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Oxidative stress is associated with the number of
components of metabolic syndrome: LIPGENE study

Elena Maria Yubero-Serrano1, Javier Delgado-Lista1, Patricia Peña-Orihuela1, Pablo Perez-Martinez1,
Francisco Fuentes1, Carmen Marin1, Isaac Tunez2, Francisco Jose Tinahones3, Francisco Perez-Jimenez1,
Helen M Roche4 and Jose Lopez-Miranda1

Previous evidence supports the important role that oxidative stress (OxS) plays in metabolic syndrome (MetS)-related

manifestations. We determined the relationship between the number of MetS components and the degree of OxS in MetS

patients. In this comparative cross-sectional study from the LIPGENE cohort, a total of 91 MetS patients (43 men and 48

women; aged between 45 and 68 years) were divided into four groups based on the number of MetS components: subjects

with 2, 3, 4 and 5 MetS components (n¼20, 31, 28 and 12, respectively). We measured ischemic reactive hyperemia (IRH),

plasma levels of soluble vascular cell adhesion molecule-1 (sVCAM-1), total nitrite, lipid peroxidation products (LPO), hydrogen

peroxide (H2O2), superoxide dismutase (SOD) and glutathione peroxidase (GPx) plasma activities. sVCAM-1, H2O2 and

LPO levels were lower in subjects with 2 or 3 MetS components than subjects with 4 or 5 MetS components. IRH and total

nitrite levels were higher in subjects with 2 or 3 MetS components than subjects with 4 or 5 MetS components. SOD and GPx

activities were lower in subjects with 2 MetS components than subjects with 4 or 5 MetS components. Waist circumference,

weight, age, homeostatic model assessment-b, triglycerides (TGs), high-density lipoprotein and sVCAM-1 levels were

significantly correlated with SOD activity. MetS subjects with more MetS components may have a higher OxS level.

Furthermore, association between SOD activity and MetS components may indicate that this variable could be the most

relevant OxS biomarker in patients suffering from MetS and could be used as a predictive tool to determine the degree

of the underlying OxS in MetS.
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INTRODUCTION

Metabolic syndrome (MetS) is characterized by different
combinations of three or more features such as hyperglycemia,
hypertriglyceridemia, low level of high-density lipoprotein
(HDL) cholesterol (HDL-C), hypertension and abdominal
obesity,1 as defined by the criteria of the Third Report of the
National Cholesterol Education Program Adult Treatment
Panel III.2 The incidence of MetS has reached epidemic
proportions due to complex interactions between genetic
and environmental factors, as well as prevailing sedentary
lifestyles and unhealthy dietary habits. Consequently, MetS is
considered a major risk factor for diabetes, cardiovascular and

kidney diseases in industrialized societies.3 Although it is
generally accepted that the main pathogenic mechanism
underlying the metabolic changes in patients with MetS
relies on insulin resistance, there is evidence to indicate that
a state of chronic low-level inflammation and oxidative stress
(OxS) demonstrates a close link to MetS.4–7

OxS is widely accepted as playing a key mediatory role in
the development and progression of multiple pathophysiolo-
gical conditions, such as endothelial dysfunction, hypertension
and atherosclerotic cardiovascular disease.8 This process is due
to the production of reactive oxygen species and the
impairment of antioxidant enzymatic defenses such as
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superoxide dismutase (SOD) or glutathione peroxidase (GPx),
as well as the deposition of advanced glycation end products
and oxidized low-density lipoproteins in the vascular wall.6,9,10

Moreover, OxS is also present in insulin resistance and
concomitant inflammation. Interestingly, in association with
obesity (with several MetS components), patients with insulin
resistance and hyperglycemia have been shown to have a
propensity toward aggressive cardiovascular disease,
proinflammatory changes and a reduced nitric oxide (NO)
bioavailability.11 Similarly, MetS patients exhibit activation of
biochemical pathways leading to an increased delivery of
reactive oxygen species, altered antioxidant protection and
increased lipid peroxidation (LPO).12 Nevertheless, there is
still a lack of data in this field. It is unclear whether the
accumulation of factors related with MetS increases the degree
of underlying OxS.

Following these assumptions, the purpose of this study was
to investigate whether the degree of OxS is influenced by the
number of components of MetS. We analyzed the activity of
the main antioxidant enzymes (SOD and GPx) as well as OxS
biomarkers (LPO, hydrogen peroxide (H2O2) and NO) in a
cross-sectional study of MetS patients of four groups divided
according to the number of MetS components: subjects with 2,
3, 4 and 5 MetS components.

MATERIALS AND METHODS

Subjects and design
This study was conducted within the framework of the LIPGENE
study (‘Diet, genomics and the metabolic syndrome: an integrated
nutrition, agro-food, social and economic analysis’), a Framework VI
Integrated Project funded by the European Union.13

Subject eligibility was determined using a modified version of the
National Cholesterol Education Program criteria for MetS, according
to the published criteria.14

Subjects were required to meet at least two of the following five
criteria: waist circumference 4102 cm (men) or 488 cm (women);
fasting glucose 5.5–7.0 mmol l�1; TGs X1.5 mmol l�1; HDL-C
o1.0 mmol l�1 (men) or o1.3 mmol l�1 (women); blood pressure
(BP) X130/85 mm Hg or treatment of previously diagnosed hyper-
tension. We used a subgroup of pre-intervention data for 91 subjects
(43 men and 48 women), which conformed to the LIPGENE
inclusion and exclusion criteria (Supplementary Table 1).15

All participants provided written informed consent and underwent
a comprehensive medical history, physical examination and clinical
chemistry analysis before enrollment. Participants displayed no signs
of cardiac dysfunction or hepatic, renal and thyroid diseases and were
requested to maintain their regular physical activity and lifestyle.
Participants were also asked to record in a diary any event that could
affect the outcome of the study, such as stress, change in smoking
habits and alcohol consumption or intake of foods not included in
the experimental design. None of the participants showed evidence of
high alcohol consumption or a family history of early-onset cardio-
vascular disease, nor were any active smokers. All patients were free
from cardiovascular complications at the time of the enrollment.
The study was carried out in the Lipid and Atherosclerosis Unit at the
Reina Sofia University Hospital, from February 2005 to April 2006.
The experimental protocol was approved by the local ethics
committee according to the Helsinki Declaration. The study was

registered with the US National Library of Medicine Clinical Trials
registry (NCT00429195).

Anthropometric measurements
After recording clinical histories and conducting physical examina-
tions, we obtained the following anthropometric measurements for
each individual: weight, height, body mass index and waist circum-
ference. Weight was measured while the subject was wearing light
indoor clothing, without shoes and after voiding. Height was
obtained with a stadiometer graduated in millimeters. The subject
was barefoot with the back and head in contact with the stadiometer
in the Frankfurt horizontal plane. Body mass index was calculated by
dividing weight (kg) by height squared (m2). Waist circumference
(cm) was measured to the nearest 0.5 cm with a tape measure at the
umbilical scar level. A non-stretchable tape measure was used to
measure waist circumference. The measurement was taken directly on
the skin with the subject in a standing position with the abdomen
relaxed, the arms at the sides and the feet together. We used
the homeostatic model assessment index for insulin resistance
(HOMAIR: fasting insulin (mU l�1)� fasting glucose (mmol l�1)/22.5)
and HOMA b-cell function as the index of insulin secretory
function derived from fasting plasma glucose and insulin concentra-
tions, calculated as 20� fasting insulin (mU l�1)/fasting glucose
(mmol l�1)�3.5.16 Insulin sensitivity was estimated by a
quantitative insulin sensitivity check index (QUICKI) (1/[log insulin
(mU l�1)þ log baseline glucose (mg dl�1)]).17 BP was measured
using an automatic BP device. In accordance with the European
Society of Hypertension Guidelines,18 BP measurement was obtained
with an appropriately sized cuff positioned at the heart level and after
the patient had been relaxed for at least 5 min. The same arm was
used for each measurement, and the average of two measurements
was used for data processing.

Biochemical determinations
Plasma samples. Blood was collected in tubes containing ethylene
diaminetetraacetic acid to yield a final concentration of 0.1% ethylene
diaminetetraacetic acid. Plasma was separated from red cells
by centrifugation at 1500 g for 15 min at 4 1C within 1 h of extraction.
Plasma was immediately aliquoted and stored at �80 1C until
analysis.

Biochemical analysis. The lipid variables were analyzed with a
modular autoanalyzer (DDPPII Hitachi; Roche, Basel, Switzerland)
with the use of Boehringer-Mannheim reagents. TGs in plasma were
assayed by means of enzymatic procedures.19 HDL-C was measured
by analyzing the supernatant obtained following precipitation
of a plasma aliquot in dextran sulfate-Mg2þ , as described by
Warnick et al.20 Plasma glucose concentrations were measured with
an Architect-CG16000 analyzer (Abbott Diagnostics, Tokyo, Japan)
by the hexokinase method. Plasma insulin concentrations were
measured by chemoluminescence with an Architect-I2000 analyzer
(Abbott Diagnostics, Tokyo, Japan). High-sensitivity C-reactive
protein concentrations were measured according to Rifai et al.21

The estimated glomerular filtration rate was calculated using the
Chronic Kidney Disease Epidemiology Collaboration equation.22

Study of endothelial function using laser Doppler
The Laser-Doppler linear Periflux 5000 (Perimed S.A., Stockholm,
Sweden) was used to measure ischemic reactive hyperemia (IRH).
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We found an inter-study variability of 8.85% and an intra-study
variability of 8.7%.

Briefly, capillary flow of the second finger of the dominant arm
of the patient was assessed for 1 min before (t0) and after applying
4 min (td) of ischemia to the arm using a sphygmomanometer. The
IRH was obtained via IRH¼ (AUCtd�AUCt0)� 100 AUCt0.

sVCAM-1 levels
Plasma concentrations of soluble vascular cell adhesion molecule-1
(sVCAM-1) were determined in duplicate with commercially available
ELISA kits (R&D Systems, Minneapolis, MN, USA). Each assay was
calibrated with sVCAM-1 standard curves. Absorbance was evaluated
in an EIA plate reader (DTX 880 Multimode Detector; Beckman
Coulter, Brea, CA, USA) at a wavelength of 450 nm. The minimum
detectable level of sVCAM-1 was 0.17 ng ml�1.

Determination of OxS biomarkers
LPO is a mechanism of cellular and molecular injury. Plasmatic
levels of LPO were determined using the Bioxytech LPO-586 Kit
(OXIS International, Portland, OR, USA),23 an intra-assay coefficient
of variation of 5.8% and an inter-assay coefficient of variation
of 7.2%. The kit uses a chromatogenic reagent that reacts with
malondialdehydeþ 4-hydroxyalkenals. The absorbance was evaluated
in a spectrophotometer (UV-1603; Shimadzu, Kyoto, Japan) at a
wavelength of 586 nm.

Plasmatic levels of H2O2 were determined using the Bioxytech
H2O2-560 Assay (OXIS International), an intra-assay coefficient of
variation of 5.2% and an inter-assay coefficient of variation of 8.1%.
The reaction was monitored at 560 nm.

Nitric oxide (NO) is a free gas produced endogenously by a variety
of mammalian cells. This molecule induces vasodilatation and inhibits
platelet aggregation and adhesion to the vascular endothelium. Total
nitrite (nitrite and nitrate) was used as an indicator of NO production
and was assayed using the Griess method,24 with an intra-assay
coefficient of variation of 6.1%, and an inter-assay coefficient of
variation of 7.7%. The reaction was monitored at 540 nm.

Antioxidant enzyme activities
Total SOD (E.C: 1.15.1.1) activity was determined by colorimetric
assay in plasma at wavelength of 525 nm, according to the method
described by McCord and Fridovich et al.,25 with an intra-assay
coefficient of variation of 7.3%, and an inter-assay coefficient of
variation of 8.7%. GPx (E.C.: 1.11.1.9) activity was evaluated in
plasma by the Flohe and Gunzler method,26,27 with an intra-assay
coefficient of variation of 6.5% and an inter-assay coefficient of
variation of 7.2%. The GPx assay is based on the oxidation of
nicotinamide adenine dinucleotide phosphate to NADþ , catalyzed
by a limiting concentration of glutathione reductase, with maximum
absorbance at 340 nm. The absorbance was evaluated in a Shimadzu
UV-1603 spectrophotometer.

Statistical analysis
The Statistical Package for the Social Sciences (SPSS 18.0 for
Windows, Chicago, IL, USA) was used for statistical comparisons.
The Kolmogorov–Smirnov test did not reveal a significant departure
from the norms in the distribution of variance values. To evaluate
data variation, Student’s t-test and a univariate analysis of variance
were performed with gender and waist circumference (Supplementary
Table 2) included as covariates. Bonferroni’s test was used when post
hoc analysis was required (Supplementary Table 3). Pearson’s linear

correlation coefficient was calculated, and a multiple linear regression
analysis was performed. Differences were considered to be significant
when Po0.05. All data presented in text and tables are expressed as
the means±s.e.

RESULTS

Biochemical and anthropometric characteristics and
metabolic assessment
The anthropometric, biochemical, BP and metabolic para-
meters of the subjects with a different number of MetS
components are shown in Table 1. Plasma TG, glucose and
insulin levels and baseline HOMAIR (P¼ 0.009) were higher in
the subjects with 4 and 5 MetS components compared with the
subjects with 2 and 3 MetS components (all Po0.05; Table 1).
Baseline HOMAb and QUICKI were lower in the subjects with
4 or 5 MetS components compared with the subjects with 2 or
3 MetS components (all Po0.05; Table 1). High-sensitivity
C-reactive protein levels were higher and estimated glomerular
filtration rate was lower in the subjects with 5 MetS compo-
nents than other subjects (all Po0.05). In addition, we found
that body mass index, waist circumference and diastolic blood
pressure were lower and HDL-C was higher in the subjects
with 2 MetS components compared with the other subjects (all
Po0.05; Table 1). We did not find significant differences with
respect to age (mean age: 58 years old; range: 45–68 years old)
or systolic blood pressure (SBP) between the four groups of
subject with MetS (Table 1).

Study of endothelial function
IRH decreased in the following order: 2 and 3 MetS
components44 components45 components (all Po0.05)
(Figure 1a). In addition, we observed lower plasma
sVCAM-1 levels in the subjects with 2–3 MetS components
than the subjects with 4–5 MetS components (all Po0.05;
Figure 1b). Total plasma nitrite levels were higher in the
subjects with 2–3 MetS components than the subjects with 5
MetS components (all Po0.05; Figure 1c).

Biomarkers of OxS
Plasma H2O2 and LPO levels were higher in the subjects with
5 MetS components compared with the subjects with 2 and
3 MetS components (all Po0.05; Figures 2a and b).

Antioxidant enzyme activities
Plasma SOD activity was lower in the subjects with 2 MetS
components compared with the subjects with 3, 4 and 5 MetS
components (all Po0.05; Figure 3a).

We found less plasma GPx activity in the subjects with
2 and 3 MetS components than the subjects with 4 and 5 MetS
components (all Po0.05; Figure 3b).

Correlation and regression analysis
We observed significant correlations of plasma SOD activity
with weight (r¼ 0.299, P¼ 0.004), waist circumference
(r¼ 0.323, P¼ 0.002), TG level (r¼ 0.238, P¼ 0.023), HDL
level (r¼�0.357, P¼ 0.001), age (r¼�0.214, P¼ 0.042),
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VCAM-1 level (r¼ 0.292, P¼ 0.005) and HOMAb
(r¼�0.244, P¼ 0.028) (Table 2).

A multiple linear regression was performed. Waist circum-
ference, gender, age, BP, IRH, NO, TG, glucose, sVCAM-1,
LPO and HDL levels were included (Table 3). Only sVCAM-1
(b¼ 0.410; P¼ 0.017), waist circumference (b¼ 0.391;
P¼ 0.029), TG (b¼ 0.344; P¼ 0.038) and HOMAb
(b¼ 0.406; P¼ 0.036) were significant independent predictors
of SOD activity (Table 3).

DISCUSSION

MetS comprises a cluster of cardiovascular risk factors (low
HDL-C, elevated BP, fasting glucose and TG, and abdominal
obesity)1 leading to accelerated atherosclerosis and an
increased risk of type 2 diabetes. Additionally, MetS is
associated with major cardiovascular events and a high
mortality rate.28,29 Although it is generally accepted that the
main pathogenic mechanism underlying the development of
metabolic changes in patients with MetS relies on insulin
resistance, a large body of evidence supports the concept that
increased OxS and a state of chronic low-level inflammation
may have important roles in MetS-related manifestations,
including atherosclerosis, inflammation, endothelial
dysfunction, hypertension and type 2 diabetes mellitus.4,30,31

These data indicate that OxS could be an early event in the
pathology of these chronic diseases rather than merely a
consequence. However, the relationship between the number
of MetS components and OxS in subjects with MetS has
seldom been studied.32 With regard to the influence of the
number of MetS components on OxS, our results showed that
the higher the number of components, the greater the degree

of OxS, which leads to increased plasma SOD and GPx
activities, plasma H2O2, LPO and sVCAM-1 levels, and
decreased IRH and total plasma nitrite levels. Fujita et al.33

demonstrated that systemic OxS increases in subjects with
MetS and that this stress is closely linked to the accumulation
of visceral fat and an increase in other anthropometric
variables. Thus, we observed a higher body mass index,
waist circumference, diastolic blood pressure, HOMAIR and
TG, glucose and insulin levels, and lower HDL-C levels and
HOMAb and QUICKI indexes when OxS increases.

It has also been suggested that increased OxS originates
from mitochondrial dysfunction in patients with MetS.34,35 In
response to OxS and to prevent oxidative damage, cells
attempt to strengthen their antioxidant arsenal as the first
line of defense. SOD, GPx and catalase (CAT) are considered
primary antioxidant enzymes because they are involved in the
direct elimination of reactive oxygen species. One major
contributor to oxidative damage is H2O2, which is converted
from the superoxide that originated from the mitochondria.
CAT and SOD ameliorate the damaging effects of H2O2 and
superoxides by converting these compounds into the less
damaging, benign molecules, oxygen and water. GPx
decomposes H2O2 and/or ROOH, thereby neutralizing their
toxicity. Any changes in one of these systems may upset the
equilibrium and result in cellular damage.36 Previous studies
have shown that the expression of SOD is upregulated by
reactive oxygen species37 indicating that the increase in H2O2

levels in the subjects with 4 or 5 MetS components could
explain the greater increase in SOD and GPx activities in these
groups of subjects. Moreover, we also found an increase in
LPO levels in the subjects with 4 or 5 MetS components with

Table 1 Blood pressure, biochemical and anthropometric characteristics and metabolic assessment of the study groupsa,b

Subjects with

2 MetS components

(n¼20; 13 men,

7 women)

Subjects with

3 MetS components

(n¼31; 12 men,

19 women)

Subjects with

4 MetS components

(n¼28; 12 men,

16 women)

Subjects with

5 MetS components

(n¼12; 6 men,

6 women) P-values

Age (years) 64.61±1.46 57.06±1.47 56.23±1.37 58.84±0.51 0.243

TG (nmol l�1) 1.10±0.04a 1.24±0.09a 1.96±0.16b 2.11±0.05b o0.001

Glucose (nmol l�1) 5.42±0.07a 6.04±0.26b 6.35±0.12b 6.89±0.09b o0.001

HDL-C (nmol l�1) 1.33±0.04a 1.15±0.04b 1.06±0.04b 0.97±0.02b o0.001

BMI 30.93±0.65a 34.21±0.71b 36.13±0.61b 35.07±0.41b 0.011

Insulin (mU l�1) 10.13±0.71a 10.91±0.93a 14.85±0.82b 15.23±0.66b 0.001

Waist circumference (cm) 102.32±2.05a 106.36±1.63b 108.78±1.60b 109.34±0.92c 0.018

hsCRP (mg l�1) 2.06±0.52a 4.57±1.21b 6.04±1.02b 8.43±1.57c o0.001

eGFR (ml min�1 per 1.73m2) 92.08±3.61a 86.55±2.84a 84.87±2.82a 72.78±2.59b 0.012

SBP (mmHg) 137±2.25 142±2.93 145±2.75 144±1.44 0.123

DBP (mm Hg) 80±1.81a 85±1.35b 89±1.56b 91±1.26c o0.001

HOMAIR 2.41±0.33a 2.55±0.13a 4.29±0.35b 4.66±0.32b 0.002

HOMAb 118.13±1.95a 119.17±2.53a 112.70±5.87b 110.11±3.11b 0.032

QUICKI 0.340±0.006a 0.341±0.008a 0.313±0.005b 0.309±0.005b 0.023

Abbreviations: BMI, body mass index; DBP, diastolic blood pressure; eGFR, estimated glomerular filtration rate; HDL-C, high-density lipoprotein-cholesterol; HOMAIR,
homeostatic model assessment index for insulin resistance; HOMAb, homeostatic model assessment index of insulin secretory function; hsCRP, high-sensitivity
C-reactive protein; MetS, metabolic syndrome; QUICKI, quantitative insulin sensitivity check index; SBP, systolic blood pressure; TG, triglycerides.
aValues are means±s.e. (all such values).
bMeans in a column with different letters are significantly different, Po0.05.
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respect to the other groups. LPO is an index of lipid damage,
especially damage associated with OxS derived from free
radicals. Increases in LPO levels have been observed in
several human diseases including diabetes, arthritis and other
inflammatory diseases, as well as in patients with MetS.35,38

OxS, through superoxide anion production, decreases NO
availability.39 It has also been described that impaired
endothelial function is a key step in the pathogenesis of
cardiovascular disease and that elevated levels of sVCAM-1
predict the incidental development of cardiovascular disease
events.40 Thus, the improved bioavailability of NO (total
nitrite) in subjects with 2 or 3 MetS components, as was
also shown in our study, may be an indirect effect of a lower
production of superoxide anions. Additionally, this
observation coincides with higher IRH and lower plasma
sVCAM-1 levels measured in these subjects.

Similarly, we also found correlations between weight, waist
circumference, TG, HDL and sVCAM-1 levels, HOMAb index
and SOD activity. These results could partially account for the
increase in the production of superoxide anions, as seen in
conditions that involve hypertriglyceridemia and obesity.41

We also found that the SOD activity is the most relevant
OxS marker because several individual MetS components were
correlated with this variable. Although the SOD activity may
be directly or indirectly regulated by the redox balance, certain
SOD activity is affected only by factors intrinsic to the
individual, such as genetic factors.

Table 2 Correlation between plasma SOD activity and other

factorsa

SOD activity r

Age �0.214*

Weight 0.299**

Waist circumference (cm) 0.323**

TG 0.238*

HDL �0.357**

VCAM-1 0.292*

HOMAb �0.244*

Abbreviations: HDL, high-density lipoprotein-cholesterol; HOMAb, homeostatic
model assessment index of insulin secretory function; SOD, superoxide
dismutase; TG, triglycerides; VCAM-1, vascular cell adhesion molecule-1.
aPearson’s correlation: *Po0.05; **Po0.001.
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Figure 1 Ischemic reactive hyperemia (IRH) (a), soluble vascular
cell adhesion molecule-1 (sVCAM-1) levels (b) and total nitrite
levels (c) in plasma according to the number of metabolic
syndrome (MetS) components. The data were analyzed using
analysis of variance for repeated measurements. All values
represent the means±s.e. Bars with different superscript letters
depict significant differences (Po0.05). NO, nitric oxide.
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Our study has some limitations. First, this cross-sectional
study does not determine causality between the number of
components of MetS with OxS. Second, this study examines
the redox state by measuring plasma concentrations but does
not evaluate the effects on various tissues involved. However,
the findings obtained via plasma concentrations could reflect
what is occurring in different body tissues. Another limitation
of our study is that we did not include any subjects with 0 or 1
MetS criteria. This limitation is due to the characteristics of the
LIPGENE study; additional studies including such criteria
should thus be performed. Finally, the complexity of our study

necessitated the use of a small sample population; it would be
difficult to broaden the scope of the study to larger popula-
tions. However, it would be optimal if this study could be
reproduced in large populations. Larger, prospective studies
are needed to establish the relationship between the number of
components of MetS and the degree of OxS.

In conclusion, MetS subjects with more MetS components
may have a higher level of OxS. Furthermore, association
between SOD activity and several MetS components may
indicate that SOD activity could be the most relevant OxS
biomarker in patients suffering from MetS. Measurement of
SOD activity could be used as a predictive tool to determine
the degree of underlying OxS in this disease.

These findings suggest that studying the redox state in early
MetS patients may provide a starting point for understanding
the pathways that contribute to both the development of MetS
and its subsequent complications.
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