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Summary

Oxidative stress has been implicated to play a major role in aging and age-related diseases. In the present study, we
investigated the effects of aging on the total antioxidant capacity, uric acid, lipid peroxidation, total sulthydryl group
content and damage to DNA in adult (6 months), old (15 months) and senescent (26 months) male Wistar rats. The
antioxidant capacity, determined by phycoerythrin-based TRAP method (total peroxyl radical-trapping potential) was
significantly decreased in the plasma and myocardium of old and senescent rats, whereas plasma level of uric acid was
elevated in 26-month-old rats. Age-related decline in plasma and heart antioxidant capacity was accompanied by a
significant loss in total sulfhydryl group content, increased lipid peroxidation and higher DNA damage in lymphocytes.
Correlations between TRAP and oxidative damage to lipids, proteins and DNA suggest that the decline in antioxidant

status may play an important role in age-related accumulation of cell damage caused by reactive oxygen species.
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Introduction

The free radical theory of aging proposes that age-
dependent deterioration in cell function is related to
accumulation of molecular oxidative damage, caused by
reactive oxygen or nitrogen species (ROS/RNS). An
increase in production of reactive radicals, particularly as
a result of mitochondrial dysfunction, has been
recognized as a major cause of oxidative stress (Kalous
and Drahota 1996, Van Remmen and Richardson 2001).

However, age-associated alterations in the antioxidant

status could also contribute to increased oxidative stress
in aging.

The concentration of free radicals during normal
oxygen metabolism is controlled by various antioxidants
and a balance exists between prooxidant and antioxidant
processes (Golden er al. 2002). Changes in antioxidants
capacities such as hydrophilic radical scavengers
(ascorbate, urate and glutathione), lipophilic radical
scavengers (tocopherols, carotenoids), metal chelators
and antioxidant enzymes like superoxide dismutase,

catalase and glutathione peroxidase activities have been
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demonstrated in aging (Bejma et al. 2000, Asha Devi et
al. 2003, SoboCanec et al. 2005, Krajcovicova-
Kudlackova et al. 2006, Saici¢ et al. 2006). However,
selective measurement of the antioxidant capacity does
not provide relevant information on the overall
antioxidant status. Moreover, total antioxidant capacity is
determined not only by concentration/activity of
individual antioxidants but also by their synergistic
action. Therefore, various methods have been developed
to measure the total antioxidant capacity (Prior and Cao
1999). Several studies have explored the effect of aging
on total antioxidant capacity of plasma and tissues. They
showed reduced (Facino et al. 1999, Kim et al. 2002,
Quiles et al. 2004, Rodrigues Siqueira et al. 2005) or
unchanged (Nakamura and Omaye 2004) antioxidant
defence.

It is widely accepted that lipid peroxidation is an
important and probably primary event in the progress of
several diseases as well as degenerative processes
associated with aging (Kohen and Nyska 2002, Szweda et
al. 2003). The products of lipid peroxidation (mainly in
the presence of transition metal ions) initiate further free
radical chain reactions and can cause oxidative damage to
proteins and DNA (Nakamura and Omaye 2004, Stocker
and Keaney 2004, Vassalle ef al. 2004). Accumulation of
oxidatively damaged DNA, as a result of lipid
peroxidation or direct effect of ROS/RNS, could lead to a
decreased mRNA expression and protein production and
decline in physiological functions during aging. Even
minor lesions can have profound biological consequences
unless the base excision-repair pathway removes them.
The levels of DNA damage and its repair capacity have
been widely considered to be factors closely related to
aging (Umegaki et al. 2001, Gedik et al. 2005).

The aim of our study was 1) to determine total
antioxidant capacity of plasma and heart homogenate
during aging, 2) to determine plasma concentrations of
uric acid, and 3) to study the relationship between the
total antioxidant potential and markers of lipid, protein
and DNA oxidation in the plasma and heart homogenates
of adult (6 months), old (15 months) and senescent

(26 months) male Wistar rats.

Methods

Chemicals
2,2'-diazobis(2-amidinopropane) dihydrochloride
(AAPH) and 6-OH-2,5,6,7-tetramethyl-2-carboxylic acid

(Trolox) were obtained from Aldrich (USA). All other
chemicals used in this study were purchased from Sigma
(USA). Glass microscope slides used were non-fully
frosted.

Animals

Twenty-one male Wistar rats (breeding station of
Slovak Academy of Sciences, Dobra Voda, Slovakia),
where divided into three groups: 1) adult (6-month-old,
330-380g), 2)old (15-month-old, 400-490¢g) and
3) senescent (26-month-old, 430-530 g). The animals
were housed in wire-bottomed cages in a temperature-
controlled room (22 °C) with a 12-h light/dark cycle.
Food and distilled water were provided ad libitum. This
study was approved by the Ethical Committee, State
Veterinary Administration of the Slovak Republic and
performed in accordance with the guidelines of the
National Institute of Health for the care and use of
laboratory animals.

Preparation of plasma and tissue homogenates

The animals, anesthetized with 2 % halothane,
were sacrificed by decapitation. Blood and hearts were
immediately removed. The hearts were washed three
times with physiological solution and stored at —80 °C
until used. Blood was collected into heparinized tubes.
Aliquots of whole blood were immediately centrifuged at
12 000 x g for 3 min, kept in an ice-bath and rapidly
assayed for TRAP. A portion (0.3 ml) of whole blood
was retained for comet assay. The rest of blood was used
for preparation of plasma by centrifugation at 2000 X g
for 15 min.

Frozen powdered hearts (about 1 g) were thawed
in 10 volumes of ice-cold homogenization buffer
(30 mmol/l KH,PO,, 5mmol/l EDTA, 0.3 mol/l
saccharose, pH7.0) with 03 mmol/l PMSF
(phenylmethylsulphonylfluoride) and homogenized three
times for 10 s at 25 000 rpm with ULTRA-Turrax T25
homogenizer. Aliquots of the homogenate were stored at
—-80 °Cand were used for determination of TRAP,
TBARS and protein content. The protein concentration
was determined by the method of Lowry ef al. (1951)
using bovine serum albumin as standard.

Total radical-trapping antioxidant potential (TRAP
assay)

The trapping radical antioxidant potential (TRAP)
was determined by a modified method of Ghiselli et al.
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(1995). This method is based on the protection afforded

by plasma antioxidants against the decay of
R-phycoerythrin (R-PE) fluorescence emission during a
controlled peroxidation reaction initiated by AAPH.
Reaction mixture (2 ml) contained 7.5 ul R-PE (final
concentration 1.5 x 10™* mol/l), rat plasma (8 ul) or heart
homogenate (50 pg proteins) in 75 mmol/l phosphate
buffer, pH 7.0 and was preincubated at 37 °C for 5 min in
10 mm fluorimeter cells. Adding AAPH to a final
concentration of 4.0 mmol/l started the oxidation
reaction. The decay of R-PE fluorescence at 575 nm
(10 nm slit width) was monitored by excitation at 495 nm
(10 nm slit width) every 5 min for 120 min on a
spectrofluorometer RF-540 (Shimadzu), equipped with a
thermostatically controlled cell-holder. The results were
standardized using 30 pl of 120 pumol/l Trolox a water-
soluble analog of r-tocopherol. TRAP values were
calculated from the length of the lag-phase due to the
sample compared with that of Trolox and were expressed
as umol of Trolox/l of plasma or as mol/mg of proteins.

Plasma uric acid levels were measured using the
commercial Uric acid liquicolor kit (Human, Sigma, St.

Louis, MO).

Determination of total sulfhydryl group content

The content of total sulthydryl groups in plasma
and heart homogenate was determined using DTNB (5.5'-
dithiobis[2-nitrobenzoic acid]) (Hu 1994, Tatarkova et al.
2005). The content of protein sulfhydryls was calculated
using molar extinction coefficient of 1.36 x 10* mol/l/cm.
Total sulthydryl group content values were expressed in
pmol/mg proteins.

TBARS determination

The degree of lipid peroxidation was assayed by
estimating the thiobarbituric acid reactive substances
(TBARS) by spectrophotometric method. Samples (50 pl
of plasma or heart homogenate) were deproteinized by
adding 1 ml of 14 % trichloroacetic acid and 1 ml of
0.6 % thiobarbituric acid. The mixture was heated in a
water bath for 30 min at 80 °C to complete the reaction
and then cooled on ice for 5 min. After centrifugation
(2000 x g, 10 min, 4 °C) the absorbance of the colored
product (TBARS) was measured at 535 nm with a
Spectrophotometer LKB Ultraspec III (Pharmacia). The
concentration of TBARS was calculated using the molar
extinction coefficient of malondialdehyde
(1.56 x 10° mol/l/cm). All TBARS concentrations were

expressed in nmol/mg of protein.

Oxidative damage to DNA — single cell gel
electrophoresis (SCGE) — comet assay

Isolation of lymphocytes: 300 pul of fresh blood
were mixed with 1 ml of PBS (0.1 mol/l, pH 7.4) and
incubated on ice for 30 min. After incubation, it was
layered onto 100 pl of Histopaque 1083 (on ice) and
centrifuged at 200 x g, 4 °C, for 5 min. The layer of
lymphocytes was collected into 500 pl of PBS and
centrifuged again under the same conditions. Sediment
(lymphocytes) was used for comet assay. The amount of
lymphocytes was sufficient for 4 gels (2 x 10* cells in
each gel).

Comet assay: DNA single strand breaks were
measured using alkaline comet assay (Gedik et al. 1992,
Collins et al. 1997). Glass microscope slides were frosted
with 1 % normal melting point agarose (type I- A)
prepared in deionised water. Lymphocytes (from 300 pl
of blood) were resuspended in 400 pl of 0.8 % low
melting point agarose (type VII A) in PBS at 37 °C and
pipetted onto a frosted microscope slide precoated with
100 pl of 1 % normal melting point agarose. Slides with
layers of lymphocytes in agarose were incubated at 4 °C
for 10 min and then immersed in lysis solution (2.5 mol/l
NaCl, 100 mmol/l Na,EDTA, 10 mmol/I Tris, 1 % Triton,
pH 10) for one hour to remove cellular membranes. After
lysis, slides were placed in a horizontal electrophoresis
tank containing electrophoretic solution (1 mmol/l
Na,EDTA, 300 mmol/l NaOH, pH 13) at 4 °C for 40 min
(DNA unwinding). Electrophoresis was performed in the
same solution at 25 V, 300 mA, 4 °C, for 30 min. The
slides were washed three times for 5 min at 4 °C with
neutralizing buffer (0.4 mmol/l Tris, pH 7.5) before
staining with 20 pl 4’,6-diamidine-2-phenylindole
dihydrochloride — DAPI (2 pg/ml).

Visual scoring: Each slide was viewed by
fluorescence microscopy (Olympus BX 41, UK) and the
degree of damage in nucleotides was assessed visually.
Each of 100 nucleotides or comets was assigned a score
from 0 to 4, depending on the fraction of DNA pulled out
into the tail under the influence of the electric field
(Collins ef al. 1996).

Results were expressed as the total damage to
DNA (TD) in rats with aging. Total damage was
calculated as TD=X (class of damage x number of cells in
this class).
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Fig. 1. Changes in the plasma (a) and heart homogenate (b)
total radical-trapping antioxidant potential (TRAP) during aging.
The production of peroxyl radicals in plasma was initiated by
adding AAPH at a final concentration of 4.0 mmol/Il. Results are
presented as mean + S.E.M. for n=7. * p<0.05, ** p<0.01,
significantly different as compared to 6-month-old rats.

Statistics

The data are reported as mean + standard error of
the mean. The differences between adult, old and
senescent rats were analysed with Student's t-test. P<0.05
values were considered statistically significant.

Results

The total antioxidant capacities measured as
TRAP in blood plasma of different age groups are shown
in Figure la. There was a significant decrease in the
TRAP values for 15-month-old and 26-month-old rats in
comparison with the 6-month-old group. TRAP values in
heart homogenates were decreased in old and senescent
rats in comparison to adult rats (Fig. 1b).

To determine the effect of aging on oxidative
modification of proteins changes were studied in total
sulthydryl groups, which play an important role in the
catalysis and regulation of antioxidant reactions. Total
plasma sulfhydryl group values significantly declined
with age from 0.104+0.004 pumol/mg proteins for adult

TRAP (umol Trolox/1)
Fig. 2. Correlation between the plasma total radical-trapping
antioxidant potential (TRAP) and total sulfhydryl group content in

6-, 15- and 26-month-old rats (y = 6E-05x + 0.0442, r = 0.51,
n =21, p<0.05).
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Fig. 3. Correlation between the heart homogenate total radical-
trapping antioxidant potential (TRAP) and total sulfhydryl group
content in 6-, 15- and 26-month-old rats (y = 9E-5x + 0.1262,
r = 0.85, n = 21, p<0.001).

rats to 0.096x0.006 and 0.09310.001 pmol/mg proteins
(p<0.05) for old and senescent rats, respectively. The
total levels of sulthydryl groups in heart homogenates
also significantly declined with age for old
(0.14240.003 umol/mg proteins, p<0.01) and senescent
rats  (0.136+0.003 umol/mg proteins, p<0.001) in
comparison with adult rats (0.157+ 0.002 pumol/mg
proteins). As demonstrated in Figures 2 and 3, the
alterations in plasma and myocardial total sulthydryl
group content correlated well with TRAP values.

In order to evaluate the contribution of uric acid to
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Fig. 4. Correlation between the heart homogenate total radical-
trapping antioxidant potential (TRAP) and thiobarbituric acid
reactive substances (TBARS) in 6-, 15- and 26-month-old rats
(y = -0.0002x + 1.5116, r = 0.11, n = 21, NS).

TRAP, the plasma level of this antioxidant of metabolic
origin was measured. The plasma uric acid level in
15-month-old rats was not altered (29.1£2 umol/l),
whereas plasma from 26-month-old rats showed a
significant increase of this parameter (40.612.6 umol/l,
p<0.01) when
(27.84£2.5 umol/l).
To determine the age-dependent effect on lipid

compared to 6-month-old rats

peroxidation, TBARS was measured in plasma and heart
homogenates. The plasma levels of TBARS increase with
age from 0.104%0.008 nmol/mg proteins in adult groups
to 0.112+0.007 and  0.145£0.008 nmol/mg  proteins
(p<0.05) in the old and senescent group, respectively. In
contrast, TBARS levels in heart homogenates were only
slightly increased by aging, but the TBARS content
tended to correlate inversely with total antioxidant
capacity (Fig. 4).

The effects of aging on oxygen-radical-generated
DNA damage in rat lymphocytes have been investigated
using the comet assay, which allows the detection of
DNA alterations of diverse kinds, such as double-strand
alkali-labile
incomplete repair sites, and cross-links. Statistically

breaks, single-strand  breaks, sites,
significant increases in DNA damage (p<0.001) were
observed in old (134.744.8) and senescent (166.315.7)
rats in comparison with adult rats (103.6£5.7). An
increase of oxidative damage to DNA negatively

correlated with the antioxidant potential in rat plasma
(Fig. 5).

Fig. 5. Correlation between the plasma total radical-trapping
antioxidant potential (TRAP) and the total damage to DNA in rat
lymphocytes. in 6-, 15- and 26-month-old rats (y = -0.3773x +
473.63, r = 0.80, n = 21, p<0.001).

Discussion

The total radical trapping potential and overall
antioxidant potential of rat plasma and heart homogenate
was determined by the TRAP assay by using AAPH, a
This
antioxidants located in both the hydrophilic and lipophilic

peroxyl radical generator. assay measures
compartments of the plasma (Ghiselli et al. 1995) or
tissue homogenates (Evelson et al. 2001). Relative
contribution of the total antioxidant capacity to age-
related oxidative stress is not well defined. While some
studies demonstrated that total antioxidant capacity of
plasma decreases in aged rats (Facino et al. 1999, Kim et
al. 2002), others showed that it is unchanged (Nakamura
and Omaye 2004). Our data support the view that aging is
associated with a loss antioxidant capacity of plasma.
Moreover, age-related decline in total antioxidant
capacity was also observed in the heart homogenates.
Previous studies have demonstrated a low antioxidant
capacity in the rat heart (Cao et al. 1996, Evelson et al.
2001), but an effect of aging was not observed (Cao et al.
1996). Age-related decrease in the antioxidant status of
the heart, which was observed in our study, is consistent
with the previous reports showing depletion of main
antioxidants: vitamin C (van der Loo et al 2003),
a-tocopherol (Kamzalov and Sohal 2004), vitamin A (van
der Loo et al. 2004), reduced glutathione and decreased
activities of antioxidant enzymes (Kakarla et al. 2005) in
aged rat heart. Despite of significant reduction in the total
antioxidant capacity, myocardial content of TBARS was
elevated to a lesser extent. These findings agree with
previous studies showing less pronounced increase of

myocardial TBARS levels during aging (Boucher et al.
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1998, Bejma et al. 2000). On the other hand, myocardial
sulfhydryl group content was significantly decreased with
aging, indicating that protein oxidation might play a more

important role in myocardial aging than lipid
peroxidation.
The changes in concentrations of plasma

antioxidants during a peroxyl radical attack suggest that
the first line of defense is provided by plasma sulthydryl
groups, even urate being spared during the initial stages
of the reaction (Ghiselli et al. 2000). Several studies have
shown an age-dependent reduction in the total levels of
sulthydryl groups, which play a prominent role not only
in antioxidant reactions but also in reactions of catalysis,
regulation, electron transport and those preserving the
correct structure of proteins (Hernanz er al. 2000,
Thomas and Mallis 2001). Iciek et al. (2004) have shown
that the efficiency of S-thiolation (conjugation of protein
thiols with non-protein thiols) as a mechanism of
antioxidant defense decreases with age, which leads to an
increased risk of irreversible oxidation of sulthydryl
groups of plasma proteins. These findings are consistent
with our results showing an age-dependent reduction in
total sulthydryl group in the rat plasma and could reflect
their oxidation in the aqueous phase of plasma. It is
important to note that the age-dependent changes in
TRAP values positively correlated with total sulthydryl
group in rat plasma. This indicates a close association
between the plasma antioxidant status and the total
sulthydryl group content.

Uric acid is a powerful water-soluble antioxidant.
We have measured uric acid level since it is more
determined by metabolic and nutritional influences rather
than by altered oxidative stress. In contrast to the
reported decrease in urate

previously plasma
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damage has been implicated in the mechanism of aging
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(2005) have suggested that the 8-OHdG levels in
peripheral lymphocytes may serve as an index of age-
related oxidative DNA damage of the whole organism.
The present study also shows that the level of oxidatively
damaged DNA in rat lymphocytes increases with age. It
also demonstrates the correlation between DNA damage
and the total antioxidant capacity and suggests that the
loss in antioxidant defense is an important factor
contributing to DNA mutations associated with aging.

In conclusion, our study demonstrates an age-
related decrease in total antioxidant capacity of the rat
plasma and myocardium and indicates that this decrease
may be involved in the mechanisms of free radical-
induced damage to lipids, proteins and DNA during

aging.
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