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A B S T R A C T   

Cardiovascular diseases (CVD) are the leading cause of global mortality and their pathogenesis lies mainly in the 
atherosclerotic process. There are close connections linking oxidative stress and inflammation to endothelial 
dysfunction, atherosclerosis and, consequently, to CVD. This review focuses on the role of xanthine oxidore
ductase (XOR) and its products on the development of chronic inflammation and oxidative stress, responsible for 
atheromatous plaque formation. Evidence is reported that an excessive level of XOR products favors inflam
matory response and plaque development, thereby promoting major cardiovascular risk factors. Also, the rela
tionship between hyperuricemia and hypertension as well as between XOR activity and CVD is confirmed. In 
spite of the increasing number of clinical studies investigating the output of cardiovascular patients treated with 
urate-lowering therapies (including uricosuric drugs, XOR inhibitors and recombinant uricase) the results are 
still uncertain. The inhibition of XOR activity appears more promising than just the control of uricemia level in 
preventing cardiovascular events, possibly because it also reduces the intracellular accumulation of urate, as well 
as the production of reactive oxygen species. However, XOR inhibition also reduces the availability of the 
multifaced mediator nitric oxide and, at present, can be recommended only in hyperuricemic patients.   

1. Introduction 

According to the Global Burden of Disease Study 2019, cardiovas
cular diseases (CVD) are the leading cause of global mortality, their 
incidence is increasing all over the world and is almost doubled in the 
past thirty years, mainly because of population growth and aging. In 
nearly half of the cases, CVD deaths are due to ischemic heart disease 
and mortality is greater in men than in women before age 80, where
upon the pattern reverses. Among the risk factors for CVD, hypertension 
appears to be the most prevalent one, but also one of those with the 
greatest opportunities for control, through an appropriate dietary 
intake, increased physical activity and/or specific medications [1]. 

A recent publication reports the relationship between inflammation 
markers and blood pressure in the early stages of CVD development. 
Inflammatory mediators contribute to the development of hypertension 
by increasing the production of reactive oxygen (ROS) and nitrogen 
(RNS) species, inducing the release of cytokines, which increase vascular 
resistance through the production of angiotensinogen and angiotensin 
II, as well as sodium and volume retention. The study was conducted on 

a population of healthy black and white young people who were fol
lowed for 4.5 years in South Africa. A significant positive association 
between the level of inflammatory mediators and the increase in blood 
pressure was observed only in white participants, emphasizing the role 
of genetic characteristics in the early development of hypertension [2]. 

An unbalanced overproduction of ROS causes oxidative stress that 
can be responsible for chronic inflammation, cell and tissue damage, 
mutagenesis and cancer, alteration of biological molecules and aging. 
On the other hand, a proper level of ROS is useful for the fine tuning of a 
number of physiologic functions, such as the enhancement of regulatory 
T cell differentiation that modulates the adaptative response, as well as 
the regulation of cell adhesion, proliferation, differentiation and 
migration, which are essential for embryogenesis, stem cell differenti
ation and wound repair [3]. 

ROS are mainly produced by mitochondrial electron transport chain 
and by reduced nicotinamide adenine dinucleotide phosphate (NADPH) 
oxidases, xanthine oxidoreductase (XOR), aldehyde oxidase and 
uncoupled endothelial nitric oxide synthase (eNOS). Their over
production may contribute to the development of heart failure, since 
oxidative stress can cause endothelial dysfunction, characterized by 
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impaired anti-inflammatory and anticoagulation activities and altered 
vascular tone, as well as apoptosis and contractile dysfunction of car
diomyocytes and remodeling of the extracellular matrix [4]. 

The present review focuses on the role of XOR activities and products 
in the pathogenesis of oxidative stress and chronic inflammation, lead
ing to atherosclerotic alterations, which represent the ground for the 
development of CVD. 

2. Xanthine oxidoreductase: activities and products 

XOR is a molybdo-flavoenzyme that is ubiquitous in living kingdoms 
from prokaryotic to eukaryotic organisms in a highly conserved form, 
because all enzymes in this family likely evolved from common ancestral 
XOR genetic components [5]. The main XOR activity, i.e. the catabolism 
of hypoxanthine to xanthine and xanthine to uric acid, is carried out by 
xanthine dehydrogenase (XDH, EC 1.17.1.4) in most living beings, while 
xanthine oxidase activity (XO, EC 1.17.3.2) is present only in mammals. 
In uricase-free higher primates, including humans, XOR performs the 
last two steps of purine catabolism and has a rate-limiting function, 
which precludes the salvage pathway of purine nucleotides, as its 
products, xanthine and uric acid, are irreversible [6]. 

The human gene of XOR (hXDH) is located on chromosome 2 and its 
expression is subjected to strict regulatory control, possibly because of 
promoter suppression through a repressor protein [7]. The highest 
expression of hXDH occurs in epithelial cells of the liver, gut and breast 
during lactation, although a high level of XOR activity is also associated 
with endothelial cells, because serum XOR, which mainly results from 
hepatocyte turnover, readily binds to heparin-binding glycosaminogly
cans on the endothelial surface [8]. hXDH expression and XOR activity 
can be increased by low oxygen tension, as well as inflammatory cyto
kines, hormones and growth factors through upregulation of XOR 
transcription and/or post-translational activation. In humans, the serum 
level of XOR is very low, except during pathological conditions inducing 
tissue damage, particularly to liver [9]. 

XOR gene expression generates a NAD+-dependent XDH. In mam
mals, XO activity results from a post-translational modification of the 
enzyme that can be reversible, if due to the formation of two disulphide 
bonds between four specific Cys residues, or irreversible, if caused by a 
partial proteolysis of the inter-domain linker peptide containing these 
crucial residues. If only one pair of sulfhydryl groups is oxidized, during 
the conversion from XDH to XO, an intermediate XOR form can be 
generated, having both NAD+ and O2 as the electron acceptor [10]. 

XOR usually has dehydrogenase activity inside the cells and oxidase 
activity outside, as in biological fluids, with the exception of activated 
leukocytes, which show XO activity that, through a univalent and 
divalent electron transfer to O2, generates superoxide ion (O2

•− ) and 
hydrogen peroxide (H2O2), respectively. These ROS activate endothelial 
cells and are functional to the cytocidal phase of phagocytosis. The 

transition from XDH to XO occurs physiologically when XOR is secreted 
into milk by lactating breast cells or leak out from dead cells, such as 
from hepatocytes into serum and from enterocytes into gastrointestinal 
lumen, where the presence of proteolytic enzymes causes further 
transformation into irreversible XO. During lactation, XOR induces 
apical membrane reorganization of mammary cells and contributes to 
apocrine secretion of milk-fat droplets. The reversible or irreversible 
XDH transition to XO also occurs in a number of pathological conditions, 
such as hypoxia and reoxygenation, ischemia and reperfusion, viral 
infection, toxic tissue injury, radiation damage, organ preservation and 
transplantation. Under these circumstances, XOR-derived ROS can 
activate an inflammatory response and amplify tissue damage through 
their cytotoxic effects [6]. 

Beside its role in purine catabolism, XOR can metabolize a number of 
endogenous and exogenous compounds [8], including different drugs 
[11]. In addition, XOR possesses a nitrite reductase activity, generating 
nitric oxide (NO), and a NADH oxidase activity, producing ROS espe
cially in hypoxic, acidic and inflammatory conditions. In turn, the 
interaction between O2

•− and NO determines the formation of the RNS 
peroxynitrite (Fig. 1A) [12]. 

The XOR protein consists of two identical subunits of approximately 
150 kDa, each composed of three domains linked by hinge regions. The 
domains are characterized by the presence of different cofactors: two 
non-identical iron-sulfur clusters (2Fe/S) in the 20-kDa N-terminal 
domain, a flavin adenine dinucleotide (FAD) cofactor in the 40-kDa 
intermediate domain and a molybdenum atom-containing molybdop
terin cofactor (Moco) in the 85-kDa C-terminal domain. The two iron- 
sulfur redox centers allow electron flow to move between the Moco 
site, where purine oxidation and nitrite reduction occur, and the FAD 
site, where NAD + or O2 are reduced or NADH is oxidized. The Moco site 
may be inhibited by allopurinol or febuxostat, which have a pharma
cological use to lower uricemia in gout, but do not affect NADH oxidase 
activity. Main products of XOR activities are uric acid, produced by XDH 
and XO, ROS, produced by XO and NADH oxidase and NO, produced by 
nitrite reductase (Fig. 1A) [13]. 

An adequate level of serum uric acid has several positive effects, 
while both hypouricemia and hyperuricemia are associated with a 
number of pathological conditions, including a significant increase in 
rates of CVD, following a J-shaped curve [14]. In biological fluids uric 
acid has antioxidant activity, behaving as a free radical scavenger. In 
this manner uric acid contributes to the non-enzymatic defense system 
against oxidative stress, preventing cancer, cardiovascular and neuro
degenerative diseases. 

Mice with haploinsufficiency of urate oxidase showed reduced brain 
damage and better outcome after brain ischemia. But, only female mice 
exhibited also a significantly lengthened lifespan [15]. 

Uric acid supports blood pressure through a number of mechanisms: 
it increases the expression of cyclooxygenase-2 which upregulates the 
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renin-angiotensin system; it activates NADH oxidase, which decreases 
the availability of NO, thus neutralizing the NO-induced vasodilation; it 
switches on the endothelium towards a pro-inflammatory state that 
contributes to vasoconstriction [16,17]. Furthermore, the urate released 
by dead cells and the eventual formation of urate crystals represent 
damage-associated molecular patterns (DAMPs) that are capable of 
stimulating macrophages and causing inflammation, as occurs in gout. 
Finally, uric acid influences the hepatic metabolism of lipids and gly
cides by promoting lipogenesis and fat storage, blocking fat oxidation 
and inducing gluconeogenesis (Fig. 1B) [9,18]. Hyperuricemia induces 
lipidic and glycidic metabolism derangements that seem to favor the 
development of metabolic syndrome [19], even if some experimental 
evidence contradicts this assumption [20]. 

XOR-generated ROS and NO play an essential role in innate immu
nity. They increase the permeability of endothelial cells, which express 
adhesion molecules for leukocytes. The cytokines released by the acti
vated leukocytes upregulate macrophage XOR expression, which con
tributes to the antibacterial defense during phagocytosis with its 
products. In maternal milk, ROS and RNS produced by XOR have 
bactericidal activity in the digestive apparatus of suckling newborn 
while sparing commensal flora. A similar protective action against 
opportunistic bacteria is performed by the XOR released by the 

enterocytes in the intestinal lumen where the XOR products contribute 
to the regulation of the intestinal microbiome [21]. XOR-derived ROS 
and NO also help to modulate the local vascular tone and consequently 
contribute to blood pressure regulation, in accordance with the endo
thelial activities of NADPH oxidase and NO synthase (Fig. 1B) [22]. 

3. Atherosclerosis and reactive oxygen species 

Atherosclerosis is a specific form of arteriosclerosis characterized by 
formation of atheromatous plaques in the arterial wall as a consequence 
of a chronic inflammatory stimulus, for example mechanical stress, 
which activates the endothelial lining and promotes the infiltration of 
monocytes. Oxidative stress has a pro-inflammatory action and con
tributes to low-density lipoproteins (LDL) oxidation and advanced gly
cation end-product (AGE) formation, which concur to the atherogenic 
process. A growing body of evidence supports the hypothesis that 
elevated XOR activity and hyperuricemia contribute to the development 
of atherosclerosis that plays an essential role in the pathogenesis of CVD 
[24]. There is a strict connection linking oxidative stress and inflam
mation to endothelial dysfunction, atherosclerosis and CVD. An exces
sive number of oxidants stimulates the pro-inflammatory phenotype of 
endothelial cells, which modify their shape to allow permeabilization 

Fig. 1. A) Xanthine oxidoreductase (XOR) 
monomer structure, enzymatic activity 
and products. XOR (PDB number 3B9J) is a 
homodimer of about 300 kDa. Each subunit 
is composed of three domains connected by 
unstructured regions: the 20-kDa N-terminal 
domain (green) containing two non-identical 
iron-sulfur clusters (2Fe/S), the 40-kDa in
termediate domain (orange) with a flavin 
adenine dinucleotide (FAD) cofactor and the 
85-kDa C-terminal domain (violet) charac
terized by a molybdopterin cofactor con
taining a molybdenum atom (Moco). 
Xanthine oxidase and dehydrogenase activ
ities produce uric acid (UA) and reduced 
nicotinamide adenine dinucleotide (NADH) 
or superoxide ion and hydrogen peroxide 
(ROS). The nitrate and nitrite reductase ac
tivities generate nitric oxide (NO) and the 
NADH oxidase activity produces ROS [13]. 
B) Physio-pathological roles of XOR 
products. XOR products have physiological 
roles at low levels, but they exert patholog
ical effects at high levels. ROS play a redox 
signaling role that is implicated in many 
cellular functions, such as activation, prolif
eration and migration, that are essential for 
innate immunity. A high level of ROS can 
cause oxidative stress or endothelial 
dysfunction, can induce mutagenesis or 
cytotoxicity. UA supports blood pressure by 
activating the renin-angiotensin system, but 
hyperuricemia promotes hypertension; it is a 
free radical scavenger in biological fluids, 
but its intracellular accumulation induces 
oxidative stress; it increases cyclooxygenase 
2 expression and, when released from dead 
cells, stimulates macrophages by acting as a 
damage-associated molecular pattern 
(DAMP), thus having a pro-phlogistic effect; 
it promotes physiological fat accumulation; 
however, hyperuricemia induces lipidic and 
glycidic metabolism derangements that can 
favor the development of metabolic syn

drome [19]. NO regulates vascular tone by dilating blood vessels and contributes to innate immunity both by activating endothelium and by generating cytotoxic 
reactive nitrogen species (RNS) [17,23]. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)   
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and produce adhesion molecules and pro-coagulating and vaso
constricting mediators, while decreasing the bioavailability of NO and 
impairing vascular relaxation. Chronic inflammation promotes vascular 
modifications, through the migration and proliferation of vascular 
smooth muscle cells, along with the extracellular matrix remodeling that 
lead to vascular stiffness and hypertension or aneurysmal complications. 
In vitro, animal and human studies with antioxidants somehow 
encourage further investigations, although the results so far obtained on 
hypertension and atherosclerosis are still disappointing [25]. 

Hypercholesterolemia, hypertension, diabetes mellitus and smoking 
are established cardiovascular risk factors because they cause the for
mation of atherosclerotic plaques by enhancing ROS production and 
decreasing the availability of eNOS-derived NO, which has an anti- 
atherosclerotic role. Atherogenesis is promoted by oxidative stress that 
induces oxidative modification of circulating molecules as well as acti
vation of the endothelial cell and monocyte/macrophage activation and 
smooth muscle cell proliferation (Fig. 2) [26]. Oscillatory shear stress is 
a pro-atherosclerotic stimulus that enhances the expression and activity 
of endothelial XOR and markedly increases ROS production by acti
vating NADPH oxidase, which promotes conversion from XDH to XO. In 
turn, ROS, generated by both NADPH oxidase and XO, oxidize and 
inactivate tetrahydrobiopterin causing the uncoupling of eNOS due to its 
cofactor deficiency, thus further increasing oxidative stress. XOR inhi
bition restores eNOS-dependent vasodilation in aorta rings from hy
percholesterolemic rabbits as well as reverses endothelial dysfunction in 
heavy smokers [23]. 

In murine J774.1 macrophagic cells, XOR overexpression induced an 
upregulation of scavenger and VLDL receptors, while decreased the 
expression of molecules that regulate cellular cholesterol efflux, which 
in turn was increased by XOR knockdown. Allopurinol strongly reduced 
the in vitro transformation of murine or human macrophages into foam 
cells after stimulation with modified LDL or VLDL. In J774.1 cells 
transformed into foam cells, allopurinol suppressed the overexpression 
of inflammatory cytokines, adhesion molecules and metalloproteases. 
All together the above results suggest that ROS produced by macrophage 
XOR contribute to the development of atherosclerotic diseases by 
enhancing inflammation and plaque formation [27]. 

In ApoE knockout mice, an established model of atherosclerosis, XOR 
expression was upregulated in macrophages that infiltrate atheroscle
rotic plaques and aortic endothelial cells, while febuxostat reduced the 
level of ROS in the aortic walls and mitigated the development of 
atherosclerotic lesions. In cultured macrophages, febuxostat suppressed 
the increase in XOR activity and ROS production, as well as the secretion 
of inflammatory cytokines, induced by cholesterol crystals, indicating 
both the atherogenic role of ROS and the pro-inflammatory action of 
XOR [28]. 

In vitro experiments showed that uric acid can enter endothelial cells 
via urate transporters and cause endothelial dysfunction by activating 

NADPH oxidase, which generates ROS and decreases the NO bioavail
ability. NO counteracts the development and progression of athero
sclerosis, inducing vasodilation and inhibiting leukocyte adhesion, 
platelet aggregation and proliferation of vascular smooth muscle cells. 
Uric acid transporter inhibitors, such as probenecid, suppress endothe
lial dysfunction resulting from oxidative stress and inflammation. Serum 
uric acid level is closely associated with hypertension, chronic kidney 
disease and metabolic syndrome. In the clinical setting, impairment of 
flow-mediated vasodilation, an index of endothelial function, was 
greater in hyperuricemic patients. Flow-mediated vasodilation resulted 
also improved by treatment with XOR inhibitors. This improvement is 
not dependent on the uric acid-lowering effect, as also demonstrated by 
clinical trials with urate transporter inhibitors that were not able to 
improve endothelial function, although effective in lowering uricemia 
[29]. 

Uricase transgenic mice, with a low level of uric acid either in serum 
or intracellularly, showed an attenuated inflammatory response to 
cholesterol crystals injected into the peritoneal cavity. The size of 
atherosclerotic plaques was significantly smaller in the aortic roots of 
double ApoE-deficient and uricase transgenic mice fed high-fat diet than 
in control mice [30]. In vitro, physiological concentration of soluble uric 
acid may promote the secretion of interleukin-1β (IL-1β) dependent on 
NACHT, LRR and PYD domain-containing protein 3 (NLRP3) inflam
masome from human peripheral blood mononuclear cells via activation 
of hypoxia inducible factor-1α (HIF-1α) and mitochondrial ROS. This 
leukocyte inflammatory response is suppressed by the urate-lowering 
therapy with benzopromarone in vivo in healthy humans [30]. 

In calcifying bovine aortic interstitial valve cells, endotoxin induced 
a significant overexpression of osteoblast-like markers, such as alkaline 
phosphatase, together with an increased expression of enzymes involved 
in the redox homeostasis, including XOR. L-Arginine, the main precursor 
of NO, reverts the upregulation of XOR and suppress the inflammatory 
activation of cardiovascular cells, thus preventing their pro-calcific 
differentiation. Gene expression analysis reveals that treatment with 
allopurinol reduced the LPS-induced overexpression of alkaline phos
phatase, suggesting a potential involvement of XOR-derived ROS during 
valve calcification [31]. 

A high risk for CVD was reported in patients with chronic kidney 
disease, which showed increased ROS production and decreased NO 
availability. At least in part, these alterations were mediated by the 
upregulation of the renin-angiotensin system, which activates inflam
mation and promotes the progression of atherosclerosis [32]. 

Obesity and related diseases, such as diabetes and metabolic syn
drome, are strongly influenced by the serum level of uric acid, which 
promotes the inflammasome response and the dysfunction of the adi
pocytes, in turn responsible for insulin resistance. Furthermore, hyper
uricemia leads to vascular and renal damage, thus inducing 
hypertension [33]. A population-based study including 14,130 US adults 

Fig. 2. Xanthine oxidoreductase (XOR)-promoted 
plaque formation. Monocyte-derived macrophages 
turn into foam cells in the artery wall by incorpo
rating reactive oxygen species (ROS)-oxidized low- 
density lipoproteins (ox-LDL) and contribute to un
stable plaques formation by producing inflammatory 
cytokines, such as monocyte chemoattractant protein- 
1 (MCP-1), and matrix-degrading metalloproteases, 
as well as through the generation of a lipid rich 
necrotic core by finally undergoing death. XOR 
expression is upregulated in macrophages (MΦ) that 
infiltrate experimental atherosclerotic plaques [28]. 
XOR inhibition strongly reduces ROS production, and 
the in vitro transformation of macrophages into foam 
cells, and suppresses the overexpression of inflam
matory cytokines, adhesion molecules and metal
loproteases [27].   
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founded a strong association between hyperuricemia and dyslipidemia, 
particularly with the serum level of total cholesterol, LDL cholesterol, 
triglycerides and apolipoprotein B, as well as with the ratio of tri
glycerides to HDL cholesterol and between apolipoprotein B and apoli
poprotein A-I, while HDL cholesterol is inversely related to serum uric 
acid level [34]. In addition, several clinical studies showed a significant 
positive association between serum levels of uric acid and oxidized LDL, 
as well as inflammation markers, such as C reactive protein (CRP), 
interleukin 6 (IL-6) and tumor necrosis factor α (TNF-α) [35]. 

A comparison of subjects with or without ischemic brain events 
showed significantly higher XOR expression in macrophage cells of ca
rotid atherosclerotic plaques along with significantly higher circulating 
uric acid levels in symptomatic than in asymptomatic patients. 
Furthermore, the overexpression of XOR in macrophages was associated 
with a low level of HDL, concurring to the formation of cholesterol 
crystals in the atheroma and the macrophage inflammatory response. 
ROS derived from XOR contributed to the oxidation of macromolecules 
and the activation of cell death signals that can lead to cerebrovascular 
events [36]. 

A 5-year retrospective cohort study of 6476 healthy adults from 
Japan showed that the development of hypercholesterolemia, as well as 
hypertriglyceridemia, can be predicted by the presence of an elevated 
baseline serum uric acid level and its increase over a 5-year period. High 
levels of intracellular uric acid can induce increased mitochondrial 
oxidative stress and promote de novo lipogenesis and triglyceride syn
thesis. In addition, uric acid can reduce both triglyceride accumulation 
and fatty acid oxidation by inhibiting AMP-kinase activity [37]. 

A study based on data from the Italian Society of Hypertension 
including 162 patients reported a U-shaped correlation between urice
mia and microvascular remodeling, which was probably mediated by 
the activation of the mitogen-activated protein (MAP) kinase pathway 
and by vascular smooth muscle cell proliferation; uricemia was also 
associated reduced endothelial function and NO availability. These re
sults agreed with several experimental models of asymptomatic hyper
uricemia and suggest that elevated levels of serum uric acid are 
associated with organ damage due to oxidative stress of the vascular 
wall and inflammation leading to remodeling of small vessels also in 
humans [38]. 

4. Hyperuricemia, hypertension and cardiovascular diseases 

A retrospective cohort study calculated that the cumulative in
cidences of hypertension over 5 years in a population of 3584 pre
hypertensive Japanese adults was 25.3%. Hyperuricemia in the 
normotensive population resulted an independent risk factor for devel
oping hypertension. Among prehypertensive subjects, a level of serum 
uric acid higher than 7.0 mg/dl in men and 5.0 mg/dl in women further 
significantly increased the cumulative incidence of hypertension. This 
increased risk for the development of hypertension from pre
hypertension carried out by hyperuricemia is significantly higher in 
women than in men [39]. 

The British Regional Heart Study followed 3440 white European 
adult men for an average of 15 years between 1978 and 2000, evaluating 
the presence of cardiovascular risk factors, concluding that the most 
unfavorable risk profile for heart failure belongs to hypertensive sub
jects with hyperuricemia only when being on antihypertensive treat
ment. However, the results of this study suggest that older hypertensive 
patients should be routinely monitored for serum uric acid level [40]. 

A systematic review and meta-analysis based on seventeen cohort 
studies investigated the prognostic value of hyperuricemia in hyper
tensive subjects. As a result, hyperuricemia slightly increases the risk of 
diabetes and CVD in patients with established hypertension. In addition, 
a consistent relationship between hyperuricemia and an increased risk 
of all-cause mortality, including mortality from CVD, but not from 
stroke, was reported [41]. 

A recent study enrolling 1114 newly diagnosed hypertensive patients 

analyzed the interaction of hyperuricemia with insulin resistance in 
promoting vascular damage and demonstrates that increased arterial 
stiffness is associated with their synergistic action. However, a causal 
relationship cannot be established and other factors, such as increased 
ROS production and inflammation, should be considered [42]. 

Hyperuricemia induces arteriosclerosis and hypertension through its 
pro-inflammatory, pro-oxidative and vasoconstrictive actions, thus 
representing more than a marker of cardiometabolic diseases and 
contributing to their development at least in part with a causal role. 
Indeed, intracellular uric acid may induce oxidative stress by stimu
lating NADPH oxidase activity. It also induces both inflammation, by 
activating the production of COX2, thromboxane and chemokines, and 
vasoconstriction, by stimulating the renin-angiotensin system and 
inhibiting NO-dependent vasodilation [43]. 

A hypothesis has been formulated on the mechanism of uric acid- 
induced hypertension indicating intracellular urate as a key patho
genic factor. The increase in intracellular uric acid promotes oxidative 
stress by inducing MAP kinases and NADPH oxidase, as well as inflam
matory responses such as the production of cytokines, endothelin and 
thromboxane with a result of vasoconstriction [44]. 

Hyperuricemia reduces the availability of endothelial NO, giving rise 
to endothelial dysfunction, and activates the renin-angiotensin- 
aldosterone system in the kidney, thus causing an increase in blood 
pressure. These mechanisms are fully effective in early-stage hyperten
sion. This may explain why the results of available studies to control 
blood pressure with serum urate-lowering treatments appear contro
versial and the best results have been obtained in a young population at 
the onset of hypertensive disease [45]. 

In vitro, animal and clinical studies supported hyperuricemia as a risk 
factor for hypertension, kidney disease and metabolic syndrome and 
suggested its contribution to the development of these diseases. The 
greatest effect of hyperuricemia on the induction of hypertension has 
been seen in young people, before renal microvascular changes 
occurred. However, it was not established whether uric acid plays a 
causal role in cardiovascular and kidney disease [19]. An increasing 
body of data associates hyperuricemia not only with hypertension but 
also with metabolic syndrome, as well as with renal and CVD. Various 
clinically relevant evidences support the idea that hyperuricemia can be 
an independent risk factor for CVD. Some studies recommend lowering 
the serum uric acid level even below the limit previously considered to 
be regular [46]. 

A population study was conducted with a median follow-up of 11 
years on 23,467 Italians to identify cut-off values of uricemia for car
diovascular outcomes. Hyperuricemia proved to be an independent risk 
marker for prediction of total mortality with a cut-off value > 4.7 mg/dl, 
after adjustment for potential confounding variables. After sex stratifi
cation, a cut-off value for fatal myocardial infarction >5.26 mg/dl, was 
significant for women only [47,48]. These results agreed with other 
large population-based prospective studies, showing a significant asso
ciation between hyperuricemia and cardiovascular events, in which the 
suggested limit of uricemia was even lower: less than 5 mg/dl for men 
and 2–4 mg/dl for women [49]. However, in a meta-analysis study of 30 
randomized controlled trials involving 18,585 hyperuricemic patients, 
although the urate lowering therapy with XOR inhibitors decreases the 
relative risk of major adverse cardiovascular events by 6.0%, no further 
improvement is observed in the subgroup with uric acid level <5 mg/dl 
[50]. 

Persistent hyperuricemia can lead to urate precipitation and crystal 
formation leading to gouty arthritis and urolithiasis. The presence of 
gout is 6-fold prevalent among patients hospitalized for cardiovascular 
events compared to the admitted Spanish adult population [51]. 

Hyperuricemia contributed to the onset and progression of athero
sclerosis and hypertension and showed a significantly positive correla
tion with related CVD, such as atrial fibrillation, coronary artery disease 
and heart failure, as suggested by numerous clinical studies and meta- 
analyzes. A recent review analyzed both the molecular mechanisms 
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through which high intracellular levels of uric acid induce oxidative 
stress, inflammation and endoplasmic reticulum stress and various 
clinical studies about the correlation between hyperuricemia and CVD 
[52]. Uric acid increased ROS production in cardiomyocytes and 
reduced their viability by inhibiting the signaling pathway of both the 
phosphatidylinositol 3-kinase (PI3K)/Akt and the nuclear factor 
erythroid 2-related factor 2 (NfE2), the latter inducing the expression of 
antioxidant proteins, thus promoting oxidative stress [53]. Also, uric 
acid induced inflammatory response of macrophages, vascular smooth 
muscle cells and endothelial cells by increasing the expression of high 
mobility group box chromosomal protein 1 (HMGB1) and of the receptor 
for advanced glycation end products (RAGE), as well as activating the 
NLRP3 inflammasome via inducing nuclear factor κB (NF-κB) and 
HIF-1α expression, which upregulate IL-1β production (Fig. 3A). Uric 
acid induces the secretion of IL-1β via the mammalian target of rapa
mycin (mTOR) signaling pathway by suppressing the phosphorylation of 
the AMP-activated protein kinase (AMPK) which in turn inhibits mTOR 
[30]. Uric acid can induce endothelial cell and cardiomyocyte apoptosis 
through the activation of calpain-1 and the consequent endoplasmic 
reticulum stress [54]. Lastly, uric acid inhibited ubiquitination and 
proteasomal degradation of voltage-gated potassium channel subfamily 
1 number 5 (Kv1.5) proteins in HL-1 mouse atrial myocytes through 
overexpression of the heat shock protein 70 (Hsp70), thus increasing the 
channel currents leading to the induction of arrhythmias such as atrial 
fibrillation [55]. 

5. Xanthine oxidoreductase activity and cardiovascular diseases 

The activity of XOR and its products impact on the redox balance and 
are associated with various effects on vascular endothelium and vessel 
walls, which can have a significant relevance on the cardiovascular 
system. XOR-derived ROS and oxidative stress may cause endothelial 
dysfunction that promotes the development and progression of athero
sclerosis. In addition, the intracellular pro-oxidant effect of uric acid in 
the vascular system may stimulate proliferation of the smooth muscle 
cells, activate the renin-angiotensin system and inhibit the synthesis of 
nitric oxide, thus promoting hypertension and CVD (Fig. 3B) [16]. 

Alterations in the post-translational modification of cardiomyocyte 
filaments may lead to contractile dysfunction. In spontaneously 
hypertensive-heart failure rats, an overproduction of XOR-derived ROS 
caused the hyponitrosylation of the myocyte ryanodine receptor 2 that is 
involved in excitation-contraction coupling. This deficient S-nitro
sylation was associated to impaired contractility and Ca2+ leak from 
sarcoplasmic reticulum, a hallmark of cardiac dysfunction. XOR inhi
bition reversed these abnormality [3]. 

Blood pressure was significantly higher in eNOS-deficient mice than 
in wild-type mice and it was further increased by XOR inhibition with 
febuxostat in eNOS-deficient mice, but not in wild-type mice. In eNOS- 
deficient mice, dietary nitrate had a blood pressure lowering effect that 
was abolished by the administration of febuxostat, while the same di
etary supplement increased the blood pressure of wild animals and XOR 
inhibition reversed this effect. These results indicate that both XOR 

Fig. 3. A) Xanthine oxidoreductase (XOR)-eli
cited inflammation. XOR-generated reactive oxy
gen species (ROS) and nitric oxide (NO) activate 
endothelial cells, which increase their permeability 
and express adhesion molecules for leukocytes. The 
cytokines released by the activated leukocytes 
upregulate macrophage XOR expression. This XOR 
contributes to the antibacterial defense during 
phagocytosis through its products and the conse
quent formation of RNS [9]. Uric acid induces 
inflammation by activating the production of cyclo
oxygenase 2 (COX2), thromboxane and chemokines 
[43]. Also, uric acid activates the NACHT, LRR and 
PYD domain-containing protein 3 (NLRP3) inflam
masome and induces the expression of high mobility 
group box chromosomal protein 1 (HMGB1) and of 
the receptor for advanced glycation end products 
(RAGE) [52]. B) XOR-induced vasoconstriction. 
Pro-atherosclerotic stimuli augment ROS production 
by increasing the expression and activity of endo
thelial XOR and activating nicotinamide adenine 
dinucleotide phosphate (NADPH) oxidase. In turn, 
ROS oxidize and inactivate tetrahydrobiopterin 
causing decoupling of endothelial nitric oxide syn
thase (eNOS), which increases ROS formation [23]. 
In addition, an increased level of uric acid inside 
endothelial cells activates NADPH oxidase, which 
generates ROS and decreases the NO bioavailability, 
thus causing endothelial dysfunction since NO in
duces vasodilation and inhibits leukocyte adhesion, 
platelet aggregation and the proliferation of vascular 
smooth muscle cells [30]. Hyperuricemia upregu
lates the renin-angiotensin system, thus augmenting 
the formation of angiotensin I (Ang I), which is 
converted in angiotensin II (Ang II) by endothelial 
angiotensin-converting enzyme (ACE). Moreover, 
hyperuricemia favors oxidative stress of the vascular 
wall and inflammation leading to remodeling of 
small vessels also in humans probably mediated by 
the activation of the mitogen-activated protein 
(MAP) kinase pathway and vascular smooth muscle 
cell proliferation [38].   
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nitrite reductase activity ensures NO availability in the absence of eNOS 
and XOR products help support blood pressure [56]. 

Patients with essential hypertension had the serum level of XOR 
activity significantly higher than dialyzed patients with chronic renal 
disease or control subjects [57]. Serum XOR activity was significantly 
increased in obese adolescents as compared to healthy weight peers and 
had a significantly positive association with body mass index z-score, 
waist circumference and the serum level of oxidized LDL, as well as a 
negative association with monocyte chemoattractant protein-1, adipo
nectin and HDL [58]. These correlations with cardiovascular risk factors 
suggest that XOR activity may play a role in increasing cardiovascular 
risk. 

In a prospective study of patients with chronic kidney disease or 
chronic hemodialysis followed for three years, the serum level of XOR 
activity, but not uric acid, resulted an independent predictor of cardio
vascular events. These results suggest that XOR itself plays a role in CVD 
related to chronic kidney disease by inducing oxidative stress [59]. 

Both XOR and uric acid were independently associated and inde
pendent predictors for the onset and progression of albuminuria in pa
tients with type 2 diabetes mellitus, possibly because ROS production 
and induction of inflammatory cytokines damage the glomerular 
filtration barrier [60]. Weight loss in patients with severe obesity was 
associated with a decrease in circulating XOR and uric acid, but the 
lowering in serum uric acid level was not mediated by the reduction in 
XOR activity [61]. 

In a population-based study of cardiac patients, plasma XOR activity 
level had a significantly positive association with body mass index, 
serum level of liver enzymes and glycated hemoglobin (HbA1c) and a 
negative association with renal function and left ventricular hypertro
phy, as well as a U-shaped association with ventricular ejection fraction 
and elevated serum level of type B natriuretic peptide, regardless of 
various confounding factors, including uricemia [62]. Similarly, the 
level of XOR activity in serum correlated with circulating hepatic 
transaminases and insulin resistance indices but not with the serum uric 
acid level, which also had no correlation with insulin resistance index in 
Japanese patients with type 2 diabetes mellitus and metabolic syndrome 
[63]. In fact, uricemia is more determined by renal function and the 
consequent level of excretion than by XOR activity, which most in
fluences the intracellular concentration of uric acid. A U-shaped asso
ciation was also observed between abnormally high or low plasma XOR 
activity and chronic heart failure severity and clinical outcome after 
adjustment for confounding risk factors in a study with 484 subjects 
followed for 3 years. Although the pathological mechanism is not 
elucidated, abnormal plasma XOR activity worsens cardiac prognosis by 
identifying high-risk chronic heart failure patients [64]. 

A cross-sectional study of 193 Japanese with lifestyle-related dis
eases, such as alcohol consumption, smoking, diabetes mellitus, hyper
tension and dyslipidemia, showed that plasma XOR activity was 
associated with insulin resistance as determined based on the homeo
stasis model assessment index, regardless of visceral adiposity and adi
ponectin level [65]. Among the 301 outpatients with CVD in a 
prospective study, those with diabetes mellitus belonged to the group 
with a high plasma XOR level. Diabetes mellitus was independently 
associated with high plasma XOR activity. In diabetic patients, body 
mass index independently correlated with high plasma XOR activity. 
Moreover, in these patients, plasma H2O2 was significantly higher than 
in patients without high plasma XOR activity and obesity, suggesting 
that the increased XOR activity is responsible for the high plasma H2O2 
level [66]. 

In heart failure, XOR activity is upregulated as a consequence of its 
increased expression induced by inflammatory cytokines, as well as of 
the augmented substrate supply, due to hypoxia, catabolic dominance, 
insulin resistance, cell death and cachexia, leading to an increment in 
the production of both uric acid and ROS. Although uric acid is an un
questioned marker of a number of pathological heart conditions, urate- 
lowering therapies other than XOR inhibition fail to exert the beneficial 

effects that would be expected if hyperuricemia had a main pathogenic 
role in heart failure [67]. 

In a prospective study that included 257 patients with heart failure 
with preserved ejection fraction and a median follow-up period of 809 
days, high XOR activity was suggested to be an independent risk factor 
for major adverse cardiovascular events, being significantly associated 
with them, after adjustment for confounding factors, regardless of the 
state of hyperuricemia. The results obtained from this study suggest that 
XOR inhibition can improve the clinical outcomes of these patients only 
in the presence of high plasma XOR activity [68]. 

Recently, the focus has been moved from uric acid to XOR as a true 
risk factor or at least as a more reliable biomarker for metabolic, renal 
and CVD because of the association between the serum XOR activity 
level and smoking, obesity, dyslipidemia, insulin resistance and liver 
dysfunction [69,70]. 

A general population-based cohort study including 1631 Japanese 
demonstrated that serum XOR activity level was independently associ
ated with body mass index, diabetes mellitus, dyslipidemia and urice
mia. Furthermore, subjects in the top quartile of XOR activity were 
associated with a high risk of CVD after adjustment for baseline char
acteristics. The results of this cross-sectional study suggest that high 
XOR activity is a marker of cardiovascular risk at least in Japanese 
population [71]. 

Myocardial fibrosis and adverse ventricular remodeling can lead to 
heart failure. These cardiac transformations may in part result from the 
endothelial-mesenchymal transition, a shift of the phenotype from the 
endothelial to the mesenchymal cell that is stimulated by TGF-β via 
SMAD-2/3/4 and the Slug signaling pathway. During the evolution of 
inflammation to fibrosis, XOR can contribute to this process by pro
ducing both uric acid and ROS, which in addition trigger cardiomyocyte 
autophagy and apoptosis. An upregulation of XOR activity is found in 
many of the prevalent comorbidity of heart failure such as ageing, dia
betes mellitus, metabolic syndrome, hypertension and obesity, which 
act through the endothelium of the coronary microcirculation and 
induce a pro-inflammatory state. The increased XOR activity in heart 
failure, caused by hyperinsulinemia, hypoxia and increased substrate 
supply, due to cell death and the prevalence of catabolism, generates an 
imbalance with NOS activity, thus reducing the myocardial mechanical 
efficiency [72]. 

In a prospective study in acute heart failure, 187 patients were 
subdivided based on plasma XOR activity determined at admission with 
a cut-off value of 100 pmol/h/ml. The low XOR group had a significant 
worse prognosis than the high XOR group within 365 days. A decrease in 
XOR activity level within 14 days after admission due to heart failure 
treatment has a positive prognostic significance, while an insufficient 
reduction in XOR activity is associated with an increase in further heart 
failure events. These results suggest a relationship between plasma XOR 
level and liver/gut edema from right heart failure, which can induce 
hypoxia and metabolic/respiratory acidosis. In other words, the plasma 
XOR level reflects insufficiently compensated acute heart failure [73]. 

6. Urate-lowering therapies and xanthine oxidoreductase 
inhibition 

A cohort study including 14,000 hyperuricemic Danish patients 
showed that allopurinol-treated subjects had significantly less cardio
vascular outcome, i.e., acute myocardial infarction, stroke, cardiovas
cular death and all-cause mortality, than those without allopurinol 
treatment [74]. 

Over the past five years, the number of publications regarding urate- 
lowering therapies, including uricosuric drugs, XOR inhibitors and re
combinant uricase, has been steadily growing, but this issue cannot be 
addressed here and should be redirected to dedicated reviews [75]. 
There are meta-analyzes on clinical trials including a large number of 
subjects and there are excellent reviews that attempt to answer the 
question of whether hyperuricemia is only an indicator or rather one of 
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the causes in CVD and whether a urate-lowering therapy is recom
mended in asymptomatic hyperuricemia and to which categories of 
patients. Another problem to solve is whether XOR represents a better 
indicator, or even the contributing cause in CVD, rather than uric acid, 
because of XOR induction of oxidative stress, inflammation and endo
thelial dysfunction. As a consequence, the question is if the most 
promising therapeutic strategy to choose for CVD is to inhibit XOR, 
either by allopurinol or febuxostat, or not. No definitive answers are 
available at the moment. While antioxidant therapies give disappointing 
results, competitive XOR inhibitor treatments improve heart failure 
symptoms only in hyperuricemic patients [76]. Accordingly, uric acid 
lowering-drugs are efficient in reducing blood pressure only in pop
ulations with both hypertension and hyperuricemia. However, 
population-based genetic association analyses indicate that hyperten
sion is associated with XOR genetic polymorphisms, while no associa
tion with major urate transporters is present. This finding suggests that a 
high intracellular concentration of uric acid produced by XOR activity is 
crucial in the development and progression of hypertension regardless of 
hyperuricemia [45]. 

Patients with gout treated with XOR inhibitors showed significantly 
improved flow-mediated dilation of the brachial artery after reaching 
target serum uric acid. The improvement in the endothelial-dependent 
arterial response was present only in patients without established car
diovascular risk factors and comorbidities, such as hypertension and 
hyperlipidemia. These results suggest that the reason why urate- 
lowering therapies give discordant results could be the low level of 
focus on the choice of the target population [77]. 

The level of uricemia shows a strong direct correlation with hyper
tension, atherosclerotic CVD, heart failure and atrial fibrillation. 
Furthermore, various pathogenetic mechanisms, such as endothelial and 
vascular dysfunction mediated by oxidative stress and the reduced 
availability of NO, can be triggered through the inflammatory response 
caused by soluble or crystallized uric acid. Recent European guidelines 
on arterial hypertension include uric acid as a factor influencing car
diovascular risk, suggesting a possible causal link between hyperurice
mia and CVD. However, careful examination of various meta-analysis 
studies on urate-lowering therapy with a large number of subjects does 
not provide definitive results [78]. Accordingly, although hyper
uricemic patients have a higher risk and a worse prognosis of heart 
failure and XOR activity is increased in heart failure, the available evi
dence does not allow to distinguish whether uric acid and/or XOR are 
causal risk factors or just CVD markers [79]. 

In randomized controlled trials, whilst XOR inhibition moderately 
improved the condition of chronic heart failure patients, it increased the 
risk of cardiovascular death, particularly when the inhibition was ob
tained with the more selective and potent inhibitor febuxostat [80]. This 
finding could be explained by considering that both competitive and 
non-competitive XOR inhibitors block purine oxidation along with XOR 
nitrite-reduction activity, thus aggravating heart conditions by reducing 
NO availability and increasing oxidative stress. Furthermore, a more 
intense lowering of urates may be associated with higher mortality due 
to the loss of the antioxidant capacity of the plasma that is mostly 
dependent on uric acid [81]. 

7. Conclusions 

The role of XOR activity and products in the onset and evolution of 
CVD has been intriguing basic researchers as well as metabolic, renal 
and cardiac clinicians for a long time and still awaits definitive answers. 
The reason for this incessant attention lies in the biological effects of the 
main products of XOR activity: uric acid, ROS and NO. Uric acid has an 
antioxidant function in serum, while intracellularly it has a pro-oxidant 
effect. It increases the expression of inflammatory cytokines and the 
renin-angiotensin pathway, so hyperuricemia is associated with estab
lished cardiovascular risk factors such as hypertension, dyslipidemia, 
type 2 diabetes, chronic kidney disease and metabolic syndrome. ROS 

can play a signaling role in various pathways including immune and 
inflammatory responses or they can be cytotoxic and lead to oxidative 
stress, depending on their concentration. NO is a neurotransmitter and 
inhibits the contraction of vascular smooth muscle thus having a vaso
dilating effect. It also participates in inflammation by generating cyto
toxic peroxynitrite together with ROS and contributes to the regulation 
of cardiac contractility. 

Much research has focused on hyperuricemia, but the results have 
not been satisfactory. An explanation may be that this parameter is 
influenced by several factors: genetic basis, diet, drug intake, urate 
transporters in the intestine and mainly by the renal function that 
modulates its excretion. The correlation of hyperuricemia with most 
CVD risk factors makes it difficult to find an independent and mean
ingful relationship with CVD after eliminating all possible confounding 
factors, such as age, gender, kidney function, as well as diabetes and 
dyslipidemia. There is a suspicion that significance for hyperuricemia as 
a causal risk factor for CVD is not achieved due to over-adjustment [82, 
83]. 

Recently the focus has shifted to the intracellular concentration of 
uric acid and its production by XOR, which also generates ROS. There
fore, rather than focusing on urate-lowering therapies, growing interest 
points to XOR inhibition, which not only helps control patients’ urice
mia, but also reduces the level of ROS production and the consequent 
risk of oxidative stress and chronic inflammation, the role of which in 
the onset and aggravation of CVD are well known. For this reason, 
plasma XOR activity has been suggested as a new biomarker of meta
bolic disorders. Furthermore, XOR may deserve the role of a risk factor, 
while uric acid may simply be a risk marker for CVD [69]. 

On the basis of the data collected so far, the most advisable urate- 
lowering therapy seems to be that with XOR competitive inhibitors, 
but in the first place, it remains to be clarified what is the optimal level 
of uricemia. Second, there are few cases in which XOR inhibitor therapy 
has been shown to significantly improve the prognosis of patients at risk 
of CVD, although higher uric acid levels are often associated with worse 
outcomes. This suggests continuing to search for the precise clinical 
conditions in which limiting the production of uric acid and ROS can be 
helpful. Unfortunately, the inhibition of XOR also involves the reduced 
production of NO, which in certain circumstances alters the delicate 
balance that allows the correct regulation of the vascular tone and of the 
heart pump. In conclusion, we are still far from being able to suggest 
pharmacological control of asymptomatic hyperuricemia, while sur
veillance of the uricemia parameter is highly recommended in all pa
tients with CVD. 
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