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Uric acid is the final product of purine metabolism. Classically it is recognized as the cause of gouty arthritis and
kidney stones.Western civilization has increased serum levels of uric acidwhich is no longer considered a benign
plasma solute. It has been postulated and recently demonstrated that it can penetrate cell membrane and exerts
damaging intracellular actions such as oxidation and inflammation. These observations have stimulated several
epidemiological researches suggesting that hyperuricemia is linked or even provokes hypertension and coronary
artery disease. In this review we summarize the current evidences regarding uric acid which contribute in the
pathophysiology of coronary artery disease.

© 2015 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Excess uric acid has been always considered the cause of gouty
arthritis and kidney stones, because of accumulation of uric acid crystals
due to either overproduction or underexcretion.

Over the last 50 years, however, there has been a reappraisal of the
pathological role of excess uric acid in man. The scientific community
started to work on the idea that non-crystallized soluble uric acid is
responsible for tissue damage, particularly at the level of the liver and
the vessels. This was because Talbot et al. observed high incidence of
interstitial and vascular disease in autopsied kidney and coined the
term “gouty nephropathy” [1]. The same concept was then extended
to patients with small deposit of urate crystals or asymptomatic hyper-
uricemia [2]. Not surprisingly, themajority of nephrologists rejected the
idea that soluble uric acid has direct damaging effects to the kidneys not
related to kidney stones. There was no clear model or mechanism by
which soluble uric acid should damage the vascular tissue or the endo-
thelium of the kidney. At that time, the present well recognized
observation that hyperuricemia is associated to hypertension was con-
sidered and extended. A new light was then provided to the issue and
it was hypothesized that uric acid in excess could cause hypertension
and that hypertension itself could be the cause of vascular damage
resulting in kidney diseases.

Involvement of hypertension opened several new avenues as any
deleterious vascular changes in the heart, brain and kidney could be
the consequence of hypertension! Several epidemiologic studies started

to explore these different hypotheses. Majority of these, but not all,
show that uric acid elevation may initiate, or at least be linked, to the
endothelial dysfunction associated with stroke, diabetes, cardiovascular
disease, kidney disease as well as metabolic syndrome. Going beyond
the epidemiologic studies, scientists have also shown that uric acid
can penetrate endothelial cells and that it is biologically active, stimulat-
ing oxidative stress, inflammation, vasoconstriction, endothelial
dysfunction and many other negative actions.

Today the clinical data are on the side that hyperuricemia is associ-
ated (if not an independent risk factor) to cardiovascular disease, as
well as hypertension, kidney disease and stroke. The final molecular
mechanisms for a causal relationship between soluble uric acid and
these pathological conditions, however, remain elusive. Animal studies
provide suggestion for a mechanistic effect but not a clear picture. As
expected, these findings are changing clinicians' and cardiologists'
view of asymptomatic hyperuricemia with the temptation to lower
serum uric acid levels in order to decrease the risk of morbidity and
mortality of cardiovascular disease and new drugs are developed to
this end.

In this article we review the evidence in favor or against uric acid to
represent a risk factor for cardiovascular disease. Aspects of uric acid
metabolism and its involvement in other diseases are addressed in
different articles of this supplement.

1.1. Hyperuricemia in humans: a story from afar

We, human beings, are all hyperuricemic compared with all other
mammals. Only great apes are like us [1]. This is because of a series of
genetic mutations which occurred 20 million years ago to the uricase
gene, the enzyme that metabolizes uric acid [3]. Mammals with
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functioning uricase have serum urate concentration between 1 and 2
mg/dl. Our ancestors, before being exposed to modern civilization and
western diet, had serum urate level between 2 and 4 mg/dl, a level
that today has at least doubled. So therewas a clear enzymaticmutation
in the human species through the years. The question is why nature
provoked suchmutation. Nature only favors genetic changes to improve
the survival of the species. In the case of uricase, the reason is not at all
clear. Three interesting hypothesis have been considered, nonemutual-
ly exclusive. The first is related to the structural similarity between uric
acid and caffeine as well as other neurostimulatory molecules. It is
possible that the mutation in uricase increases the level of uric acid
which, in turn, allows the alertness and the intelligence needed to
achieve our evolutionary advance. The second hypothesis is related to
the antioxidant effects of uric acid, mainly to compensate the loss of
endogenously produced vitamin C, which occurred just before the loss
of uricase enzyme in mammals. The third hypothesis, actually the
more relevant for the present discussion, is linked with hypertension.
A higher blood pressure was needed by our ancestors to assume an
upright position requiring greater cerebral blood perfusion. All the
three hypotheses suggest a survival advantage offered by higher level
of serum urate, particularly in period when dietary sources of vitamin
C and sodium were low. However, as often is the case, in the modern
era with abundance of vitamins and salt in our diet, such advantages
turn to be a source of disease.

1.2. Gout and cardiovascular disease: just indulgence to unhealthy lifestyle
or…more?

In general, gouty patients have history of hyperuricemia, the
incidence of which is steadily increasing in the western world with
wide country variation. Hyperuricemia, in turn, is linked to hyperten-
sion, renal disease, metabolic syndrome and coronary or cerebral
vascular diseases. Not only, but high levels of uric acid (greater than
7.0 mg/dl) also correlate with the usual risk factors such as age, male
sex, obesity, dyslipidemia, and insulin resistance. It follows that all
these complex relationship between hyperuricemia, risk factors, and
cardiovascular diseases are difficult to interpret and the doubt that
elevated uric acid is just an epiphenomenon of a rather unhealthy
lifestyle does exist. Such a doubt is supported and reinforced by the
classical prototype of the gouty patient. Of course, there are always ex-
ceptions, but, in general, the typical patient with gout is a middle-aged
man, overweight and overindulging in food and alcohol intake! Often
this patient presents several associated comorbidities such as hyperten-
sion, kidney disease, diabetes mellitus and/or metabolic syndrome. The
question, therefore, is whether and when the increased level of soluble
uric acid intervenes in such cascade of events. The answer is far from
simple and comes from both experimental and clinical studies.

1.3. Uric acid: just circulating in the blood or penetrating the cells?

The major skepticism for accepting a causal role of uric acid was
related to the uncertainty that an extracellular substance circulating in
the blood could exert negative intracellular effects. In 2002, some light
into this dilemma was provided by the identification of a specific renal
urate–anion exchange transporter, named URAT-1. The transporter,
considering the low activity of uricase, is a key factor for the regulation
of blood urate levels as it is primarily responsible for renal reabsorption
of uric acid in the proximal convoluted tubule. Interestingly, URAT-1 is
also expressed in the vascular endothelial cells as well as in the vascular
smooth muscle cells [4]. These observations make an intracellular
negative action of uric acid at least possible and provide credibility to
the previous studies in rat models showing that hyperuricemia causes
microvascular changes independent from hypertension or the presence
of urate crystal [5]. Another interesting observation is the link, in rats at
least, between inhibition of uricase, rise of serum uric acid and develop-
ment of hypertension, preventable by lowering uric acid with xanthine

oxidase inhibitors or uricosuric agents [6]. Such a link, however, has not
been confirmed by other studies [7]. The discrepancy, interestingly, may
be related to the experimental model as URAT-1 is highly expressed in
the abdominal aorta but not in the thoracic aorta [8]. As a consequence,
responsiveness of vascular tissues to uric acid increase in terms of hy-
pertension development is related to URAT-1 dependent penetration
of endothelial and smooth muscle cells.

Another question is whether the intracellular effects of uric acid are
also related to development of coronary artery disease (CAD), indepen-
dently from increased blood pressure. The answer to this question is
difficult and far from being completely elucidated as uric acid elevation
can exert different and opposite effects. Furthermore, elevated uric acid
levels contribute to CAD by interacting with oxygen metabolism,
inducing inflammation and endothelial dysfunction.

1.4. Uric acid and oxidative stress: a double face action, extracellular
protection, intracellular damage

Uric acid exerts opposite effects on oxygen scavenging, according to
whether its effects occur extracellularly or intracellularly. Circulating
uric acid protects vascular endothelial cells from oxidative stress. It re-
acts with different oxidants, as singlet oxygen, peroxyl and hydroxyl
radicals. The reaction between uric acid and oxidants results in its
degradation to specific products such as allantoin, triuret and
6-amminouracil, respectively. It follows that uric acid acts as a vehicle
of NO, decreasing vascular tone, increasing blood flow and protecting
vascular endothelial cells from external oxidative stress.

This positive effect is true only for the circulating uric acid. When it
penetrates the endothelium and the myocyte or when is produced in
the cell as terminal step of purine degradation, the effects of uric acid
are completely different and from an antioxidant it became a strong
pro-oxidant. During the degradation from hypoxanthine to uric acid,
xanthine oxidase donates electron to molecular oxygen, through an in-
ternal electron transport system, generating reactive oxygen species
(ROS), like O2− and hydrogen peroxide (H2O2). O2− has a major role
in cardiac dysfunction, interacting with several membranes, including
the sarcolemma and the mitochondria membranes. In addition, it
binds NO and forms peroxynitrite (OONO−), thus reducingNO bioavail-
ability (Fig. 1).

Even the entry of uric acid into cells causes oxidative stress and
reduces NO bioavailability. Oxidative stress is related to activation of
nicotinamide adenine dinucleotide phosphate-oxidase (NADPH),
while NO bioavailability reduction is related to the block of L-arginine
uptake, the NO synthase (NOS) substrate and to the stimulation of
L-arginine degradation through arginase. Of course, this results in
endothelial dysfunction and vasoconstriction (Fig. 1).

Interestingly, the magnitude of uric acid-related endothelial
dysfunction in experimental studies is stronger than its extracellular
antioxidant properties [9]. This is because NO inhibits platelets aggrega-
tion and adhesion, prevents leukocytes adhesion, reduces intima prolif-
eration, and controls vascular tone. The reduction of its bioavailability
induces endothelial dysfunction, through the reduction of NO metabo-
lites, oxidative stress and ultimately an increase of vascular tone. The
association between hyperuricemia and endothelial dysfunction has
been demonstrated both in rats [10] and in humans, and xanthine
oxidase inhibitors treatment has shown to improve endothelial
dysfunction [11].

1.5. Uric acid besides crystal deposits provokes inflammation and activates
immunity

Beside thewell-knownurate crystals inflammation properties, recent
studies show that uric acid stimulates chemokines, such as monocyte
chemoattractant protein-1 (MCP-1) and inflammatory markers, such
as high-sensitivity C reactive protein, white blood cells, interleukin-1,
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