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ABSTRACT: The prevalence of the metabolic syndrome, a cluster of cardiovascular risk factors associated
with obesity and insulin resistance, is dramatically increasing in Western and developing countries. This
disorder consists of a cluster of metabolic conditions, such as hypertriglyceridemia, hyper-low-density
lipoproteins, hypo-high-density lipoproteins, insulin resistance, abnormal glucose tolerance and
hypertension, that-in combination with genetic susceptibility and abdominal obesity-are risk factors for
type 2 diabetes, vascular inflammation, atherosclerosis, and renal, liver and heart diseases. One of the
defects in metabolic syndrome and its associated diseases is excess of reactive oxygen species. Reactive
oxygen species generated by mitochondria, or from other sites within or outside the cell, cause damage to
mitochondrial components and initiate degradative processes. Such toxic reactions contribute significantly
to the aging process. In this article we review current understandings of oxidative stress in metabolic

syndrome related disease and its possible contribution to accelerated senescence.

Key words: metabolic syndrome, aging, accelerated senescence, oxidative stress

Metabolic syndrome

Looking back upon the time when the humankind had to
spent tremendous trouble to gather food for survival, there
is no doubt that the industrialization has succeeded at
making many choices of calorie-rich food easily available
with little physical efforts. However, this over-
alimentation has led to an opposite pattern of diseases and
medical problems by introducing a worldwide outbreak of
over nutrition related diseases such as obesity, type 2
diabetes (T2D), and cardiovascular diseases (CVDs) [1-
7]. While this feature of social economic environment
overnutrition will continue to exist, the health
consequences are substantial and can afflict the
fundamental welfare of modern human species [8-12].
From the physiological perspective, these health problems
are often preceded by a cluster of pathophysiological
abnormalities including obesity, insulin resistance,
impaired glucose tolerance, dyslipidemia and high blood

pressure, which are interconnected and called metabolic
syndrome [13-20].

The metabolic syndrome is characterized by a group of
metabolic risk factors in the same person. The first unified
agreement about the definition of the Metabolic
Syndrome was drawn up during a meeting organized by
the International Diabetes Federation (IDF) in 2005. As
stated in this the major contributing factor is obesity
measured by waist circumference and Body Mass Index
(BMI). In addition to central obesity, the other factors that
have to be considered for diagnoses of metabolic
syndrome involve to estimation of triglycerides, reduced
high-density lipoprotein (HDL) cholesterol, blood
pressure, or fasting plasma glucose of human [21]. The
pathophysiology is very complex and not yet clear.
Majority of patients are obese, older, sedentary, and have
insulin resistance. The determining factors in order are
weight, genetics, aging and lifestyle and excess caloric
intake [22]. However, despite the importance of obesity,
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sometimes patients who are normal weight may be
insulin-resistant and have the syndrome [23].

According to the most used definition, the revised
Adult Treatment Panel-IIl (ATP-III), the metabolic
syndrome is diagnosed when at least three of five of the
following alterations are present: visceral obesity (waist
circumference > 102 c¢cm in men or > 88 cm in women);
raised arterial blood pressure (> 13085 mm Hg);
dysglycemia (fasting plasma glucose >100 mg dL); raised
triglyceride concentrations (> 150 mg dL); low HDL
cholesterol (< 40 mg dL in men or < 50 mg dL in women)
[24]. Even if it is not clear if a diagnosis of metabolic
syndrome could help in clinical practice [25], it is
recognized that this syndrome represents an important
pathophysiological combination to study metabolism in
humans and in animal models. The presence of metabolic
syndrome leads to an increased risk of type 2 diabetes and
cardiovascular disease, in the form of coronary or
peripheral atherosclerosis and heart failure. Moreover,
metabolic syndrome is associated with some other
systemic complications that affect different organs and
systems, such as fatty liver disease, respiratory disease,
osteoarticular disease, and cancer. Subsequently,
metabolic syndrome patients have increased all-cause
mortality and a shortened lifespan compared with the
general population [26; 27]. Thus, it is consecutively
recognized that metabolic syndrome is associated with
early aging [28], which is of predominant importance
considering the worldwide growing epidemic of
metabolic syndrome [29]. With this background, the
description of biochemical mechanisms linking metabolic
syndrome alterations to lifespan is very interesting.

Aging and oxidative stress

Aging is considered as a biological process characterized
by a progressive deterioration in physiological functions
and metabolic processes that drive to morbidity and
mortality. In agreement with the free radical theory of
aging, reactive oxygen species (ROS), generated as by-
products of biological oxidations, induce casual and
cumulative oxidative damage to macromolecules
inducing to cellular dysfunction with age and eventually
cell death [30]. Mitochondria seem to be closely involved
in the aging process because these organelles are
considered the main intracellular source of superoxide
anion (02.-), as well as the major target of free radical
attack. ROS produced by the mitochondrial respiratory
chain damage mitochondrial constituents, including
proteins, lipids, and mitochondrial DNA (mtDNA) [31-
33]. Progressive accumulation of oxidant-induced
somatic mutations in mtDNA during an individual's
lifetime leads to a deterioration in the bioenergetic

function of mitochondria and contributes to the aging
process.

Low levels of ROS are generated during
mitochondrial respiration under physiological conditions.
Progressive oxidative damage to mtDNA with age may
induce to DNA strand breaks and to the phenomenon of
somatic mtDNA mutations [34-35] . Accumulation of
these mtDNA alterations may lead to impairment of the
respiratory chain complexes, leading to a vicious cycle
with an increase in mitochondrial ROS production and a
subsequent accumulation of more mitochondrial DNA
mutations. This chain reaction has been proposed to be
involved in the increased oxidative damage during aging
that induces to the progressive decline in cellular and
tissue function as a result of insufficient supply of energy
and/or increased susceptibility to apoptosis [36-38]. Age-
related increase in oxidative damage to DNA, lipids, and
proteins has been well documented [39-40], as well as
evidence supporting increased mtDNA deletions and
mitochondrial dysfunction with aging [41-46].

Oxidative Stress and Metabolic syndrome

In the last years the potential role of oxidative stress in
metabolic syndrome is rapidly evolving. 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 [47]. In fact, oxidative stress
plays an important role in the pathogenesis of vascular
alterations by either triggering or exacerbating the
biochemical processes accompanying the metabolic
syndrome [48]. 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) [49-52].

Oxidative stress is a well-recognized mechanism
playing important roles in many pathological
conditions [53], and several human diseases have been
closely related to oxidative stress [54]. A number of cell
functions appear to be regulated by free radical molecules,
which may also act as intracellular and intercellular
signals [55-56]. Also, the protein redox state is implicated
in the regulation of several cellular activities, including
cell differentiation and activation of specific metabolic
pathways [57-58].

Oxidative stress has been associated with all the
individual components and with the onset of
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cardiovascular complications in subjects with the
metabolic  syndrome [48-49-59-60]. In a recent
study [61], 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 [62-63].

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 observations. 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 [64].

Oxidative Stress and Insulin Resistance

High concentrations of H>O: promote insulin signaling
and induce typical metabolic actions of insulin. This result
could be considered as the first documentation on the link
between ROS and insulin [65]. In particular, H>O> uses the
same pathway of insulin and causes downstream
propagation of the signal producing typical metabolic
actions of insulin. H,O» induces an increase in glucose
uptake by adipocytes and muscles [66], and also
stimulates GLUT4 translocation and lipid synthesis in
adipocytes [67].

Insulin receptor substrate (IRS) proteins are effectors
for tyrosine kinase activity of the insulin receptor (IR)
upon insulin binding. These proteins are involved in a
critical step of insulin signalling. In normal physiological
state, insulin signalling molecules are distributed between
the cytosol and internal membrane pools. Whereas, after
insulin stimulation, tyrosine residues on IR and IRS are
phosphorylated through activated insulin receptor kinase.
This leads to the enrolment of PI 3-kinase in the plasma

membrane and in internal membrane pools. Subsequently,
the activation of small GTPase Rac induces cytoskeletal
reorganization that propagates the insulin signals. Finally,
this induces to typical metabolic effects of insulin such as
increased glucose uptake. In conditions of increased
oxidative stress, stress-responsive signalling cascades are
activated, such as the MAP kinase cascades. This induces
to increase Ser/Thr phosphorylation of IRS molecules.
Modified IRS molecules are released from internal
membrane pools and are subjected to increased protein
degradation. In these conditions, insulin fails to gain
normal metabolic effects. This happens because IRS
molecules are decreased in content and cannot be
normally tyrosine phosphorylated when
hyperphosphorylated on certain Ser/Thr residues [68]. It
is important to note that, receptor substrates are able to
directly modify the expression of glucose/metabolic genes

such as GLUT4 [69] and adiponectin [70].

In animal models of obese mice, an increased
H>0, generation by adipose tissue could be observed prior
to diabetes onset [71]. This event came with decreased
mRNA levels of SOD, -catalase, and glutathione
peroxidase. Developing diabetes in these mice increased
these alterations, which remained unobservable in other
tissues. Obesity and the related insulin resistance are
frequently related with increased accumulation of lipids
(triglycerides) in the liver. Increased numbers of lipid
peroxidation markers have been observed in the liver, in
animal models of diabetes and obesity. Oxidation-induced
disruption of cellular redistributed signalling molecules in
response to insulin stimulation was associated with
impaired insulin action. An animal model of oxidative
stress provided support for this notion. In this in vivo
model, oxidative stress was induced in rats using an
inhibitor of glutathione biosynthesis enzyme. The
reduction in tissue levels of glutathione, a cellular
antioxidant, increased markers of oxidative stress and
impaired glucose homeostasis [72].

Some studies in humans have evidenced the pivotal role
of oxidative stress in insulin resistance states such as
metabolic syndrome, obesity, and type 2 diabetes [73-76].

The drop of the antioxidant capacity, enhanced
production of ROS with oxidation products of lipids,
DNA, and proteins have been reported in plasma, urine,
and various tissues, suggesting systemic and organ-
specific oxidative stress. Recent evidence for systemic
oxidative stress includes the discovery of high circulating
and urinary levels of the lipid peroxidation product F2-
isoprostane (8-epi-prostaglandin F2a) in both type 1 and
type 2 diabetes and in obese patients [77, 78]. Moreover,
this marker is related to blood glucose levels and glucose
variability [79] and responded to antidiabetic therapy
[77]. In particular, Pitocco et al showed the role of
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oxidative stress in the early phases of type 1 diabetes, with
an impaired balance between NO, serum uric acid (a
potent antioxidant), and asymmetric-dimethyl-L-arginine
(ADMA) [80]. Furthermore ROS are able to directly
modify the expression of adiponectin that, secreted from
adipocytes, is inversely correlated with fat mass in obesity
and with its associated cardiovascular risk. Notably,
plasma and urinary lipid peroxidation markers, indicative
of systemic oxidative stress, have been correlated with
lower circulating adiponectin levels [81].

Oxidative Stress and Visceral Obesity

Obesity is closely associated with metabolic syndrome.
Adipose tissue is now recognized as metabolically active,
playing a role in the regulation of energy homeostasis and
has significant pathological effects that result in many
obesity-related diseases. The role of white adipose tissue
in mediating systemic inflammation is an area of active
investigation in both cardiac disease and diabetes.
Adipose tissue is infiltrated by bone-marrow derived
macrophages that secrete adipokines and cytokines in the
systemic circulation resulting in a chronic inflammatory
state [82, 83].

In cross-sectional studies, obese subjects have higher
levels of oxidative stress biomarkers compared with their
leaner counterparts [84]. Also, weight gain significantly
increases the concentration of these biomarkers [85].
There are multiple sources for oxidative stress in relation
to obesity. Some of them are inherently related to
increased adiposity and fat distribution, whereas others
are the result of comorbidities or behavioral changes
associated with being obese. Increased adipose tissue and,
in particular, visceral adiposity are significantly
correlated with systemic levels of oxidative stress
biomarkers [86, 87, 88].

Adipose tissue-mediated systemic oxidative stress
and systemic inflammation may be secondary to increased
leptin-to-adiponectin ratio and increased levels of other
adipokines, such as tumor necrosis factor and
plasminogen activator inhibitor-1 [89]. Obesity is
associated with several comorbidities, including
hypertension, insulin  resistance, diabetes, and
hyperlipidemia; each of these comorbidities alone can
increase the oxidative stress burden. However, more often
than not, these comorbidities occur simultaneously, as is
the case of the metabolic syndrome that is characterized
by insulin resistance, hypertension, and hyperlipidemia
and is commonly present in adults in the US [90].
Compared with obese subjects without metabolic
syndrome, those with metabolic syndrome have a greater
degree of oxidative stress [84, 91].

Maintaining a healthy life style by eating a balanced diet
rich in antioxidants and being physically active is
associated with reduced oxidative stress. Unfortunately,
this protection is less effective among obese subjects, who
are more sedentary, having reduced intake of dietary
antioxidants and lower serum vitamin levels [92].

Over time, chronic oxidative stress in obesity has a
cumulative effect that favors the development of end-
organ damage. This phenomenon has been mostly studied
in the cardiovascular system and the liver in which
chronic oxidative stress plays a critical role for the
development of atherosclerosis and nonalcoholic hepatic
steatosis [91, 93, 94, 95].

Oxidative Stress and hypertension

Oxidative stress, with an imbalance between ROS and
antioxidant defense mechanisms, contributes to the
etiology of hypertension in animals [92] and humans [93-
98]. ROS are generated by multiple cellular sources,
including NADPH oxidase, mitochondria, xanthine
oxidase, uncoupled endothelium-derived nitric oxide
synthase (eNOS), cyclo-oxygenase, and lipo-oxygenase
[99]. Superoxide anion is produced by stimulation of the
angiotensin II/angiotensin II type I receptor (AT1R) and
NADPH oxidase by Angiotensin II. Superoxide anion is
the predominant ROS species produced by these tissues,
neutralizes nitric oxide (NO), and leads to downstream
production of other ROS such as hydrogen peroxide,
hydroxyl radicals, and peri-oxynitrite. Hypertensive
patients have impaired endogenous and exogenous anti-
oxidant defense mechanisms [95], increased plasma
oxidative stress, and an exaggerated oxidative stress
response to various stimuli [95-96]. Hypertensive patients
also have lower plasma ferric-reducing ability of plasma
(FRAP), lower vitamin C levels, and increased plasma 8-
isoprostanes, which correlate with both systolic and
diastolic blood pressure (BP). Various single-nucleotide
polymorphisms (SNPs) in genes that codify for
antioxidant enzymes are directly related to hypertension
[97], including NADPH oxidase, xanthine oxidase,
superoxide dismutase (SOD 3), catalase, glutathione
peroxidase (GPx 1), and thioredoxin. ROS directly
damage endothelial cells and degrade NO [93-96,
100]. Various neurohormonal systems including the
renin-angiotensin-aldosterone system and sympathetic
nervous system also contribute to oxidative stress,
inflammation, and vascular immune dysfunctions. The
increased  oxidative  stress, inflammation, and
autoimmune vascular dysfunction in human hypertension
results from a combination of increased generation of
ROS, an exacerbated response to ROS, and decreased
antioxidant reserve [95-98, 101, 102]. There are also
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direct interactions of the central nervous system,
inflammation, and BP. Increased oxidative stress in the
rostral  ventrolateral medulla (RVLM) enhances
glutamatergic  excitatory inputs and attenuates
GABAergic inhibitory inputs to the RVLM, which
contributes to increased sympathetic nervous system
(SNS) activity from the paraventricular nucleus
[103]. Activation of the ATIR in the RVLM increases
NADPH oxidase and increases oxidative stress and
superoxide anion, increases SNS outflow causing an
imbalance of SNS/ periferic nervous system (PNS)
activity with elevation of BP, and increases heart rate,
alterations in heart rate variability, and heart rate recovery
time, which can be blocked by AT1R blockers [103, 104,
105].

Oxidative Stress and dysglicemia

Dysglycemia has two components: chronic sustained
hyperglycemia  (including fasting and chronic
postprandial hyperglycemia) and acute glycemic
fluctuations from peaks to nadirs. Both components lead
to diabetic complications through two main mechanisms:
excessive protein glycation and activation of oxidative
stress. These two mechanisms were unified in an elegant
theory that suggested that the glycemic disorders
observed in diabetic patients result in an activation of
oxidative stress with an overproduction of superoxide by
the mitochondrial electron-transfer chain. This activation
in turn produces a cascade of such deleterious metabolic
events as enhanced polyol activity, increased formation of
advanced glycation end-products, activation of protein
kinase C and nuclear factor kB, and increased hexosamine
pathway flux [106]. It is now well established that
hyperglycemia both at fasting and during postprandial
periods results in exaggerated and accelerated glycation.
For instance, all the studies conducted in type 1 and type
2 diabetes have clearly shown a strong positive
relationship between HbAlc levels and plasma glucose
levels at fasting and over postprandial periods [107, 108],
the strongest correlation being observed between HbAlc
and mean plasma glucose levels [109]. The latter
relationship was considered sufficiently demonstrative to
serve as a reference in the recent Standards of Medical
Care in Diabetes that are published every year by the
American Diabetes Association [110]. To day, glycated
hemoglobin (HbAlc) is unanimously recognized as a
reliable marker for the overall glucose exposure and its
direct consequence, an excessive rate of glycation [111,
112]. The simplicity of this concept masks more complex
phenomena because HbAlc is an integrator of both
fasting and postprandial glycemic disorders. As a
consequence, it is not surprising that either fasting or

postprandial hyperglycemia were identified separately or
concomitantly as major risk factors for diabetic
complications. Furthermore, even though we consider
only glycemia alterations, fasting and postprandial
hyperglycemia may be not the only components of
diabetic complications. Another risk factor is probably the
glucose variability within a day, especially the acute
glucose fluctuations.

Several markers have been used to assess oxidative
stress and the antioxidant status in patients with diabetes.
The short plasma half-life of these markers is one of the
limiting factors for the assessment of oxidative stress in
plasma samples. Thus, when available, urinary
determinations provide a more reliable estimation of the
activation of oxidative stress than plasma measurements
[113, 114]. Accordingly, the determination of such
specific isoprostane isomers as the 8-iso-PGF2a in urine
has been proposed. Isoprostanes are collectively formed
from free radical-mediated oxidation of arachidonic acid
[115]. As this fatty acid is ubiquitously distributed in cell
membranes, measurements of urinary isoprostanes most
likely provide an excellent reflection of the activation of
oxidative stress in the whole body. In different studies that
have been conducted in diabetes, plasma and urinary
metabolites have been alternatively or simultaneously
used as oxidative stress markers. As free radical
production has been reported to be increased in patients
with diabetes mellitus, it has been suggested that
hyperglycemia may directly contribute to the generation
of oxidative stress. There is cogent evidence from several
studies that hyperglycemia is associated with an increased
formation and urinary excretion rate of 8-iso-PGF2a
[116]. The urinary excretion rate of 8-iso-PGF2a was
found to be significantly increased in type 2 diabetic
patients as compared with age-matched healthy subjects.
Furthermore, significant correlations were observed
between blood glucose and wurinary 8-iso-PGF2a
suggesting that the activation of oxidative stress may be,
at least in part, related to the determinants of diabetic
control. These results has been recently confirmed by a
study that showing the mean urinary excretion rates of 8-
1s0-PGF2a were significantly higher (p<0.01) in patients
with type 2 diabetes (mean+SD=482+206 pg/mg of
creatinine) than in nondiabetic healthy subjects (275485
pg/mg of creatinine) [117]. Improved metabolic control
has been shown to be associated with a significant
reduction in urinary excretion rates of both 8-iso-PGF2a
and 11-dehydrothromboxane (TXM) by 32 and 48%,
respectively, in 21 patients with type 2 diabetes. Vitamin
E supplementation led to complete normalization of 8-iso-
PGF2a excretion rates [77]. Moreover, changes in 8-iso-
PGF2a excretion were accompanied by similar reduction
in TXM excretion, consistent with a cause-and-effect
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relation between enhanced lipid peroxidation and
persistent platelet activation. Increase of plasma 8-iso-
PGF2a is an early event in the evolution of type 2 diabetes
and could precede the development of endothelial
dysfunction [118].

Oxidative Stress and Dyslipidemia

Atherogenic dyslipidemia is an important component of
the cluster of abnormalities characteristic of the metabolic
syndrome. There are three major components of
dyslipidemia that occur in metabolic syndrome: an
increase in triglyceride-rich lipoproteins (TRLs) both
fasting and postprandial, a reduction in high-density
lipoprotein (HDL) and elevated small, dense low density
lipoproteins (LDL) particles. Because the metabolism of
all lipoproteins is highly interrelated, it is believable that
a common fundamental metabolic defect explicates all of
the lipoprotein changes in the dyslipidemia related to
insulin resistance. It is indeed rare that they are found
separately in insulin resistant individuals [119].

During the postprandial state, dietary fatty acids are
transfered from the intestine to peripheral tissues as
chylomicron triglycerides. In blood of the peripheral
tissues, chylomicron triglycerides are lipolyzed by
lipoprotein lipase (LPL), conceding the delivery of non-
esterified fatty acids to cells and resulting in production of
smaller, cholesteryl ester-enriched chylomicron remnants.
These particles are fast removed.

Some studies have examined the relation between
postprandial lipemia and insulin resistance, plasma
glucose, and insulin response to a dinner in healthy
nondiabetic subjects [120]. Postprandial triglyceride
levels, as an indirect measurement of chylomicron
remnant particles, were found to be significantly related
to insulin action. A significant relation of triglyceride
levels to postheparin plasma LPL activity was also
demonstrated. Because LPL is an insulin-sensitive
enzyme, which is suppressed in insulin resistant
individuals, its deficiency might contribute to the
abnormal levels of remnant particles in insulin resistance
[119].

A correlation between elevated LDL and low HDL
and oxidative stress in animal models is well established.
LDL receptor-deficient mice fed a cholesterol-enriched
diet developed elevated LDL levels and consequently
oxidative stress [121]. These observations extend to
human studies. High plasma oxidative stress markers
positively correlated with elevated plasma triglycerides
and inversely correlated with low HDL [122] in a group
of metabolic syndrome patients with end-stage renal
disease, after all other factors (presence of obesity,
hypertension, and/or type Il diabetes) were adjusted for.

Lipid peroxidation, as an index of oxidative stress,
correlated with low HDL levels, irrespective of age,
gender, and presence of the other metabolic syndrome
components [123]. It is also now accepted that the
numerous positive effects of some statins in the
cardiovascular system are independent of their lipid-
lowering effect and a consequence of a direct decrease in
oxidative stress. For example, short-term pravastatin
treatment reduced myocardial infarct (MI) size in
hypercholesterolemic rabbits through reduction in
peroxynitrate and nitrotyrosine formation [124]. Similar
results, with regards to the atherogenic index, were
achieved with rosuvastatin, which lowered oxidative
stress by elevating the expression of antioxidant enzymes
(SOD, catalase, glutathione, glutathione peroxidase),
LDL, triglycerides, and C-reactive protein (CRP) and
elevated HDL [125, 126].

Aging and methabolic syndrome

Metabolic syndrome is a major health challenge of the
twenty-first century, threatening to reverse historic trends
towards ever increasing life- and healthspans in the
developed world. We are on the cusp of a molecular
understanding of ageing itself, and how it is regulated by
diet. Aging is defined as a series of morphological and
functional changes which take place over time. The term
also refers to the deterioration of the biological functions
after an organism has attained its maximum reproductive
potential. We do not know yet whether organisms start to
grow old from the moment of conception or from
maturity, or if aging constitutes a process of evolution or
involution [127]. Stress response genes and nutrient
sensors regulate energy directed to cell protection,
maintenance and longevity; when food is plentiful and
stress levels are low, genes support growth and
reproduction, in contrast harsh conditions favor a shift in
gene activity towards cell protection and maintenance
extending lifespan. Important genes in extending lifespan
include kinase mammalian target of rapamycin (mTOR),
AMP-activated protein kinase (AMPK), sirtuins and
insulin/insulin like growth factor 1 (IGF-1) signaling.
These genes integrate longevity pathways and metabolic
signals in a complex interplay in which lifespan appears
to be strictly dependent on substrate and energy
bioavailability [128].

IGF-1 mediated signaling is determining for
longevity. Abnormalities in the insulin signaling pathway
generate age-related diseases and increased mortality,
whereas the growth hormone (GH)/IGF-1 axis could
potentially modulate longevity in many species.
Moreover in humans, an age-related decline in IGF-1
levels occurs, and at old age, low IGF-1 levels are
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associated with frailty, poor nutrition and cognitive
decline and an increased risk of death [129,130].

The aging process is altered or accelerated when
metabolic and cardiovascular diseases are present and the
risk of diseases increases with age. Many predisposing
conditions which increase in prevalence during aging,
such as obesity, insulin resistance, inflammation, changes
in the activity of the hypothalamus-hypophysis suprarenal
axis, stress and hypertension also contribute to increase
prevalence of metabolic syndrome. Aging, the
development of insulin resistance and cardiovascular
disease seem to be accelerated in the metabolic syndrome
[131-133].

It is generally considered that metabolic syndrome
induces precocious aging although the mechanisms that
account for this are incompletely known. It is becoming
clear that longevity genes might be involved. Experiments
with overactivation or disruption of key lifespan
determinant pathways, such as silent information
regulator sirtuins, p66Shc, and mTOR, lead to
development of features of the MS in mice. Additional

pathways are involved in linking nutrient availability and
longevity, certainly including insulin and IGF-1 signaling,
as well as FOXO transcription factors [134,135, 136].

This review demonstated that in metabolic disease
there is an incessant production of free radicals that
therefore thought to create conditions under which
oxidative modifications of cellular constituents arise,
which in turn leads to mitochondrial dysfunction and
eventual loss of cellular homeostasis. This argument has
been strongly used as a basis for age-related deterioration
in physiological systems, and led to a proposal supporting
mitochondria as the “biological clock™ of cellular aging
[31]. According with this theory a study by Passos et al.
2007 demonstrated that the senescent cells had higher
ROS levels, dysfunctional mitochondria, more DNA
double-strand breaks and shorter telomeres and it was
shown that mitochondrial ROS enhanced telomere-
dependent senescence [137]. Recently, some authors
showed the link between telomere length and metabolic
disease suggesting increased cellular turnover and
therefore accelerated cell aging [138, 139].

Inadequate lifestyle

Visceral
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Figure 1. Schematic relationship between ROS production, accelerated senescence and metabolic syndrome.
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Conclusions

A role for mitochondrial oxidative stress in the
development and maintenance of the metabolic syndrome
has been suggested. Here, we have proposed that elevated
ROS production from the mitochondrial respiratory chain
acts as a signal for accelerated senescence. Under the
conditions of overnutrition and physical inactivity, typical
of those that foster the metabolic syndrome, chronic
overactivation of the redox signalling pathways may
contribute to senescence (Fig.1). Further exploration of
this proposal for the role of oxidative stress in the
metabolic syndrome and the related accelerated
senescence could contribute to the development of further
therapies.
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