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Abstract

This study assessed the role of xanthine oxidase in vascular ageing. A positive correlation between xanthine oxidase activity
and age was found in human plasma. Similar results were found in rat plasma. Xanthine oxidase expression and activity in
homogenates from the aortic wall were significantly higher in samples from old rats than in their young counterparts
(p <0.01). In rat skeletal muscle homogenates both xanthine oxidase expression and activity showed a similar age-related
profile. Superoxide production by xanthine oxidase in aortic rings was higher in aged rats. Uric acid, the final product of
xanthine oxidase has been proposed as a risk factor for coronary heart disease and an independent marker of worse prognosis
in patients with moderate-to-severe chronic heart failure. These results give a possible explanation for this correlation and

underscore the role of xanthine oxidase in ageing.
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Introduction

The role of free radicals in ageing was first postulated
by Harman [1]. It has now been demonstrated that the
mitochondrial rate of O2~ production correlates
negatively with maximal life span [2]. Vascular ageing
is one of the most important features in human
senescence. Age-related endothelial damage is primar-
ily attributed to increased superoxide production;
however its original source remains controversial.
Recently, Newaz et al. [3] showed that xanthine
oxidase (XO), but not NAD(P)H oxidase, was the
main source of oxidative stress in old male Sprague-
Dauley rats. Xanthine oxidoreductase (XOR) is tran-
scribed from a single gene as xanthine dehydrogenase

(XDH) (EC 1.1.1.204), which can be converted to
XO (EC 1.1.3.22) by oxidation or proteolysis.
Xanthine oxidase is involved in the pathophysiology
of ischaemia-reperfusion syndrome, because it gener-
ates a burst of free radicals (mainly superoxide) when
tissue reperfusion occurs, after ischaemia. Vascular
endothelium is particularly rich in XO [4]. Xanthine
oxidase is involved in oxidative stress in exercise [5],
diabetes [6] and hypertension [7]. Circulating XO has
been shown to contribute to vascular dysfunction in
animal models of hypercholesterolemia [8]. Netea
et al. [9] suggested that uric acid, the final product of
XO, causes direct damaging effects. Zou et al. [10]
showed that plasma XOR levels were higher in old rats
than in young and that a restricted diet could decrease
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plasma XOR expression. However, other authors like
Csiszar et al. [11] showed changes with ageing in iNOS
and eNOS mRNA levels by RT-PCR in coronary
arterioles but no changes in X0, COX,, Mn-SOD or
Cu/Zn-SOD. Previous studies reported that XO was
involved in vascular ageing [12,13], but this is now a
matter of debate as recent reports provide opposite
results [14,15].

In view of these discrepancies the purpose of our
work was to assess the role of XO in vascular ageing.

Materials and methods
Reagents

Chemicals were obtained from Boehringer (Mann
heim, Germany), Merck (Darmstadt, Germany),
Sigma Chemical (St. Louis, USA) and Pharmacia
Fine Chemicals (Uppsala, Sweden).

Human studies

This is a prospective blind study. Peripheral blood
(2 ml) was obtained from nine healthy subjects (five
men and four women, from 38-65 years old) in the
Clinical Hospital of Valencia. Exclusion criteria were
smoking, antioxidant administration, obesity, strenu-
ous exercise and pregnancy. Subjects gave informed
consent and the study was approved by the Ethics
Committee of the Clinical Hospital of Valencia. Blood
samples were centrifuged at 2500 rpm for 10 min to
obtain blood plasma which was stored at — 80°C.

Analysis of human plasma. Xanthine oxidase activity
was measured in human plasma in duplicate in 50 pl of
plasma using the Amplex® Red Xanthine/Xanthine
Oxidase Assay Kit (Molecular Probes, Eugene, OR).

Animal studies

Experiments were conducted on adult Wistar rats
that had free access to food and water and were kept
on a 12:12-h light-dark cycle. Handling of animals
was performed in accordance with the 86/609/CEE
European Community regulations and the Guiding
Principles for Research Involving Animals and Human
Beings of the American Physiological Society.

Animals were divided in two groups: a group of
young adult rats (4-6 months old) and a group of old
rats (23-25 months old).

Tissue preparation. The rats were anaesthetized with
an intraperitoneal dose of sodium Thiopental. Blood
samples were obtained by venous puncture from the
cava vein after laparotomy. Then samples from the
aorta and the gastrocnemius muscle were obtained.
Blood samples were centrifuged as previously men-
tioned to obtain plasma, which was stored at — 80°C.

Tissues were quickly freeze-clamped in liquid
nitrogen and stored at —80°C. Tissues were pow-

dered thoroughly in liquid nitrogen using a pestle and
a mortar and homogenized with a motor-driven
Potter-Elveljem glass homogenizer at 0-4°C at low
speed using the corresponding medium.

Analysis of samples. Xanthine oxidase and xanthine
dehydrogenase activities were measured in plasma
and tissue homogenates as previously described [16].
Briefly, isoxanthopterin formation from pterine was
monitored by fluorimetry (excitation at 345 nm and
emission at 390 nm).

Western immunoblotting analysis was performed
by using an anti-xanthine oxidase antibody from
Chemicon International and chemiluminescent
detection kits (Cell Signalling Technology, Beverly,
MA). Immunoblotting was performed under non-
reducing conditions. Immunoreactive bands showing
a 150-kDa band corresponding to each of the two
sub-units of the dimer is shown. Western blots were
quantified by densitometry.

Superoxide-dependent lucigenin chemilumines-
cence of aortic rings was measured following our
protocol [5] which is a modification of that of White
et al. [17]. The rat thoracic aorta was excised, cleaned
of fat and adhering tissue and divided into two rings of
4-5 mm each. Chemiluminescence was measured in
one of these rings in a vial containing 3 ml PBS with
0.25 mmol/l lucigenin and 50 pmol/l xanthine. In the
second ring, chemiluminescence was determined
under the same conditions plus 100 mmol/l allopur-
inol. It is well-known that high concentrations of
lucigenin may produce redox cycling leading to
artificial increases in O,* ~. The low concentration
of lucigenin used in our assays rules out this possibility.

Statistics

Results are expressed as mean + SD. Statistical ana-
lyses were performed by the least-significant differ-
ence test. The null hypothesis was accepted for all
numbers in which F was non-significant at the level of
p<0.05. The sets of data in which F was significant
were examined by the modified #test, using p < 0.05
as the critical limit.

Results
Plasma XO activiry in human ageing

We determined XO activity in plasma from healthy
volunteers (from 38-65 years old). Figure 1 shows
that XO activity correlates positively with age: this
correlation is highly significant (R=0.82, p=0.007).

Plasma XO activity increases with age in rats

Xanthine oxidase activity in plasma from old rats
increased with age significantly (see Figure 2). A 25%
increase in XO activity was found in plasma from old
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Figure 1. XO activity in human plasma from healthy volunteers.
Points represent individual samples.

animals when compared with their young counter-
parts.

Xanthine oxidase protein level in aged rat aorta

Western blot analysis showed that XO expression in
aortas from aged rats is higher (p<0.01) than in
samples from young animals (Figure 3A) as demon-
strated by densitometric analysis (Figure 3C). Thus,
the change in XO expression with age correlates with
the reported changes in XO activity.

To assess if there is a relation between aorta and
other rat tissues we determined the expression of XO
in skeletal muscle from old rats. When we performed
a Western blot analysis we observed an increase
in XO expression in gastrocnemius muscle from old
rats (n=4) when compared with that of young ones
(n=4, see Figure 3B and C).

Aorta and skeletal muscle XOR activiry in ageing

Xanthine oxidase activity in aorta from old rats was
significantly higher (p <0.01) than in their young
counterparts (Table I). There were also significant
differences in XDH activity (Table I). The percentage
of XO activity (i.e. the superoxide generating iso-
form) with respect to total XOR activity was higher
(p <0.05) in aortas from old animals than in those
from young ones.
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Figure 2. XO activity (mU/ml) in rat plasma from young (n =21)
and old (n =27) animals. Results are mean +SD. ** p<0.01 from
young.
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Figure 3. Representative blot of expression of XO in aorta (A)
and gastrocnemius muscle (B) homogenates from young and old
rats. (C) Grouped densitometric data. *p <0.05 from young.

Both XO and XDH activities were higher in
gastrocnemius muscles from old rats than in young
ones (79% and 141%, respectively, see Table I).

XO contributes to higher superoxide production in aortic
rings from aged rats

We measured superoxide production by chemilumi-
nescence in aortic rings to asses if XO contributes to
an enhanced O,°~ production (Figure 4A). As we
expected, higher O,°  production was found in
aortic rings from old rats than in those from young
ones (p<0.05). In addition, the percentage of
inhibition of superoxide production by allopurinol
was higher in samples from old rats (p <0.05), see
Figure 4B. Thus, XO activity contributes significantly
to superoxide production in ageing aortic rings.

Discussion

We found that XO, a source of reactive oxygen species,
increases in plasma from aged rats and humans and in
skeletal muscle and aorta from old rats and could act as
a systemic factor contributing to ageing.

Data from the CDC of the US has recently shown
that, in the year 2000, only 3—4% of deaths, of subjects
aged between 2024 years, were due to cardiovascular
diseases. This rose to 39% at the age of 85 or over. This
kind of disease becomes more frequent with age, even
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Table I. XO, XDH and percentage of XO with respect to total XOR activity in aorta and gastrocnemius muscle homogenates from young

and old rats.

Young Old
Aorta n 4 4
XO (mU/mg) 0.065+0.013 0.135+0.035**
XDH (mU/mg) 0.174+0.037 0.243+0.111
XO (% of total XOR) 27.1640.08 38.04+12.40*
Gastrocnemius muscle n 8 6
X0 (mU/mg) 0.042+0.017 0.075+0.027*
XDH (mU/mg) 0.027+0.011 0.065+0.018*
XO (% of total XOR) 59.44+12.06 52.76 +10.74

Results are mean+SD. *p <0.05 from young; **p <0.01 from young.

in the absence of established risk factors [18]. It has
been suggested that ageing in itself alters vascular
function and it is known that endothelium-dependent
relaxation declines with age [19]. It seems that ageing
affects vascular tissue and this ageing effect is related to
oxidative stress, more specifically to O,* . Nitric
oxide (NO) levels are lower in aged rat aortas, in spite
of a 7-fold expression and activity of endothelial NO
synthase [20]. This is because of an age-associated
enhanced (O,* ) production (3-fold) with concomi-
tant quenching of NO and formation of peroxynitrite.
Recent studies also point to peroxynitrite as the
intracellular mediator of SERCA (sarco/endoplasmic
reticulum calcium ATDPase) glutathiolation, which
leads to arterial relaxation [21].

Our results show that aortas from aged rats have
higher XO (the isoform that produces O,° ) than
those from young ones. Numerous studies have
demonstrated that the local O,°*~ concentration is
the main limiting factor for the availability of bioac-
tive NO in healthy and diseased vessels [22].

Xanthine oxidase has a complex regulation and its
activity is altered by many factors, including hypoxia,
which leads to increased activity [23-26], mRNA
expression [23,26] and protein level iz vivo [27]. Our
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Figure 4. Total maximum lucigenin chemiluminescence in aortic
rings from young and old rats with and without allopurinol
incubation (7 =3). Results are mean +SD. *p <0.05 from xanthine
young group; #p <0.05 from xanthine old group.

results show that old rats have higher XO protein
levels and enzyme activity than young animals.

It is worth noting that the presence of XO in vascular
endothelium [28-30] has been involved in many
pathophysiological conditions, especially vascular dis-
orders, including ischaemia-reperfusion [31,32], con-
gestive heart failure [33-36], atherosclerosis [37],
diabetes [6], hypercholesterolemia [8,38], smoking
[39,40] and hypertension [41,42]. Consequently, XO
may be associated with the four major risk factors for
coronary heart disease. Moreover, the presence of XO
has been demonstrated in atherosclerotic plaque
[43,44]. A number of interesting data correlate ageing
with the end product (uric acid) of the two reactions
catalysed by XO. These are: (i) uricaemia increases
with age and (i) hyperuricaemia is associated with
hypertension, vascular disease, renal disease and car-
diovascular events [45]. Uric acid has been proposed as
a risk factor for coronary heart disease [46] and an
independent marker of worse prognosis in patients
with moderate-to-severe chronic heart failure [47].

Very recently a number of reports have emphasized
the role of vascular sources of ROS other than from
XO. Eskurza et al. [15] reported that XO expression
in the endothelial wall of the vein is similar in young
and old volunteers. According to these authors a
single dose of allupurinol could not decrease age-
associated vascular oxidative stress. Cardillo et al.
[48] reported that inhibition of XO did not improve
endothelium-dependent relaxation in patients with
essential hypertension. This is in constrast to recent
findings that XO inhibition with acute or chronic oral
allopurinol administration or intravenous treatment
improves endothelial function [7,12,40,49]. Our
results give a molecular insight and provide additional
information supporting the importance of XO activ-
ity in age-associated vascular impairment, showing
that XO, an important source of free radicals,
increases with ageing and that it could be correlated
with vascular biology disorders.
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