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Abstract

Hyperlipidemia enhances xanthine oxidase (XO) activity. XO is an important source of reactive oxygen species (ROS). Since ROS are
thought to promote atherosclerosis, we hypothesized that XO is involved in the development of atherosclerosis. ApoE−/− mice were fed a
Western-type (WD) or control diet. In subgroups, tungsten (700 mg/L) was administered to inhibit XO. XO is a secreted enzyme which is
formed in the liver as xanthine dehydrogenase (XDH) and binds to the vascular endothelium. High expression of XDH was found in the
liver and WD increased liver XDH mRNA and XDH protein expression. WD induced the conversion of XDH to the radical-forming XO.
Moreover, WD increased the hepatic expression of CD40, demonstrating activation of hepatic cells. Aortic tissue of ApoE−/− mice fed a WD
for 6 months exhibited marked atherosclerosis, attenuated endothelium-dependent relaxation to acetylcholine, increased vascular oxidative
stress, and mRNA expression of the chemokine KC. Tungsten treatment had no effect on plasma lipids but lowered the plasma XO activity.
In animals fed a control diet, tungsten had no effect on radical formation, endothelial function, or atherosclerosis development. In mice fed a
WD, however tungsten attenuated the vascular superoxide anion formation, prevented endothelial dysfunction, and attenuated KC mRNA
expression. Most importantly, tungsten treatment largely prevented the development of atherosclerosis in the aorta of ApoE−/− mice on WD.
Therefore, tungsten, potentially via the inhibition of XO, prevents the development of endothelial dysfunction and atherosclerosis in ApoE−/−

mice on WD.
© 2006 Elsevier Inc. All rights reserved.
Keywords: Oxidative stress; Atherosclerosis
Introduction

Reactive oxygen species (ROS) have been implicated in the
development of atherosclerosis [1]. ROS promote the
oxidation of lipids, rendering them more atherogenic, and
ROS react with and destroy NO. Peroxynitrite is one product
of the reaction of NO with the radical superoxide anion (O2

−),
which is a strong oxidant that contributes to the inactivation of
Abbreviations: DHE, dihydroethidium; PCR, polymerase chain reaction;
ROS, reactive oxygen species; VLDL, very-low-density lipoprotein particles;
WD, Western-type diet; XDH, xanthine dehydrogenase; XO, xanthine oxidase.
⁎ Corresponding author. Fax: +49 69 6301 7668.
E-mail address: r.brandes@em.uni-frankfurt.de (R.P. Brandes).
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proteins [1]. Exposure to ROS changes the vascular gene
expression, leading to the production of chemokines and
adhesion molecules as well as to cellular proliferation or
hypertrophy [2].

Despite this strong rationale for an important role of ROS in
atherosclerosis development, clinical evidence is still lacking to
show that ROS scavenging prevents progression of atheroscle-
rosis [3,4]. Possible explanations for the failure of antioxidative
therapy are the highly adaptive responses of the antioxidative
defense system and the compartmentalization of ROS signaling.
A more specific and mechanistic approach to elucidate the role
of ROS in the development of atherosclerosis might be the
inhibition of ROS-generating enzymes. Several enzyme
systems are thought to contribute to vascular oxidative stress.

mailto:r.brandes@em.unirankfurt.de
http://dx.doi.org/10.1016/j.freeradbiomed.2006.03.026
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Beside mitochondria, cytochrome P450 monoxygenases, and an
uncoupled endothelial NO synthase, particularly xanthine
oxidase and NADPH oxidases are thought to be sources of
vascular oxidative stress [1]. Although NADPH oxidases are
potent generators of ROS, the three studies performed in
NADPH oxidase/ApoE double knockout mice yielded
conflicting results. One study reported a significant reduction
in the extent of atherosclerosis in the abdominal aorta of
p47phox/ApoE double knockout mice [5], whereas further
studies performed in p47phox/ApoE [6] and in gp91phox/ApoE
double knockout mice [7] failed to demonstrate a difference in
the extent of atherosclerosis between ApoE−/− strains with and
without NADPH oxidase activity.

Several studies performed in man and animals suggest that
hyperlipidemia increases xanthine oxidase (XO) activity [8–10].
It is, however, not known, whether XO contributes to the
development of atherosclerosis [1].

The aim of this study therefore was to determine whether
inhibition of XO prevents the development of atherosclerosis. In
order to test this hypothesis, ApoE−/− mice were fed a Western-
type diet and XO was inhibited pharmacologically. ApoE−/−

mice are a standard model for atherosclerosis development [11]
and a Western-type diet enhances the development of plaques in
this strain. A study using XO knockout mice is not feasible as
these animals die at the age of 6 weeks [12].

XO catalyzes the conversion of hypoxanthine to xanthine
and from xanthine to urate. While under physiological
conditions, the enzyme is active primarily as a dehydrogenase
(XDH); several stimuli such as inflammation and hypoxia
promote the conversion of XDH to the superoxide-producing
XO [10]. Allopurinol is widely used to inhibit XDH/XO, also in
humans. In mice, however, allopurinol is highly nephrotoxic
[13] and therefore not suitable for long-term treatment.
Therefore, tungsten was used in the present study to inhibit
XO activity. This heavy metal prevents incorporation of
molybdenum into the active center of XDH/XO and impairs
the de novo synthesis of active enzyme [14–16].

Methods

Study design and animal procedures

ApoE−/− mice were purchased from Taconis M&B A/S (Ry,
Denmark, strain B6.129P2-Apoetm1Unc N6) and bred at the local
animal care facility. Western-type (42% of total calories from
fat; 0.15% cholesterol) diet was purchased from Harlan Teklad
Germany (Harlan Winkelmann, Borchen, Germany); control
chow was from Altromin (Lage, Germany, brand Altromin
1324). Experiments conformed to the Guide for the Care and
Use of Laboratory Animals published by the U.S. National
Institutes of Health (NIH Publication No. 85-23) and were
approved by the local government (II25.3-19c20/15-F28/02).

Animals were started on Western-type diet at the age of
12 weeks and sacrificed after a feeding period of 6 months. A
subgroup received tungsten with the drinking water (700 mg/
L sodium tungstate dihydrate, Sigma-Aldrich) as reported
previously [15].
Organ chamber experiments

Organ chamber experiments were performed as described
previously using mouse aortic rings [17]. The concentration of
phenylephrine was adjusted to obtain an identical preconstric-
tion level of 80% of the contraction elicited by KCl (80 mmol/L)
and endothelium-dependent relaxation was determined by the
application of cumulative doses of acetylcholine (ACh,
0.1 nmol/L–10 μmol/L). No statistical difference was observed
in the preconstriction level and force development of the
different study groups (data not shown).

Vascular radical generation

In situ O2
− levels were assessed using the fluorescent probe

dihydroethidium (DHE) as described previously [18]. Briefly,
aortae were dissected, cut into 1-cm rings, and embedded in
OTC Tissue Tek (Sakura) and frozen using liquid nitrogen-
cooled isopentane. Cryosections of the rings (7 μm) were placed
on glass slides and DHE (10 μmol/L) was applied topically for
30 min. Subsequently fluorescent images were obtained using a
confocal microscope (λ Ex: 488, Em: 585 nm; Carl Zeiss LSM
510 meta).

Immunoblotting

Western blot analysis from Triton X-100 (1%)-soluble
protein was performed as described previously [18] using a
rabbit anti-mouse xanthine dehydrogenase/oxidase antibody,
kindly provided by J. McManaman (University of Colorado
Health Sciences Center, Denver, CO) [19].

Xanthine oxidase activity

Activity was determined using a previously described
fluorimetric assay which is based on the XO-catalyzed
conversion of pterin (2-amino-4-hydroxypteridine, 10 μmol/L)
to the fluorochrome isoxanthopterin (excitation 345 nm,
emission 390 nm) [20]. XO activity was determined from
50 μl of serum and calibrated using a standard curve generated
with authentic isoxanthopterin (Sigma). Measurements were
performed in a final volume of 600 μl in phosphate buffer
(K2HPO4/KH2PO4 50 mmol/L; EDTA 0.1 mmol/L; pH 7.4).
Pterin (1 mmol/L) was prepared fresh everyday as a stock
solution in 1 mmol/L NaOH.

Real-time PCR

Primers against mouse XDH, KC, CD40, and CD40 ligand
were designed using the sequence information of the NCBI
database. The following primers were used: XDH, forward
5 ′ -ATCTGGAGACCCACTGCACC-3 ′ and reverse
5′-TGTGCTCACGAAGAGCTCCAT-3′; KC, forward 5′-
TGCGAAAAGAAGTGCAGAGA-3′ and reverse 5′-CGA-
GACGAGACCAGGAGAAA-3 ′ ; CD40 , f o rwa r d
5′-CGGTCCATCTAGGGCAGTGT-3′ and reverse 5′-
CTGGCTGGCACAAATCACAG-3′; CD40 ligand, foward
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5′-TCGGGAGCCTTCGAGTCA-3′ and reverse 5′-
GATCCACTGCTGGGCTTCAG-3′, 18S, forward 5′-
CTTTGGTCGCTCGCTCCTC-3 ′ and reve r se 5 ′ -
CTGACCGGGTTGGTTTTGAT-3′. Total RNA was isolated
from mortared liver samples and aortic rings using the
Absolutely RNA RT PCR Miniprep kit (Stratagene Europe)
and the extracted total RNA (between 250 and 350 ng) was used
for reverse transcription (Superscript II or III RT, Invitrogen)
with pdN6 or oligo(dT) primers (Amersham/Pharmacia) in a
total volume of 50 or 20 μl. Aliquots of the RT reaction were
analyzed using an MX4000 real-time PCR machine (Strata-
gene) with the oligonucleotides described, platinum Taq
polymerase (Invitrogen), and SYBR green I according to the
manufacturer's instructions. The PCR conditions were as
follows: initial denaturation: 95°C, 10 min; 40–45 cycles of
denaturation (95°C, 30 s), annealing (55–67°C, 30–60 s), and
elongation (72°C, 30–60 s). Data were normalized against 18S
mRNA expression using the ΔΔCT method.

Plaque area

The abdominal aorta was cleaned of connective tissue, cut
open longitudinally, and photographed using a CCD camera
Fig. 1. Effect of a Western-type diet (WD) and tungsten on liver xanthine oxidase/dehy
of liver xanthine dehydrogenase mRNA expression determined by real-time PCR
Representative Western blot of hepatic xanthine dehydrogenase (XDH)/xanthine
proteolysis. (C and D) Relative copy number of liver CD40 (C) and CD40 ligand (D
n = 8, *P < 0.05 control vs Western-type diet.
attached to a stereomicroscope (Leica). Vessel surface area and
plaque surface area were determined using the PC version of
NIH image (Scion Corp) in a blinded fashion, and relative
plaque area was calculated.

Plasma lipid parameters

Lipoprotein profiles were determined on plasma samples
from 24 (5–6 per group) mice using an AKTA Basic
chromotography system with a Superose 6PC 3.2/30 column
(Amersham Biosciences, Roosendaal, the Netherlands) as
described previously in detail [21]. Blood samples were
treated with the paraoxon during collection (to prevent free
fatty acid degradation). After collection, the samples were
kept on ice, centrifuged at 4°C for 20 min at 4000 rpm, and
snap-frozen in liquid nitrogen. Plasma cholesterol and
triglyceride levels were measured using a commercially
available kit (1489232, Chol CHOD-PAP, Roche, Almere,
the Netherlands; 337-B, TG GPO-trinder, Sigma Aldrich,
Zwijndrecht, the Netherlands). Measurements were done
according to manufacturer’s protocols on a Benchmark
550 nm microplate reader (170-6750XTU, Bio-Rad, Veenen-
daal, the Netherlands).
drogenase, CD40 and CD40 ligand (CD40L) mRNA. (A) Relative copy number
using the ΔΔCT technique. n = 8, *P < 0.05 tungsten vs no tungsten. (B)
oxidase (XO) protein expression. The XO fragments derive from XDH by
) mRNA expression determined by real-time PCR using the ΔΔCT technique.



Fig. 2. Effect of tungsten on serum xanthine oxidase activity and lipids. (A andB)
Serum samples were prepared from blood samples and XO activity (A) and total
cholesterol (B) were determined using a fluorimetric assay. n = 8, *P < 0.05 vs
control. (C and D) Representative tracings of plasma cholesterol content (C) and
triglyceride (D) for the determination of lipoprotein content using FPLC.
Abbreviations indicate plasma from ApoE−/− on control chow (CTL), Western-
type diet (WD), and Western-type diet and tungsten (WD + tungsten). Labeled
peaks correspond to very-low-density lipoproteins (VLDL), low-density
lipoproteins (LDL), and high-density lipoproteins (HDL).
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Statistics

All values are means ± SE. Maximal relaxations were
calculated from individual dose–response curves. Statistical
analysis was carried out using analysis of variance for repeated
measurements followed by the Fisher LSD test, or unpaired t
test, if appropriate. Values of P < 0.05 were considered
statistically significant.

Results

Western-type diet increases liver xanthine oxidase content

AWestern-type diet increases liver XDH mRNA expression
(Fig. 1A). In the Western blot analysis, a Western-type diet was
associated with an increase in the appearance of lower
molecular weight fragments of XDH (Fig. 1B). It has been
reported previously that these fragments are generated from
XDH by proteolysis in vivo and possess high XO activity [22].
A Western-type diet also increase hepatic CD40 mRNA
expression, which was used as a marker of hepatic activation
[23]. CD40 ligand (CD154) mRNA expression, in contrast, was
not altered by a Western-type diet (Figs. 1C and D).

Tungsten lowers xanthine dehydrogenase expression without
affecting plasma lipids

In the blood of control animals, tungsten treatment reduced
XO activity by approx 50% (Fig. 2A), without affecting hepatic
XDH mRNA level. Due to the lipidemic clouding of the plasma
and the steatotic transformation of the liver, XO activity
measurements were not possible in samples from animals
subjected to a Western-type diet. Tungsten reduced the hepatic
expression of XDH mRNA in response to a Western-type diet,
but had no effect of the proteolytic degradation of XDH to the
XO form (Figs. 1A and B). Hepatic CD40 mRNA expression
was unaffected by tungsten. Although there was a trend
(P = 0.098) toward a reduction in hepatic CD40 ligand
expression following tungsten treatment, this value did not
reach statistical significance (Figs. 1C and D).

A Western-type diet significantly increased the total plasma
cholesterol content in ApoE−/− mice (Fig. 2B) and this was due
to an increased formation of very-low-density lipoprotein
particles (VLDL) as determined by FPLC. Tungsten treatment
did not affect total plasma cholesterol content or plasma lipids
(Figs. 2C and D).

Tungsten normalized endothelial function during
Western-type diet

Six months of a Western-type diet resulted in a marked
increase in aortic superoxide anion production, as deter-
mined by dihydroethium fluorescence (Fig. 3) and an
attenuation of endothelium-dependent relaxation to acetyl-
choline (Fig. 4). The effects of a Western-type diet were
prevented by feeding tungsten: Endothelium-dependent
relaxation in tungsten-treated animals fed a Western-type
diet was identical to that observed in vessels from animals
fed a control diet (Fig. 4). Moreover, aortic segments from
mice treated with a Western-type diet and tungsten exhibited
aortic superoxide anion generation to almost the level
observed in control animals (Fig. 3). Tungsten had no
effect on aortic endothelium-dependent relaxation (Fig. 4)
and radical generation in mice fed a control chow (Fig. 3).

Tungsten treatment attenuates aortic KC mRNA expression
during a Western-type diet

A Western-type diet resulted in a significant increase in the
aortic expression of the chemokine KC. Tungsten had no effect



Fig. 5. Effect of a Western-type diet (WD) and tungsten on aortic KC chemokine
mRNA expression. Relative copy number of aortic KC mRNA expression
determined by real-time PCR using the ΔΔCT technique and 18S as reference
gene. n = 5–6, *P < 0.05 vs control.

Fig. 3. Effect of Western-type diet (WD) and tungsten on aortic superoxide level.
Representative confocal microscopy images of ethidium fluorescence in aortic
segments from animals treated with or without a Western-type diet and tungsten.
(Top) Pseudo-color images. (Bottom) Gray-scale images.
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on aortic KC mRNA expression in animals receiving a control
diet. In animals fed a Western-type diet aortic KC mRNA
expression was largely attenuated (Fig. 5).
Fig. 4. Effect of a Western-type diet (WD) and tungsten on aortic endothelium-
dependent relaxation. Endothelium-dependent relaxation to acetylcholine (ACh)
in ApoE−/− mouse aortic segments preconstricted with phenylephrine from
animals fed a Western-type or control diet and tungsten. n = 8, *P < 0.05.
Tungsten prevents plaque formation in response to a
Western-type diet

ApoE−/− mice spontaneously develop aortic plaques, and
plaque area in the abdominal aorta at the age of 9 months was
approx 5% in the strain used. This spontaneous plaque
formation was unaffected by tungsten treatment. Six months
of a Western-type diet induced a marked increase in aortic
plaque formation and this effect was prevented by coadminis-
tration of tungsten (Fig. 6).

Discussion

In this study we report that tungsten treatment prevents aortic
superoxide anion generation, attenuates endothelium-dependent
Fig. 6. Development of atherosclerosis in ApoE−/−mice treated with or without a
Western-type diet (WD) and tungsten. Representative photographs of the
abdominal mouse aorta from animals treated for 6 months and statistical analysis
of the planimetry of the aortic plaque area. n = 8, *P < 0.05.
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relaxation, and reduces plaque formation in ApoE−/− mice fed a
Western-type diet. Tungsten reduced serum XO activity and
liver XO mRNA expression but had no effect on proteolytic
conversion of XDH to XO and plasma lipids.

XO is a paradigm of a radical-generating enzyme and has
been used as a generator system for superoxide and hydrogen
peroxide in numerous studies. The biological consequences of
extracellular XO-derived radical production are well understood
in cell culture systems and there is no doubt that exogenously
applied XO in the presence of xanthine elicits an activation of
vascular segments and cultured cells compatible with the
generation of a atherogenic phenotype. Exogenously applied
xanthine/XO stimulates cell growth [24], chemokine and
adhesion molecule expression, and scavenges NO, which is
thought to have antiatherogenic effects [10,25]. In contrast to
these data the significance of endogenous XO for vascular
functions are less clear.

In mammals, XDH/XO is primarily expressed in the liver,
small intestine, and in lactating mammary glands [26,27].
Although expression of XDH mRNA in endothelial cells and
macrophages has been reported for some species like mouse and
cow [28], XDH mRNA is almost undetectable in human
endothelial cells (Schreiber, 2005, unpublished data). Never-
theless, several studies, including this work, demonstrated the
effects of XO inhibitors on vascular homeostasis and XO
protein is present in vessels from hypercholesterolemic animals
[29]. The protein, however, appears to be synthesized in the
liver and is secreted into the blood. XO binds to glycosami-
noglycans and via this mechanism serum XO is trapped in the
vessel wall [29]. Application of heparin, which releases
glycocalix-bound proteins, rapidly increases XO plasma levels
and improved endothelial function in isolated vessel prepara-
tions from hypercholesterolemic animals [29].

The mechanism of lipid-induced hepatic XDH expression
has not been studied so far. The promotor of XDH is activated
by several inflammatory cytokines [30–32]. A Western-type
diet induces nonalcoholic fatty liver disease, also termed
steatohepatitis [33], a situation associated with marked hepatic
inflammation. The presence of hepatic inflammation was also
confirmed in the present study by the demonstration of an
induction of CD40 mRNA expression. It is tempting to
speculate that the inflammation of the liver, induced by a
Western-type diet, mediates the increase in XDH mRNA
expression. Moreover, inflammation is a situation associated
with oxidative stress. Oxidative stress induces thiol oxidation of
proteins. Thiol oxidation of XDH is the first step in the
conversion to XO which subsequently leads to proteolytic
cleavage of the enzyme and the appearance of XO protein
fragments in the Western blot analysis [34]. This was also
observed in liver tissue in the present study. In line with these
observations, we previously reported that a high-fat diet
increases renal XDH content and conversion to XO and that
this effect was drastically enhanced by concomitant renal
inflammation induced in the Thy1 model [35].

Interestingly, tungsten attenuated the hepatic expression of
XDH mRNA in animals fed a Western-type diet. Although it
can only be speculated about the underlying mechanism, which
is out of the focus of this study, it is possible that a reduction of
oxidative stress in the liver through the inhibition of XO by
tungsten may contribute to this process.

In rabbits treated with a high-cholesterol diet for 1 month,
XO is the predominant source of O2

− and ex vivo inhibition of
XO by oxypurinol normalized vascular O2

− production and
restored endothelium-dependent relaxation [36]. Also in that
particular model, XO was derived from the liver and bound to
the endothelial glycocalix [29], which also may explain the
observation that removal of the endothelium by denudation
decreased vascular O2

− production [36]. Once atherosclerosis
has developed, vascular O2

− production remained elevated, but
XO contributes less to the overall radical production [37]. It is
likely that the NADPH oxidase, which is present in foam cells
and leukocytes, is an important source of radicals in advanced
atherosclerotic plaques [38,39]. Indeed, inhibition of XO had
almost no effect on the O2

− production measured by lucigenin
chemiluminescence in the atherosclerosic aorta of ApoE−/−

mice fed a Western-type diet (R. Brandes, unpublished
observation).

In the present study, tungsten was used to inhibit XO. This
approach was chosen, as the most commonly used XO inhibitor
allopurinol is nephrotoxic in mice [13]. In fact, also an
allopurinol treatment group was initially included in this
study, but the mice rapidly developed renal failure and stones
in the kidney and the bladder forcing termination of this part of
the study. It is, however, important to realize that this side effect
of allopurinol is not a consequence of the accumulation of
purines but rather specific for allopurinol [13]. As a
consequence, the present study heavily relies on the data
obtained with tungsten. There is little doubt that tungsten is a
reliable XO inhibitor, as also observed in the present study.
Tungsten, however, also inhibits aldehyde oxidase and sulfite
oxidase which are other molybdenum-containing enzymes in
the body [40]. As the role of these two proteins for vascular
homeostasis has not at all been studied so far, the effects
observed in the present study cannot be attributed to XO
inhibition with absolute certainty.

The most important observation of the present study was that
atherosclerosis development in ApoE−/− mice fed a Western-
type diet was largely attenuated by tungsten. A Western-type
diet also increased the aortic KC expression and this effect was
reduced by tungsten. It is attractive to speculate that aortic KC
induction is mediated by xanthine oxidase and subsequent
oxidative stress and that inhibition of this enzyme prevents
aortic KC induction, leading to less atherosclerosis. Indeed, KC
is known to be an essential chemokine for monocyte attraction
in mice [41]. Nevertheless, KC is a classical chemokine, which
is induced by inflammation and the present data indicate that a
Western-type diet is associated with significant inflammatory
activation of the liver. Interestingly, a Western-diet also elicited
hepatic KC expression, but this was unaffected by tungsten
(data not shown), suggesting that the mechanisms leading to KC
expression vary between aorta and liver. Direct inflammatory
induction may predominate in the liver, whereas in the aorta
xanthine oxidase could be involved in the induction of the
chemokine.
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In the present study, atherosclerosis was associated with
increased vascular superoxide anion generation and endothelial
dysfunction. Based on the study design, it can, however, not be
dissected whether endothelial dysfunction and oxidative stress
are cause or consequence of atherosclerosis. In this regard, the
observations that tungsten prevented the Western-type diet-
induced effects on all three readouts cannot serve as proof for an
involvement of oxidative stress and endothelial dysfunction in
atherosclerosis development, although it is certainly attractive
to speculate that, at least in mice, this is indeed the case.

In conclusion, a Western-type diet increases hepatic XO
expression and leads to atherosclerosis, vascular oxidative
stress, and endothelial dysfunction. The vascular effects of a
Western-type diet are prevented by the inhibition of XO using
tungsten, suggesting a pathophysiological role of enzymes
inhibited by tungsten, such as XO, for vascular disease induced
by high-fat intake.
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