receptor.
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in the transsulfuration and remethylation pathways that
convert homocysteine to methionine with folate and betaine
intervention. As a consequence of the impairment of the
methionine metabolism, the increased level of circulating
homocysteine has been associated with endothelial dysfunc-
tion, both directly and via NO interaction [103]. Although it
is known that homocysteine can be toxic per se by acting as
an N-methyl-D-aspartate agonist, thus decreasing the avail-
ability of NO and impairing arterial vasodilation capacity
[104], the specific molecular mechanisms of damage
involved are still unclear. Three mechanisms have been
proposed, namely, oxidative stress, endoplasmic reticulum
stress and activation of pro-inflammatory factors [105].
Hyperhomocysteinemia has been associated with oxidative
stress in liver steatosis, a hypothesis favored by recent
observations [106]. Several in vitro studies have also
demonstrated the ability of homocysteine to enhance the
production of ROS and to impair endothelial NO availability
[107]. An additional mechanism that may be involved in
homocysteine-mediated vascular alteration in patients with
the metabolic syndrome is the indirect connection between
high homocysteine levels and low nitrosothiol levels. At this
concern, it is known that circulating nitrosothiols act as free
NO donors for vascular tone modulation [108]. In addition,
by representing a storage form of thiols and glutathione in
particular, extracellular nitrosothiols exert antioxidant func-
tions and favor removal of toxic products [109], contributing
to the role of the extracellular microenvironment in the
regulation of the redox status and function of cell surface
proteins [23]. The above-reported interference of homo-
cysteine with circulating NO availability could explain, at
least in part, the low levels of nitrosothiols and glutathione
found in conditions associated with hyperhomocysteinemia
[27,95]. Therefore, the equilibrium between “good” and
“bad” thiols may determine outcomes in studies of tissue
degeneration and inflammation (i.e., NASH and the meta-
bolic syndrome).
3. Intracellular sensors of oxidative stress and
lipid metabolism and genetic susceptibility to the
metabolic syndrome

Patients with the metabolic syndrome show altered
mitochondrial metabolism, lipid storage and high levels of
circulating FFAs — all favoring the imbalance between
increased free radical release at different levels and reduced
antioxidant defense and pointing attention to the regulation
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of cellular function in patients with the metabolic syndrome.
This view has stimulated the quest for molecular integration
between lipid and glucose metabolism.

Nuclear receptors are transcription factors that regulate
the gene expression of some proteins involved in different
cell processes. These receptors are activated by several
specific ligands that must be lipophilic to cross the cellular
membranes. Nuclear receptors actually represent the meeting
point between the regulation of genetic transcription and
cell physiology, including acquisition, storage and disposal
of dietary nutrients. Some of the nuclear receptors act as
sensors for dietary lipids and answer to the intracellular lipid
levels, causing the transcription of specific genes codifying
for proteins and protecting the cells from the increased
lipid concentration itself. The discovery of these proteins is
important in explaining the intracellular feedback mechan-
isms for cholesterol and fatty acid homeostasis. Members of
this protein family are also fatty acid receptors [peroxisome
proliferator-activated receptor (PPAR)], oxysterol receptors
(liver X receptor), xenobiotic receptors (steroid–xenobiotic
receptor) and bile salt receptors (farnesoid X receptor)
[110,111]. In particular, the PPAR family includes three
members that are conserved for 60–80% of their DNA- and
ligand-binding domains and are activated mainly by FFAs
and eicosanoids. Lipid-sensing nuclear receptors dispose of a
fast track to rearrange cell dynamics upon metabolic needs,
thus allowing accurate feedforward or feedback responses.
The genetic regulation cascades controlled by nuclear
receptors appear to be essential in studying the effect of
different diet regimens in animal models; complete under-
standing of their physiology may contribute to disclosing the
complexity of the metabolic syndrome. In fact, metabolic
syndrome patients may express different features of the
disease according to the variability of some altered
homeostatic mechanisms.

Family studies and interethnic variations in susceptibility
suggest that genetic factors are important in determining
disease risk appearance in patients with the metabolic
syndrome. With respect to the associated condition of
NAFLD, genetic risk factors for advanced forms include
factors influencing the severity of oxidative stress events.
Evidence for genetic susceptibility to NAFLD is suggested
by recent reports of family clustering. Struben et al. [112]
reported the coexistence of NASH in kindreds studied, while
Willner et al. [113] found that 18% of NASH patients had an
affected first-degree relative. Preliminary data suggest that
polymorphisms in the genes encoding microsomal triglycer-
ide transfer protein (MTP), antioxidant enzyme superoxide
dismutase 2, TNF-α and angiotensinogen may be associated
with oxidative stress-mediated injury and appearance of
NASH [114]. Polymorphisms in genes involved in the
synthesis, storage and export of hepatic triglyceride will
clearly influence the magnitude of steatosis; however, thus
far, the only gene studied in this respect is the gene encoding
MTP. Evidence that patients with NAFLD homozygous for a
low-activity promoter polymorphism in the MTP gene have
a higher grade of steatosis as compared with heterozygous
patients has recently been presented [115]. Clearly, studies of
polymorphisms of other genes encoding proteins involved in
hepatic lipid metabolism, as susceptibility factors for
oxidative stress and progressive NAFLD, are needed.

The principal class of genes that influence oxidative stress
in patients with obesity, insulin resistance and the metabolic
syndrome is that of genes encoding proteins involved in fatty
acid oxidation. There exists a connection between fatty acid
metabolism and oxidative stress. In fact, while appropriate
fat oxidation is required to prevent fat accumulation,
excessive fatty acid oxidation leads to oxidative stress
[116]. With respect to peroxisomal and microsomal fat
oxidation, as both are capable of generating ROS, it might be
predicted that “gain-of-function” polymorphisms in genes
encoding proteins involved in these processes would
predispose to NASH. However, these pathways play a role
in limiting mitochondrial overload by excessive FFA
supply, and it may therefore be the case that “loss-of-
function” polymorphisms affecting these pathways would
predispose to NASH. An intriguing hypothesis also emerges
from preliminary observations reporting that a mutation
(PPARA*3) in the gene encoding PPARα is associated with
NASH [117]. PPARα regulates the transcription of a
variety of genes encoding enzymes involved in mitochon-
drial oxidation, peroxisomal β-oxidation and microsomal
ω-oxidation of fatty acids [118,119]. Studies of PPARα
knockout mice [120] and the fact that adiponectin activates
PPARα and protects against steatosis [121] suggest that any
PPARA mutation associated with NASH and metabolic
syndrome should be associated with either loss of function or
reduced gene expression. Moreover, in experimental models
of obesity, polyunsaturated fatty acids reduce steatosis and
improve insulin sensitivity by down-regulation of sterol
regulatory elements and activation of PPARα [122].

As in other chronic conditions, other genes may influence
the magnitude and effect of oxidative stress in NAFLD and
metabolic syndrome by activating biochemical pathways
leading to lipid and protein oxidation (e.g., the Fenton
reaction, which leads to protein carbonyl formation by
hydroxyl radical release after conversion of Fe2+ to Fe3+ or
vice versa in the presence of hydrogen peroxide). These
include the HFE gene and the gene encoding superoxide
dismutase 2. With respect to HFE, an Australian study
showed that 31% of NASH patients possessed at least one
copy of the C282Y HFE mutation, as compared with only
13% of controls [123]. However, an Italian study of NAFLD
patients denied these results [124].
4. Nutritional approach to modulate oxidative stress

The idea that life extension may be obtained by delaying
pathophysiologic processes associated with aging has
extended this research to conditions characterized by high
risk for cardiovascular events and atherosclerosis, including
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the metabolic syndrome. Many studies have evaluated the
associations between nutrients and chronic diseases, and a
consensus about the importance of nutritional factors in the
etiology of these conditions has definitively emerged [125].
As a consequence, targeting individual subjects with tailored
nutritional programs is one major clinical objective today.
This approach is based on the different individual expres-
sions of metabolic features and on knowledge of the effect of
single nutrients as emerged from studies of nutrigenomics.
This is a body of science that studies how nutrients alter the
expression of an individual's genetic information and why
individuals differ in metabolism of food at molecular levels
[126]. Common variations in gene sequences may produce
differences in complex traits such as weight potential, food
metabolism, food–gene interactions and disease susceptibil-
ities. Therefore, identifying genes that are regulated by diet
and that cause or contribute to chronic diseases could result
in the development of diagnostic tools, individualized
interventions and, eventually, health-maintaining strategies
[127]. More recently, metabolite network experiments
(metabolomics) aim to quantify all metabolites in a cellular
system under defined states and at different time points so
that the dynamics of any genetic perturbation can be
accurately assessed [128].

Many observational and experimental studies have
considered that caloric restriction may be associated with
life prolongation [129] possibly through an improvement of
the cell redox balance [130]. Also, increased generation of
mitochondrial ROS and oxidative damages seem to be
differently induced by nutritional perturbation and state
[131]. In animal experiments, hypocaloric diet and anti-
oxidant supplementation were associated with improvement
of some tissue functions and redox states that, conversely,
were oxidatively depressed in aged control animals
[132,133]. A key event associated with diet restriction is
the activation of a class of genes belonging to the Sirt
family, which is involved in cell maturation and apoptotic
processes [134]. Recently, Howitz et al. [135] showed that
resveratrol, an antioxidant poliphenol of red wine, was able
to activate these genes by mimicking the effect of diet
restriction. Successively, Baur et al. [136] showed that high-
dose resveratrol was able to contrast the development of
cardiovascular diseases and diabetes in mice that underwent
a hyperlipidic diet, suggesting a role for oxidative stress in
systemic inflammation and damages in conditions simulat-
ing the metabolic syndrome.

On the other hand, nutrients appear to play different roles
in the expression of metabolic diseases. In fact, consumption
of refined sugar, especially fructose in soft drinks, has been
suspected to be a key factor in the development of insulin
resistance and metabolic syndrome [137], and the increased
intake of saturated fats is undoubtedly associated with the
worldwide diffusion of obesity [138]. In addition, a diet
rich in saturated fatty acids and sugar increases blood
cholesterol, triglycerides and the risk for coronary disease. It
is consequent that lower intake of fatty acids and refined
carbohydrates would be the best choice. It is also known that
the risk for coronary disease is lower in the Mediterranean
area, where the consumption of lipids is mostly of vegetal
origin and at a low saturated fatty acid content [139,140].
The Mediterranean diet contains a high rate of olive oil, fish,
vegetable and low consumption of alcohol, thus spreading a
wide antioxidant capacity. The Mediterranean diet has also
been associated with a reduced incidence of blood hyper-
tension, suggesting that a diet regimen well balanced in
carbohydrates and fats could be indicated to correct
metabolic abnormalities in metabolic syndrome patients.
In a recent controlled crossover trial [141], lower plasma
oxidized LDL and lipid peroxide levels and higher gluta-
thione peroxidase activity were observed after an olive oil
intervention, suggesting that consumption of olive oil, rich in
phenolic antioxidant compounds, could provide beneficial
effects in patients with cardiovascular risk factors. In this
respect, it is also known that dietary fats can accomplish
regulation of hepatic lipid metabolism through modification
of gene transcription [142]. This is achieved by long-chain
polyunsaturated fatty acids that are able to direct (a) fatty
acids away from triglyceride storage by enhancing their
oxidation and (b) glucose away from fatty acid synthesis by
increasing its flux to glycogen [45,143].

Increased consumption of fruits and vegetables has
also been shown to be associated with a reduced risk for
stroke in most epidemiological studies [144]. In a recent
meta-analysis of prospective cohort studies, He et al. [145]
demonstrated that intake of fruits and vegetables higher than
the average of three servings per day was associated with a
lower risk for stroke, thus providing strong support for the
use of antioxidant vitamin-rich food in the diet of patients
with cardiovascular risk factors. However, experimental and
human studies of the addition of antioxidants to diets and
other treatments in patients with NASH and metabolic
syndrome yielded controversial results. In particular,
although a vitamin E-deficient diet elevated the lipid
peroxidation levels in the rat liver, both ubiquinol and
glutathione seem to protect mitochondria from lipid
peroxidation more than vitamin E [146]. In humans, whereas
addition of vitamin E to ursodeoxycholate in the treatment of
NASH patients improved laboratory test and hepatic
histology findings in a small number of metabolic syndrome
patients [147], a combined vitamin E and vitamin C
treatment did not improve necro-inflammatory activity or
alanine aminotransferase and was not superior to weight loss
in reducing biochemical indexes in two different studies of
NASH patients [148,149].

Another natural food compound with protective proper-
ties is betaine. Betaine is distributed widely in plants (wheat
germ, bran and spinach), and rich dietary sources include
seafood, especially marine invertebrates. The principal
physiologic role of betaine is the methyl donor (transmethy-
lation) in the methionine cycle. Inadequate dietary intake of
betaine leads to disturbed hepatic methionine metabolism
resulting in elevated plasma homocysteine concentrations
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and to inadequate hepatic fat metabolism leading to steatosis
and subsequent increased serum lipid levels. These meta-
bolic alterations may contribute to coronary, cerebral, hepatic
and vascular diseases. Betaine has been shown to protect
internal organs, improve vascular risk factors and enhance
performance [150].

Finally, natural elements appear to have a role in the
regulation of serum glycemia and associated metabolic
dysfunctions. In particular, some observations have sug-
gested that excess intake of refined carbohydrates is
associated with decreased levels of serum chromium [151]
and that this element has potential benefits on hyperglycemia,
diabetes and elevated serum lipids [152,153]. It has been
suggested that chromium explicates its action by improving
some insulin effects, including the glucose transport within
mitochondria, and improving the energetic demand.
5. Conclusions and perspectives

The metabolic syndrome is common, and the associated
risk burdens of diabetes and cardiovascular disease are a
major public health problem. The hypothesis that the main
constituent parameters of the metabolic syndrome share
common pathophysiologic mechanisms of damage provides
a new conceptual framework for future research, although
clinical trials will be necessary to confirm that the results
from animal studies are applicable to humans.

Beyond the well-documented beneficial effects of
exercise and body weight reduction in the prevention of
insulin resistance and in the amelioration of diseases
associated with the metabolic syndrome [154,155], the
paradigm discussed in this review suggests that interrupting
intracellular and extracellular ROS overproduction would
contribute to normalizing the activation of metabolic path-
ways leading to the onset of diabetes and its complications
and contrast the appearance of endothelial dysfunction
leading to cardiovascular complications. This view supports
the hypothesis that oxidative stress, mechanistically explain-
ing the perpetuation of insulin resistance, the altered energy
production and the endothelial dysfunction, may contribute
to the appearance of cardiovascular complications in patients
with the metabolic syndrome.

On the other hand, therapeutically, it might be difficult to
contrast the development of cardiovascular complications by
using conventional antioxidants as these ROS scavengers
used in a stoichiometric manner have failed in reaching
therapeutic goals [156]. The most interesting point concerns
the genetic determinants of susceptibility to oxidative stress-
induced appearance of risk factors for cardiovascular
complications. Their role in this condition is supported by
familial clustering, and this would stimulate prospective
studies dealing with the changes in oxidative parameters and
appearance of metabolic abnormalities in family clusters. It
is clear that future studies examining susceptibility to the
metabolic syndrome need to be considerably larger than
those performed thus far if we are to come up with nutritional
and genetic associations that are robust enough to guide
targeted treatment and prevention strategies. These studies
are critically dependent on the collection of large numbers of
well-phenotyped cases and controls. In the future, the choice
of candidate genes is likely to be further extended by genome
and proteome expression studies of tissue from patients with
various disease features, whole-genome single nucleotide
polymorphism scans of cases and controls and, of course,
mouse mutagenesis studies.

It is also time for large-scale multicenter studies to address
important unanswered questions in the metabolic syndrome,
as clearly underscored in this discussion. For example, future
research should help further define the potential role of
antioxidant supplementation to diet and exercise. Indeed, for
many years, interest has focused on strategies that enhance
removal of ROS using either antioxidants or drugs that
enhance endogenous antioxidant defense [157,158].
Although those strategies have been effective in laboratory
experiments, several trials have shown that they do not reduce
cardiovascular events and in some cases have actually
worsened the outcome [159]. An intriguing alternative
approach to reduce oxidative stress is inhibiting ROS
production by blocking enzymes involved in its synthesis.
This hypothesis opens testing novel molecules that could
interfere with the production of free radicals and may result in
reversing, or even retarding, diseases caused by oxidative and
inflammatory processes, such as the metabolic syndrome.
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