Redox Biology 24 (2019) 101204

Contents lists available at ScienceDirect

Redox Biology

journal homepage: www.elsevier.com/locate/redox ‘

Gender- and age-dependencies of oxidative stress, as detected based on the M)

Check for

steady state concentrations of different biomarkers in the MARK-AGE study %

Ilya Pinchuk®, Daniela Weber™“", Bastian Kochlik™‘, Wolfgang Stuetz’, Olivier Toussaint®’,
Florence Debacq-Chainiaux®, Martijn E.T. Dollé, Eugéene H.J.M. Jansen’, Efstathios S. Gonos®,
Ewa Sikora®, Nicolle Breusingd, Daniela Gradinaru’, Thilo Sindlinger’, Maria Moreno-Villanueva’,
Alexander Biirkle/, Tilman Grune™“*"™ Dov Lichtenberg®""

2 Department of Physiology and Pharmacology, Sackler Medical School, Tel Aviv University, Tel Aviv, Israel

Y Department of Molecular Toxicology, German Institute of Human Nutrition Potsdam-Rehbruecke (DIfE), Nuthetal 14558, Germany
¢ NutriAct-Competence Cluster Nutrition Research Berlin-Potsdam, Nuthetal 14458, Germany

9 nstitute of Biological Chemistry and Nutrition, University of Hohenheim, Stuttgart 70599, Germany

€ URBC-NARILIS, University of Namur, Namur 5000, Belgium

f National Institute of Public Health and the Environment (RIVM), 3720BA Bilthoven, the Netherlands

& Institute of Biological Research and Biotechnology, National Hellenic Research Foundation, Athens 11635, Greece

" Nencki Institute of Experimental Biology, Polish Academy of Sciences, Warsaw 02-093, Poland

! Ana Aslan National Institute of Gerontology and Geriatrics, Bucharest, Romania, Carol Davila University of Medicine and Pharmacy, Faculty of Pharmacy, Department of
Biochemistry, Bucharest, Romania

I Molecular Toxicology, Department of Biology, University of Konstanz, Konstanz 78457, Germany

X German Center for Diabetes Research (DZD), Munich-Neuherberg 85764, Germany

! German Center for Cardiovascular Research (DZHK), Berlin 13357, Germany

™ Institute of Nutrition, University of Potsdam, Nuthetal 14558, Germany

ARTICLE INFO ABSTRACT

Keywords: Recently, Weber et al. published a thorough investigation of the age-dependency of oxidative stress (OS) de-
Oxidative stress termined by the steady state concentrations of different compounds - oxidation products and antioxidants - that
Age-dependency are in common use as biomarkers of OS in 2207 healthy individuals of the cross-sectional MARK-AGE Project.

Gender-associated differences

Bi . The correlations among biomarkers were significant but weak. These findings may indicate different manifes-
lomarkers

tations of OS and must further be evaluated. Here, we report a refined analysis of OS based on the above-
mentioned original data. We show that malondialdehyde (MDA) appears to be sensitive to both gender and age.
It is significantly lower and shows a greater age-dependence in women than in men. The age-dependency of MDA
in women arises in a stepwise fashion. The age-dependent slope of the steady state concentration is maximal at
the age between 50 and 55 years, indicating that it may be attributed to the change of metabolism in the post-
menopause. Interestingly, total glutathione (GSH) decreased with age simultaneously with the increase in MDA.

Different biomarkers yield different gender- and age-dependencies. Unlike the concentration of MDA, the
concentrations of the other two oxidation products, i.e. protein carbonyls and 3-nitrotyrosine were similar in
men and women and appeared to be independent of age in the healthy study population. The analyzed anti-
oxidants exhibited different gender- and age-dependencies. In conclusion, it appears that all the biomarkers
assessed here reflect different types of OS and that MDA and GSH reflect the same type of OS.
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Abbreviations

(D-)ROM (derivatives of) reactive oxygen metabolites
GSH (total) glutathione

MDA malondialdehyde

NT 3-nitrotyrosine

oS oxidative stress

PC protein carbonyls

ROS reactive oxygen species
T2DM  Type 2 Diabetes mellitus
UA uric acid

1. Introduction

Human desire to live forever in good health drew tremendous in-
terest in Harman's free radical theory of aging [1] and later on in the
age-dependency of “oxidative stress” (OS), a term introduced originally
to describe the concept that excess of pro-oxidative compounds over
antioxidants is associated with many diseases [2,3]. Accordingly, a
common approach is to evaluate OS and treat people under high OS
with antioxidants [4-6]. Only recently, the physiological importance of
the normal redox state and the complex mechanisms of its control have
been appreciated [7]. Unfortunately, measured OS values for the same
biomarkers determined by different analysis methods are not similar
[8]. Quantitation in terms of a universal criterion therefore seems im-
possible and categorizing people as being under “OS” is problematic,
being dependent not only on the method of its evaluation.

The most commonly used biomarkers for OS are lipid peroxidation
products, particularly hydroperoxides and aldehydes. Steady state
concentrations of low molecular weight antioxidants are difficult to
interpret in terms of OS, whereas the activity of antioxidative enzymes
is more reliable and being used more frequently [9]. The steady state
redox status of a person, as evaluated based on concentrations of one of
the many different biomarkers, may reflect different manifestations of
the well-defined factor OS. However, under such conditions, we would
expect that the results obtained by different biomarkers correlate with
each other. We therefore proposed that the lack of such correlations
probably reflects the existence of different types of OS that differ either
in their mechanisms or in their induction [8,10]. Given the very large
number of reactive (oxygen) species (ROS) and the huge differences in
their reactivity towards different targets [11,12], the concentration of a
single biomarker alone cannot be used to evaluate the overall capacity
of an individual to resist oxidative damage [10].

This communication presents refined analyses of the recent in-
vestigation on the age-dependency of OS in a large cohort of middle-
aged subjects enrolled in the cross-sectional MARK-AGE Project. This
consortium, funded by the European Commission, already yielded
better understanding of OS, based on different biomarkers measured in
one large age-stratified cohort [13-21].

Relating to the age-dependency of OS, the authors determined the
steady state concentrations of various compounds, oxidation products
and antioxidants that are often used as biomarkers of OS. Most

biomarkers correlated significantly (p < 0.05) with almost all other
biomarkers but the correlations were rather weak (r < 0.3) [10].

Our working hypothesis was that there is a gender-specific age-de-
pendency of OS biomarkers and, that this heterogeneity is at least
partially caused by the different types of OS (i.e. sources, targets, re-
activity, and stability). Accordingly, we analyzed the steady state con-
centrations of redox biomarkers as functions of age for both men and
women, separately.

2. Methods

This work described has been carried out in accordance with
Declaration of Helsinki. Informed consent was obtained for experi-
mentation with human subjects. The study was approved by the re-
spective ethics committee of each recruiting center (for details see Refs.
[14,16]). The MARK-AGE Project included 2207 participants recruited
from the general population in an age- and gender-stratified manner. In
these analyses we included a total of 1139 women and 1068 men be-
tween the ages of 35-75 years. Participants were from Germany, Bel-
gium, Poland, Greece, Austria, Italy and Finland. Steady state con-
centrations of the various biomarkers have been determined and
published by Weber et al. [13]. Details on analytical methods and
sample preparation have been described elsewhere [13,20].

The 10 biomarkers described in this study were cysteine (uM) and
total glutathione (GSH, uM) measured in whole blood, ascorbic acid
(mg/1), lycopene (uM), B-carotene (uM), a-tocopherol (UM), uric acid
(UA, mg/l), MDA (uM), protein carbonyls (PC, nmol/mg) and 3-ni-
trotyrosine (3NT, pmol/mg) all analyzed in plasma. Since the bio-
markers were not normally distributed, they were transformed as fol-
lows to achieve normal distribution for all statistical analyses: square-
root for cysteine, GSH, ascorbic acid, lycopene, uric acid, MDA and NT;
logarithmic for B-carotene and a-tocopherol and inverse for PC.

Demographic characteristics (Table 1) were described using geo-
metric means and 95% confidence intervals for continuous variables
(age (years)), body mass index (BMI (kg/mz)) and frequencies (%) for
categorical variables (gender, current smoker (yes/no)). Dietary in-
formation consisted of self-reported frequencies (food frequency ques-
tionnaire (FFQ)) for food items (fruit, vegetables, French fries, and
meat): =2/day, 1/day, 4-6/week, 1-3/week, 1-3/month, and never.

Mean biomarker concentrations and age-dependencies were

Table 1
Comparison of geometric means (95% confidence intervals) of participant's characteristics and different OS indices in women and men.
Women (n = 1139) Men (n = 1068) p-value

Age (years) 55.2 (11.3) 55.4 (11.4) 0.642
BMI (kg/mz) 25.6 (5.07) 26.8 (3.78) < 0.001
Current smoker % (n) 15 (178) 21.5 (230) < 0.001
Cysteine (uM) 142.17 (140.31; 144.04) 135.30 (133.30; 137.31) < 0.001
Total GSH (uM) 1090.5 (1079.4; 1101.8) 1108.8 (1096.9; 1120.9) 0.029
Ascorbic Acid (mg/1) 5.023 (4.823; 5.226) 3.634 (3.466; 3.805) < 0.001
Lycopene (uM) 0.673 (0.652; 0.695) 0.708 (0.683; 0.734) 0.039
B-Carotene (uM) 0.645 (0.622; 0.668) 0.451 (0.433; 0.469) < 0.001
a-Tocopherol (uM) 28.31 (27.88; 28.74) 27.34 (26.92; 27.76) 0.002
Uric Acid (mg/1) 39.00 (38.44; 39.56) 50.65 (50.00; 51.30) < 0.001
MDA (uM) 0.284 (0.273; 0.295) 0.330 (0.318; 0.342) < 0.001
Protein Carbonyls (nmol/mg) 0.580 (0.576; 0.585) 0.582 (0.577; 0.587) 0.659
3-Nitrotyrosine (pmol/mg) 3.967 (3.814; 4.123) 3.853 (3.709; 3.999) 0.294

Significant differences are marked in bold.
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assessed in men and women separately. Differences in continuous
variables and biomarker concentrations between women and men were
determined by t-test/post-hoc and Chi-square test were used for dif-
ferences in categorical variables.

Age and gender as predictors for biomarkers (Table 2) were assessed
in linear regression analyses with biomarker concentrations as depen-
dent variables (Model 1) and age and gender as independent variables
(enter mode) showing the regression coefficient [ for gender (age-ad-
justed), and age (gender-adjusted). In a second, multiple-factor adjusted
model (Model 2) age, gender, BMI, current smoking status, self-re-
ported frequency of consumption of fruit, vegetables, French fries and
meat were applied as independent variables, again showing the re-
gression coefficient 3 for gender and age separately.

Gender-specific relationships of age with biomarker concentrations
were assessed by linear regression models for men and women sepa-
rately (Table 3). Model 1 shows regression coefficient B for age in the
unadjusted models and Model 2 shows regression coefficient [} for age
in the models adjusted for BMI, current smoking status, self-reported
frequency of consumption of fruit, vegetables, French fries and meat.

To better visualize age-dependencies of selected biomarkers in
women and men, biomarker concentrations were plotted against age
(Fig. 1) and 5-year age groups (Figs. 2 and 3). Slope m of the age-
dependencies was extracted from these plots using the linear equation
(y = mx + b). Non-linear fitting of data to sigmoidal function was
applied in figures.

The significance level was set at p < 0.05 for all analyses. Data was
analyzed using Origin (OriginLab Corp., Northampton, Massachusetts,
USA), JMP (SAS Institute, Cary, North Carolina, USA), Microsoft Excel
(Microsoft Corp., Redmond, Washington, USA), and SPSS (SPSS Inc.,
Chicago, IL, USA; Version 20) software.

3. Results

The mean concentrations of OS biomarkers are differently asso-
ciated with gender and age. Mean concentrations of the ten studied
biomarkers in women and men and their gender-related differences are

Table 2
Age and gender as predictors for biomarkers.
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shown in Table 1.

Table 2 shows age and gender as predictors for biomarker con-
centrations and Table 3 shows gender-specific associations of age with
biomarker concentrations. MDA is lower in women than in men
(Table 1), but the MDA concentration in women, not in men, is sig-
nificantly associated with age (Table 2). MDA is lower in women than
in men (Table 1), shows significant associations with gender and age
(Table 2), but only the MDA concentration in women, not in men, is
significantly associated with age (Table 3). Hence, the age-dependency
of MDA, depends on gender and the effect of gender on OS depends on
age. Fig. 1 depicts the concentration of MDA as a function of age for
men and for women. The MDA concentration in men appears to be
independent of age (Fig. 1). In contrast, the MDA concentration of
women increases at the age of around 50 years (Figs. 1 and 2). Notably,
the average MDA concentration in women aged 50-75 years remains
significantly lower than that observed in men of the same age
(p < 0.001, not shown). The stepwise increase of MDA in women is
more visible when averaging its concentrations to 5-year groups
(Fig. 2). Non-linear fitting of data to a sigmoidal curve allows for a more
accurate evaluation of the age of transition (i.e. age, at which the slope
of MDA is highest) as 53 + 2 years.

Notably, the concentrations of the other two classical redox bio-
markers, PC and NT, were similar in men and women and both appear
to be independent of age and gender (Tables 1-3). There were no
qualitative differences (i.e. the direction of the biomarker's association
with age) in antioxidants' age-dependencies between men and women
except for GSH and UA (Table 3).

Total GSH was independent of age in men, whereas in women it was
inversely associated with age, and this appeared simultaneously with
the increase of MDA (Table 3 and Fig. 2). This inverse association of
GSH with age in women was also sigmoidal, with a transition age at
56 * 5 years. Notably, GSH, just like MDA, was higher in men than in
women and independent of age in men (Tables 1-3).

The steady state concentration of UA in women of age 35-50 years
does not change significantly, whereas in women older than 50 years,
the UA concentration increases with age, similar to MDA (Fig. 3).

Model 1 Model 2 Estimated Geometric Mean (95% CI)“
Beta (95%CI) p-value  Beta (95%CI) p-value  women men

Cysteine (uM) Male (=1)" —0.299 (—0.411; 0.186) 0.000 —0.293 (—0.411; —0.176)  0.000 142.3 (140.3; 144.2)  135.3 (133.3; 137.2)
Age (yrs) 0.030 (0.025; 0.035) 0.000 0.029 (0.023; 0.034) 0.000

Total GSH (uM) Male (=1)"  —0.004 (—0.024; 0.015) 0.659 0.295 (0.038; 0.553) 0.025 1090 (1078; 1101) 1110 (1098; 1122.)
Age (yrs)” —0.744 (-1.471; —0.018)  0.045 —0.006 (—0.017; 0.006) 0.319

Ascorbic Acid (mg/1) Male (=1)" —0.335 (—0.398; —0.272)  0.000 —0.246 (—0.309; —0.183)  0.000 4.831 (4.646; 5.021)  3.810 (3.641; 3.985)
Age (yrs)" 0.001 (—0.002; 0.004) 0.549 0.000 (—0.003; 0.003) 0.967

Lycopene (1M) Male (=1)"  0.022 (0.003; 0.041) 0.023 0.034 (0.014; 0.053) 0.001 0.663 (0.640; 0.684)  0.721 (0.697; 0.744)
Age (yrs)” —0.006 (—0.007; —0.005) 0.000 —0.005 (—0.006; —0.004) 0.000

B-Carotene (uM) Male (=1)* —0.357 (—0.303; —0.411) 0.000 —0.202 (—0.153; —0.251) 0.000 0.264 (0.231; 0.300) 0.514 (0.466; 0.564)
Age (yrs)” —0.003 (—0.005; 0.000) 0.024 —0.003 (—0.005; —0.001) 0.008

a-Tocopherol (uM) Male (=1)" —0.036 (—0.057; —0.015)  0.001 —0.040 (—0.062; —0.017)  0.000 11.19 (11.09; 11.29)  10.93 (10.83; 11.03)
Age (yrs)" 0.005 (0.004; 0.006) 0.000 0.005 (0.004; 0.006) 0.000

Uric Acid (mg/1) Male (=1)* 0.870 (0.807; 0.933) 0.000 0.785 (0.723; 0.847) 0.000 39.55 (39.02; 40.08) 49.97 (49.36; 50.60)
Age (yrs)” 0.011 (0.008; 0.013) 0.000 0.007 (0.004; 0.010) 0.000

MDA (uM) Male (=1)"  0.041 (0.027; 0.056) 0.000 0.045 (0.030; 0.060) 0.000 0.282 (0.271; 0.293)  0.332 (0.320; 0.344)
Age (yrs)b 0.001 (0.000; 0.001) 0.022 0.001 (0.000; 0.002) 0.011

Protein Carbonyls (nmol/mg)  Male (=1)"  —0.004 (—0.024; 0.015) 0.659 —0.008 (—0.028; 0.012) 0.451 2.976 (2.928; 3.022)  2.948 (2.899; 2.996)
Age (yrs)” 0.000 (—0.001; 0.001) 0.973 0.000 (—0.001; 0.001) 0.953

3-Nitrotyrosine (pmol/mg) Male (=1)* —0.029 (—0.082; 0.025) 0.295 —0.036 (—0.092; 0.020) 0.207 3.984 (3.832; 4.136) 3.838 (3.683; 3.992)
Age (yrs)b 0.000 (—0.003; 0.002) 0.807 —0.001 (—0.004; 0.001) 0.263

Model 1: Multiple linear regression with age and gender as independent variables predicting biomarker concentrations.
Model 2: Multiple regression with biomarker as dependent variables and with gender, age, BMI, current smoking status and self-reported frequency of consumption of

fruit, vegetables, French fries and meat as independent variables.
@ Age-adjusted.
> Gender-adjusted.
¢ Estimated marginal means of the biomarkers in Model 2.
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Table 3
Gender-specific relationships of age with biomarker concentrations.
Model 1 Model 2
Beta (95%CI) p-value Beta (95%CI) p-value
Cysteine Men 0.026 (0.019; 0.034) 0.000 0.025 (0.017; 0.033) 0.000
Women 0.034 (0.028; 0.041) 0.000 0.033 (0.026; 0.040) 0.000
Total GSH Men 0.001 (—0.015; 0.017) 0.873 0.006 (—0.011; 0.022) 0.496
Women —0.024 (—0.039; —0.009) 0.002 —0.019 (—0.035; —0.004) 0.016
Ascorbic Acid Men 0.001 (—0.003; 0.005) 0.479 —0.001 (—0.004; 0.003) 0.764
Women 0.000 (—0.004; 0.004) 0.873 0.000 (—0.004; 0.004) 0.884
Lycopene Men —0.007 (—0.008; —0.006) 0.000 —0.007 (—0.009; —0.006) 0.000
Women —0.004 (—0.006; —0.003) 0.000 —0.004 (—0.005; —0.003) 0.000
B-Carotene Men —0.003 (—0.006; 0.001) 0.109 —0.006 (—0.010; —0.003) 0.000
Women —0.003 (—0.006; 0.001) 0.113 0.000 (—0.003; 0.003) 0.811
a-Tocopherol Men 0.002 (0.001; 0.004) 0.001 0.002 (0.001; 0.004) 0.001
Women 0.007 (0.006; 0.009) 0.000 0.007 (0.006; 0.009) 0.000
Uric Acid Men 0.002 (—0.002; 0.006) 0.378 0.001 (—0.003; 0.005) 0.639
Women 0.019 (0.015; 0.023) 0.000 0.013 (0.010; 0.017) 0.000
MDA Men 0.000 (—0.001; 0.001) 0.834 0.000 (—0.001; 0.001) 0.835
Women 0.001 (0.000; 0.002) 0.003 0.002 (0.001; 0.003) 0.001
Protein Carbonyls Men 0.000 (—0.001; 0.001) 0.836 0.000 (—0.001; 0.001) 0.767
Women 0.000 (—0.001; 0.001) 0.877 0.000 (—0.001; 0.001) 0.974
3-Nitrotyrosine Men —0.001 (—0.005; 0.002) 0.372 —0.002 (—0.006; 0.001) 0.158
Women 0.001 (—0.003; 0.004) 0.637 0.000 (—0.004; 0.003) 0.839

Linear regression model.
Model 1: crude association of age with biomarkers.

Model 2: multiple regression with age as covariate, fully adjusted for BMI, current smoking status, self-reported frequency of consumption of fruit, vegetables, French

fries and meat.

Unlike MDA, which reaches apparently constant levels after the age of
about 55 years, UA continues to increase. Moreover, the slope is an
increasing function of age. The age-independent average concentration
of UA is higher in men than in women (Fig. 3).

The concentration of the water-soluble ascorbic acid is independent
of age in both men and women (Table 3) and is higher in women than in
men (Table 1). Cysteine concentration in women as well as 3 of women
is higher than those in men (Table 1 and Table 3).

The three lipophilic dietary antioxidants also vary considerably
concerning the direction of their correlation with age. a-Tocopherol is

higher in women than in men (Table 1) is significantly associated with
gender and age (Table 2). B-Carotene is significantly higher in women
(Table 1), is also associated with gender and age (Table 2). By contrast,
lycopene is lower in women, but shows similar relationships with age in
men and women.

4. Discussion

The MARK-AGE Project yielded a large base of knowledge.
Thorough analyses of the available data will likely further deepen our

A

0.48 [
0.44

0.40

MDA [uM]

B

35 40 45 50 55 60 65 70 75

Age [years]

35 40 45 50 55 60 65 70 75

Age [years]

Fig. 1. MDA concentration as a function of age in women (Panel A, n = 1139) and men (Panel B, n = 1068) (mean values for all subjects of given age and SEM are
depicted). Fitted dependencies are depicted as lines. All available data points were used for fitting.
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Fig. 3. Age-dependency of uric acid concentration in plasma as mean and SEM.

understanding of the redox status in the plasma. The present study is a
step in this direction. It yields information on three issues: (i) the
concentrations of most of commonly used biomarkers are significantly
different in men and women, (ii) age is associated with changes of the
different biomarkers, and (iii) different biomarkers are likely to reflect
different physiological and pathological processes linked to OS, in
agreement with the hypothesized existence of different types of OS. One
possibility is that different biomarkers reflect different, thus far uni-
dentified, types of OS, and that MDA and GSH reflect the same type of
OS, whereas PC and NT are markers of another type (or types) of OS.
The antioxidants also exhibited different gender-and age-dependencies.
Again, it appears that different biomarkers reflect different types of OS.

4.1. Different types of OS

In their textbook “Free Radicals in Biology and Medicine” [3] Hal-
liwell & Gutteridge proposed that chemistries of different reactive
oxygen species (ROS) entities are distinct. This means that OS can be
divided into sub-groups of different ROS. However, classification of OS
may also be based on other factors including mechanistic aspects,
sources, targets, reactivity, sites of occurrence.

In a study of biomarkers to assess OS in hemodialysis patients in
comparison to healthy people [22], the authors concluded that the
variability of results obtained using different assays “should be taken
into account when interpreting data from clinical studies of OS”, in
agreement with the hypothesis of different types of OS [8]. This is
“especially (true) in complex pathologies” [22], which can be attributed
to the association of different types of OS to different pathologies. In
another study, the same authors showed that the inter-assay correla-
tions between different antioxidant assays were difficult to interpret,
since some assays showed nice correlation while others showed no
correlation [23]. In addition, antioxidant status did not correlate with
OS biomarkers just as the total oxidant status did not correlate with
reactive oxygen metabolites (ROM). Perhaps a combination of different
biomarkers would yield more results but only when they are not re-
presenting different types of OS.

In addition to the problems arising from different types of OS, there
are influencing factors such as smoking [24], weight changes [25] or
other characteristics [26,27] indicating different sensitivity towards
different types of OS. We and others [24] agree that a gold standard
method is required to evaluate OS biomarker result in human studies.
However, no such biomarker of OS is available or likely to become
available before we identify the various subgroups. The role of non-
radical reactions in different peroxidation reactions can neither be ig-
nored nor directly measured, particularly when free radicals and non-
radical oxidants are present in the medium, as in biologic systems.
Nonetheless, distinction between radical and non-radical mechanisms
of injury is possible, and based on their results, Liang et al. suggested
that application of their approach could “enhance understanding of the
contribution of the various subgroups to the overall redox state” [28].

4.2. Biomarkers and OS

In theory, OS biomarkers may reflect different manifestations of one
general factor, i.e. OS. Alternatively, the different biomarkers reflect
different types of OS, which are thus far unidentified. Regardless of the
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identification of types of OS, MDA and GSH reflect the same type of OS,
whereas the PC and NT may be markers of another type (or types) of
0S. We believe that the different biomarkers reflect different sources,
targets, and reactivity of OS in agreement with the idea that different
types of OS exist [8,28,29].

Depending on the biomarker, a comparison of biomarker con-
centrations between men and women shows higher (cysteine, ascorbic
acid, (-carotene, a-tocopherol), lower (total GSH, lycopene, UA, MDA)
or similar values (PC and NT) in women (Table 1). Similarly, aging may
be associated either with increase or decrease or no change of OS.

The gender- and age-related levels of MDA are sufficiently different
to conclude that the steady state concentration of MDA is the most
sensitive marker of the type of OS in the participants studied. This is
consistent with the capability to use MDA levels to differentiate be-
tween different health-states, e.g. smokers and non-smokers [24]. The
other studied oxidation products that serve as biomarkers (PC, NT) may
be indicators of another type of OS. In other words, the different bio-
markers may yield divergent results, as suggested by Dotan et al. [8]
and as demonstrated by our previous report of only a small overlap of
subjects under OS according to different biomarkers [10].

The impact of estrogen on human antioxidative capacity is not fully
understood, it is clear that estrogens upregulate mitochondrial anti-
oxidant defense and that the gender differences can be abolished by
ovariectomy and restored by estrogen replacement therapy after ovar-
iectomy [30-32]. The steady state concentrations of the studied anti-
oxidants reflect this complex nature [33]. Specifically, several anti-
oxidants correlate negatively with MDA, as expected for antioxidants,
but others correlate positively, which may have different reasons. This
issue deserves more attention.

4.3. Uric acid

UA (urate in body pH), which is an end product of purine catabolism
in humans but not in lower animals, mice and rats [34], is a major
contributor to the antioxidative capacity of plasma. Hence, as hypothe-
sized earlier, gender differences in measurements of antioxidant capacity
such as FRAP (fluorescence recovery after photo bleaching) are mostly
due to higher UA levels in men [35]. The association between UA steady
state concentration and several diseases is still “incompletely under-
stood”, as described by Ndrepepa et al. for cardiovascular diseases [36].
Yet, in their meta-analysis the latter authors concluded that “elevated
levels of UA are an independent predictor of 1-year mortality across the
whole spectrum of patients with acute coronary syndromes treated with
percutaneous coronary intervention”. Furthermore, a meta-analysis of
prospective studies revealed that the baseline level of serum UA is an
independent predictor for future cardiovascular and overall mortality in
men, but not in women [37]. Whether low UA levels are predictors of
mortality is still inconclusive. Yang et al. claimed that there is no sta-
tistically significant gender difference in the relationship between the
level of UA and the subsequent risk of mortality [38].

In a recent publication, Lamacchia et al. investigated the association
between high UA and the increased mortality risk in mice with Type 2
Diabetes mellitus (T2DM) and found a J-shaped relationship between
UA levels and mortality rate [39]. Their conclusion is that UA was not
linearly associated with the all-cause mortality rate in patients with
T2DM. The results of the present study accord with the conclusion that
“well-designed prospective studies are needed to evaluate gender-spe-
cific relation between UA level and cardiovascular and all-cause mor-
tality risk” [38].

4.4. OS and gender

Life expectancy of women is significantly higher than that of men.
To assess the possible association between the difference in life ex-
pectancy and the difference in OS, our refined analysis of the previously
published results from the MARK-AGE Project for each of many
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biomarkers, yielded clear answers regarding the gender- and age-de-
pendencies. However, different biomarkers yielded different answers,
in agreement with our earlier studies [8,10]. The steady state con-
centrations of MDA and GSH are independent of age in men (Table 1).
In contrast, in women the concentrations of both MDA and GSH depend
on age in a complex fashion, as depicted in Fig. 2. In our opinion the
age-dependency of the levels of biomarkers in women (only) is due to
menopause. Menopause is associated with substantial biochemical al-
terations, including a significant decline in plasma concentrations of sex
hormones, and an increase in the concentrations of gonadotrophins and
other hormones [40]. Estrogen has antioxidant effects at high con-
centrations by inhibiting DNA oxidation but at low concentrations it
acts like a pro-oxidant due to its catechol structure [41]. This supports
the hypothesis that menopause is regarded as risk factor for OS [42,43].

4.5. OS and aging

Aging is associated with changes in different biomarkers of (per)
oxidation. Data on enhanced OS and aging have been documented [44].
There are numerous publications describing associations between OS
and aging in different cellular models and animal tissues. For humans
the situation looks different especially since the human aging process is
influenced by extrinsic factors such as diet, lifestyle factors, diseases,
medication etc. and therefore cannot be considered without taking
different these aspects into account. Therefore, literature is not un-
ambiguous, in addition longitudinal data is missing.

We observed that the slopes of the age-dependencies are different
for different biomarkers. Specifically, in men, only the levels of cy-
steine, a-tocopherol and lycopene change significantly upon aging.
Notably, the concentration of the latter antioxidant (lycopene) is in-
versely associated with age, whereas the concentrations of both, cy-
steine and a-tocopherol are positively associated with age.

The age-dependent OS, as estimated based on the levels of both
MDA and GSH (Fig. 2), may become higher because of the decrease in
estrogens. In our study, unlike previous reports [42,43], the MDA
concentration of 66 women that were treated with hormone replace-
ment therapy did not differ significantly from the MDA level in controls
(not shown). This result may be understood based on the complex redox
activity of estrogens. At high concentrations, estrogens are anti-
oxidative, whereas at low concentrations they act like a pro-oxidant
[41]. Whether or not this explains the increased susceptibility to me-
tabolic diseases has yet to be evaluated.

Different types of OS, if characterized may differ in their interac-
tions with different antioxidants, which would lead to improvements in
the treatment of OS. In addition, different types of OS may be involved
in different diseases.

In conclusion, OS is still an ill-defined and misused term, being
dependent on the source, target, reactivity, stability and method used to
evaluate it, the sample type used and participants’ characteristics e.g.
gender and age. Thus, using the steady state concentration of MDA as a
biomarker, the average OS is higher and relatively independent of age
in men but not in women. By contrast, if the steady state concentration
of PC reflects OS, the OS “values” are independent of gender and aging.
We still do not know what the differences are between the alleged OS
types, but we believe that further analyses of the large data base,
formed by the MARK-AGE Project data, is likely to further deepen our
understanding of the redox status in the plasma.
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