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1. ABSTRACT

2. INTRODUCTION

Uric acid is the product of purine metabolism. It
is known that hyperuricemia, defined as high levels of
blood uric acid, is the major etiological factor of gout. A
number of epidemiological reports have increasingly linked
hyperuricemia with cardiovascular and neurological
diseases. Studies highlighting the pathogenic mechanisms
of uric acid point to an inflammatory response as the
primary mechanism for inducing gout and possibly
contributing to uric acid’s vascular effects. Monosodium
urate (MSU) crystals induce an inflammatory reaction,
which are recognized by toll-like receptors (TLRs). These
TLRs then activate NALP3 inflammasome. MSU also
triggers neutrophil activation and further produces immune
mediators, which lead to a proinflammatory response. In
addition, soluble uric acid can also mediate the generation
of free radicals and function as a pro-oxidant. This review
summarizes the epidemiological studies of hyperuricemia
and cardiovascular disease, takes a brief look at
hyperuricemia and its role in neurological diseases, and
highlights the studies of the advanced pathological
mechanisms of uric acid and inflammation.

Uric acid is the end product of nucleic acid
metabolism. High levels of blood uric acid have long been
associated with gout. Gouty arthritis (gout) is a medical
condition characterized by red, tender, hot, and swollen
joints caused by recurrent attacks of acute inflammatory
arthritis. The prevalence of gout in the United States has
increased from 2.9 cases per 1,000 persons in 1990 to 5.2
cases per 1,000 persons in 1999 (1), due to increasing age
of the population. Men have a higher risk of developing
gout than women due to higher baseline levels of blood uric
acid. Pathologically, gout is caused by an increase of blood
uric acid levels, which leads to crystal deposits in joints,
tendons, and other tissues and uric acid renal stones (2).
Recently, gout has been linked to cardiovascular
disease.
Epidemiological data supports the strong
association between cardiovascular disease and gout (3-5).
Furthermore, multiple studies have also associated
hyperuricemia with the precursors of cardiovascular
diseases, including hypertension, metabolic syndrome, and
coronary artery disease, as well as with closely related
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Figure 1. Biosynthesis of uric acid, Abbreviations: AMP: adenosine monophosphate; IMP: inosine monophosphate; XMP:
xanthosine monophosphate; GMP: guanosine monophosphate; NT: nucleotidase; PNP: purine nucleoside phosphorylase;
HGPRT: hypoxanthine-guanine phosphoribosyltransferase
vascular diseases such as cerebrovascular disease, vascular
dementia, preeclampsia, and kidney disease (6-12). In
2004, a prospective cohort study showed that
hyperuricemia may be an independent risk factor for
cardiovascular disease in middle aged men (13). However,
other multivariate analyses have not supported this claim
(14, 15). Although a consensus on the association of
hyperuricemia with cardiovascular disease has not been
reached, these debates have motivated investigators to
further determine the mechanisms underlining uric acid and
its associated diseases. Recent studies on gout have
advanced the understanding of pathological mechanisms of
uric acid crystal-induced inflammation (16-18). These
mechanisms may also play a role in uric acid’s link to
vascular disease. In this article, we review the relationship
of hyperuricemia and vascular disease by highlighting uric
acid’s role in inflammation and gout.

(IMP) followed by dephosphorylation with nucleotidase to
form inosine, or by first removing a phosphate group by
nucleotidase to form adenosine followed by deamination to
form inosine. Guanine monophosphate (GMP) is converted
to guanosine by nucleotidase. The nucleosides, inosine and
guanosine, are further converted to purine base,
hypoxanthine and guanine, respectively, by purine
nucleoside phosphorylase (PNP). Hypoxanthine is then
oxidized to form xanthine by xanthine oxidase, and guanine
is deaminated to form xanthine by guanine deaminase.
Xanthine is again oxidized by xanthine oxidase to form the
final product, uric acid (Figure 1). At physiologic pH, uric
acid is a weak acid with a pKa of 5.8. Uric acid exists
majorly as urate, the salt of uric acid.
As urate
concentration increases in blood, uric acid crystal formation
increases. The normal reference interval of uric acid in
human blood is 1.5 to 6.0 mg/dL in women and 2.5 to 7.0
mg/dL in men. The solubility of uric acid in water is low,
and in humans, the average concentration of uric acid in
blood is close to the solubility limit (6.8 mg/dL). When the
level of uric acid is higher than 6.8 mg/dL, crystals of uric
acid form as monosodium urate (MSU). Studies have
found that MSU triggers the inflammation seen in gout (1416), and may also contribute to the pathogenesis of vascular
diseases (see the section 10 for the details).

3. BIOCHEMISTRY AND METABOLISM OF URIC
ACID
Uric acid is a heterocyclic organic compound
with the formula C5H4N4O3 (7,9-dihydro-1H-purine2,6,8(3H)-trione) and a molecular weight of 168 Daltons.
Uric acid is the final metabolic product of purine
metabolism in humans, and is excreted in urine. Many
enzymes are involved in the conversion of the two purine
nucleic acids, adenine and guanine, to uric acid. Initially,
adenosine monophosphate (AMP) is converted to inosine
by two different mechanisms; either first removing an
amino group by deaminase to form inosine monophosphate

Humans cannot oxidize uric acid to the more
soluble compound allantoin due to the lack of uricase
enzyme. Normally, most daily uric acid disposal occurs via
the kidneys. In most other mammals, the enzyme uricase
(urate oxidase) further oxidizes uric acid to allantoin.
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Uricase gene likely underwent a functional mutation during
the early stages of hominoid evolution (19). As a result,
humans and several other primates have no functional
uricase, which consequently leads to higher blood uric acid
levels when compared to rodents (19). Hyperuricemia has
detrimental effects for multiple organ systems. Uricase
gene deficient mice have a 10 fold increase in the serum
uric acid level, and are found to have urate nephropathy
with infiltration of plasma cells, lymphocytes, and
macrophages (20). More than half of the mutant mice die
before 4 weeks of age (20).
On the other hand,
hyperuricemia may have some beneficial effects. Although
it has been debated whether the loss of urate oxidase was
simply an evolutionary accident (21), Watanabe et al has
suggested that hyperuricemia maintains blood pressure
during low salt intake environments, which may have
provided a survival advantage during the course of primate
evolution (22).
Alternatively, many investigators
hypothesize that hyperuricemia developed due to the
antioxidant properties of uric acid (19, 21, 23-25). For
example, in the nervous system, hyperuricemia has been
linked to more favorable outcomes in stroke and other
neurological diseases (26) (see section 9 for details).

guanine. The HGPRT defect results in the accumulation of
hypoxanthine and guanine, which further leads to high uric
acid levels. The excess PRPP also increases the rate of de
novo synthesis of purine, and consequently promotes the
production of its end degradation product, uric acid.
Lesch-Nyhan syndrome is the result of the buildup of high
levels of uric acid in the body beginning in infancy, which
leads to severe gout, kidney dysfunction, mental
retardation, neurological dysfunction, and self-mutilating
behaviors.
Glucose-6-phosphatase (G6Pase) is an enzyme
that catalyzes the release of glucose. A deficiency of
G6Pase causes von Gierke’s disease, one of the glycogen
storage diseases, and increases uric acid levels. Lack of
functioning G6Pase increases glucose-6-phosphate levels,
which stimulates the pentose phosphate pathway, and
consequently increases PRPP, purine biosynthesis, and uric
acid. However, the issue of whether these diseases have
any vascular complications remains unknown.
5. URIC ACID AND CORONARY HEART DISEASE
Coronary heart disease (CHD) is a disease
characterized by reduced blood supply to the heart muscle,
usually due to atherosclerotic lesions and vessel narrowing
in the coronary arteries. Hyperuricemia has been shown to
increase the risk of CHD related-events independently of
other CHD risk factors, and is linked to higher mortality
rates of CHD in women. A recent meta-analysis of a
prospective cohort study showed that there is a 12%
increase in mortality with each extra 1 mg/dL of uric acid
in a person with CHD (30). The presence of hyperuricemia
increases the risk of CHD by approximately 70% in
women, but not in men. Another meta-analysis published
in 2005 investigated the association between hyperuricemia
and CHD, and found an increased risk ratio of 1.12 in men
and 1.22 in women with hyperuricemia (31).
The
mechanisms underlying the higher risk of CHD in women
with hyperuricemia remain poorly defined (see section 10.2
for the details). However, a combined analysis of all
studies demonstrated an odds ratio of 1.13, which dropped
to 1.02 after adjusting for other established risk factors and
possible cofounders. Serum uric acid concentrations were
not significant in independently predicting coronary heart
disease (31).

4. CAUSES OF HYPERURICEMIA
Hyperuricemia is defined as blood uric acid
levels above the normal reference interval. Generally,
hyperuricemia in adults is defined as a blood uric acid
concentration greater than 7.0 mg/dL in men and 6.0 mg/dL
in women. In normal humans, uric acid is excreted in
urine. However, uric acid excretion may be impaired by
kidney disease, leading to hyperuricemia. Hyperuricemia
also occurs in babies born with fewer nephrons. These
babies process less uric acid compared to healthy controls,
and/or have excessive uric acid transferred from their
mothers (27). In diseases such as leukemia or lymphoma,
chemotherapeutic treatments cause a marked increase in the
excretion of uric acid resulting from the nucleic acid
metabolism and can obstruct renal tubules, causing acute
renal failure (“tumor lysis syndrome”) (28).
In addition to problems with uric acid excretion
due to kidney dysfunction, hyperuricemia can also result
from the increased generation of uric acid. Diets heavy in
purine or fructose, or exposure to lead can also contribute
to high uric acid levels. Fructose is a unique sugar
molecule in that it rapidly depletes ATP and increases the
amounts of uric acid (29). A study conducted by Johnson’s
group (28, 49) using rodents showed a drastic increase in
uric acid after the consumption of fructose.

6. URIC ACID AND HYPERTENSION
Recent studies have consistently concluded that
hyperuricemia may be an independent risk factor for
hypertension (32). Although it seems possible that high
uric acid levels are a mere consequence of disease, high
uric acid levels always precede the development of
hypertension.
Hypertension has become increasingly
prevalent worldwide, and uric acid levels are rising in
correlation (31, 70).

In certain humans, a deficiency of enzymes
resulting from genetic mutations may also cause increased
blood uric acid levels. For example, hypoxanthine-guanine
phosphoribosyl transferase (HGPRT) catalyzes the
formation of IMP and GMP for recycling purine bases
(Figure 1) with 5-phoshoribosyl-alpha-pyrophosphate
(PRPP) as a co-substrate. Lesch-Nyhan syndrome, a rare
inherited X-linked disorder caused by the deficiency of
HGPRT, leads to the accumulation of purine and PRPP,
which are used in the salvage pathway of hypoxanthine and

High plasma uric acid levels are positively
associated with increased incidences of hypertension in
adults (33, 34). More specifically, plasma uric acid levels
significantly predict diastolic hypertension, but not systolic
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hypertension (35, 36). However, this association decreases
as patients age (37) and is not found in elderly patients (36,
38-40). The weakening relationship between uric acid and
hypertension with age has a few possible explanations.
Uric acid damages small renal vessels, which leads to
irreversible salt-sensitive hypertension. This hypertension
persists regardless of uric acid levels (22).
When
hypertension
develops
in
the
elderly,
other
pathophysiological mechanisms such as decreased arterial
compliance may play a larger role in hypertension than
hyperuricemia (41).

waist circumference (greater than 102 cm for men, and
greater than 88 cm for women), triglycerides (greater than
or equal to 150 mg/dL), high-density lipoprotein (HDL)
cholesterol (less than 40 mg/dL for men, and less than 50
mg/dL for women), blood pressure (greater than or equal to
130/85 mmHg), and fasting glucose level (greater than or
equal to 110 mg/dL) are met. The prevalence of metabolic
syndrome in the United States has drastically increased
over the past few decades, with a prevalence of
approximately 27% (51) in the year 2000. Persons with
metabolic syndrome have an increased risk of developing
cardiovascular disease (52). Hyperuricemia has been
associated with the development of metabolic syndrome in
industrialized nations around the world (53-55).
A
mirroring trend can be seen in the rise of plasma uric acid
levels. In the general population, plasma uric acid levels
have risen from averages of 3.5 mg/dL in the 1920s to 6.5
mg/dL in the 1970s (56, 57). One possible culprit to the
recent rise of uric acid is the increased consumption of
fructose in industrialized nations (58, 59). Fructose intake
has been directly linked to hyperuricemia (60, 61), which
may result in metabolic syndrome (62, 63) and
hypertension (64, 65). The mechanisms in which uric acid
may promote the development of metabolic syndrome may
involve uric acid inhibition of nitric oxide synthase (66,
67), One study by Cook et al showed that knockout mice
lacking nitric oxide synthase had features of metabolic
syndrome including hypertension, hypercholesterolemia,
hypertriglyceridemia, and increased insulin resistance (68).

An increase in fructose intake over the past 200
years also corresponds with the increasing prevalence of
hypertension and hyperuricemia. As discussed in the
previous section, fructose rapidly depletes ATP and
increases levels of blood uric acid (29). The modern
human diet contains excessive fructose, in the form of highfructose corn syrup, table sugar, and artificial sweeteners.
This may be responsible for the trends of increasing uric
acid and hypertension. In a study of rats by Nakagawa
(42), animals who ingested fructose without uric acid
lowering drugs (allopurinol) suffered from metabolic
syndrome, elevated insulin, higher triglycerides,
hypertension, and higher body weights. Those who
received uric acid lowering drugs (allopurinol or
benzbromarone) averted hyperinsulinemia, systolic
hypertension, hypertriglyceridemia, and weight gain.
Further evidence of the association of
hyperuricemia and hypertension can be found in babies
with low birth weight (27). Low birth weight babies appear
to have an increased risk of hypertension later in life, and is
associated with high levels of uric acid (43). It has been
hypothesized that the increased risk of hypertension is a
result of low nephron counts common in babies with low
birth weights (44). One study by Keller et al (45) tested ten
Caucasians with essential hypertension (age range 35 to 59
years) who had died in traffic accidents. The ten patients
all had fewer nephrons than a control group with agematched people who had died similarly. Their data
supports the hypothesis that there is a reduced number of
nephrons in patients with primary hypertension.

8. URIC ACID AND STROKE
Hyperuricemia has been implicated as playing a
part in the development of cardiovascular disease,
including stroke (30). Stroke accounts for roughly 1 out of
every 18 deaths and is the third leading cause of death in
the United States.
According to a recent report,
approximately 795,000 Americans experience a stroke
every year, which approximates to 1 stroke every 40
seconds (69). In 2009, Kim et al published the only large
systemic review and meta-analysis known to date
investigating the relationship of stroke and hyperuricemia
(70). A total of sixteen prospective cohort studies from
over 230,000 patients were included. Patients with
hyperuricemia were found to be at a significantly higher
risk for both stroke incidence (relative risk 1.41) and
mortality (relative risk 1.26) than controls with normal
levels of uric acid. After adjusting for known risk factors
of stroke, the significance between hyperuricemia and
stroke remain. In the same year, Holme et al examined uric
acid as a potential risk factor for acute myocardial
infarctions, congestive heart failure, and stroke in the
Apolipoprotein Mortality RISK study (AMORIS).
Increasing uric acid levels were found to be associated with
increased risk of both hemorrhagic and ischemic strokes
(71).

Hyperuricemia has also been established as an
independent predictor of microalbuminuria (46) and renal
dysfunction (25, 47, 48).
In healthy normotensive
individuals, increased uric acid levels correlate with
decreased kidney function (49). Both interstitial and
vascular inflammation may also occur. Thus, high levels of
uric acid can induce a vasoreactive hypertension, which can
further develop into kidney-dependent hypertension.
7. URIC ACID AND METABOLIC SYNDROME
Metabolic syndrome is a disorder characterized
by abdominal obesity, dyslipidemia, hypertension, insulin
resistance, and a prothrombotic and proinflammatory state,
based on the definition given by the National Cholesterol
Education Program Adult Treatment Panel III (NCEP ATP
III) (50). The diagnosis of metabolic syndrome is made
when three or more of the risk determinations including

9. URIC ACID
DISORDERS

AND

NEURODEGENERATIVE

As the aging population expands, the potential
association between serum uric acid levels and a variety of
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activity of both cytosolic CuSOD and ecSOD (80). It is
thought the antioxidative effects of uric acid may be
neuroprotective, particularly in Parkinson’s disease, where
oxidative stress has a leading role in the degeneration of
dopaminergic neurons in the substantia nigra (77, 81).

neurodegenerative disorders has been of particular interest.
While high levels of uric acid have been linked with gout,
hypertension, cardiovascular disease, and stroke (30, 32,
70, 72), reduced serum levels of uric acid have been
associated with Parkinson’s disease, Huntington’s disease,
and multiple sclerosis (73-77). A study by Annanmaki et
al in 2007 showed significantly lower plasma uric acid
levels in patients with Parkinson’s disease when compared
with matched controls. A later study by Andreadou et al
confirmed Annanmaki’s conclusions that Parkinson’s
disease patients have significantly lower mean serum uric
acid levels when compared with controls (73). It was also
found that in men, there was a significant inverse
correlation between uric acid levels and disease duration,
with lower levels associated with longer duration of
Parkinson’s.

10. PATHOGENIC MECHANISMS OF URIC ACID
AND INFLAMMATION
The significance of high plasma uric acid levels
as a risk factor for vascular disease has been discussed in
other sections of this review. The issue is still under debate
whether uric acid levels can have direct effects on vascular
cells or serve as only a functional marker of xanthine
oxidase activity. In this section, we review the proinflammatory effects of uric acid, which supports the direct
cause-effect relationship of hyperuricemia and vascular
pathology.

It has been argued that if lower levels of serum
uric acid are associated with Parkinson’s disease, then
higher levels, particularly the hyperuricemic levels seen in
gout may have a protective effect. Alonso et al performed
a prospective case-controlled study to determine the
association between gout and the risk of developing
Parkinson’s disease (78). Individuals with a history of gout
had a significantly lower risk of developing Parkinson’s
than ones without a history of gout. However, this finding
was only significant for men, but not for women. De Vera
et al later published a large population-based cohort study
in Canada, which also studied the relationship between
gout and Parkinson’s disease on patients whose age was
greater than 65 (76). Using the British Columbia Linked
Health Database and PharmaCare data, the incidence rates
of Parkinson’s disease in 11,258 gout patients were
compared with 56,199 matched controls. Over an 8-year
median follow up, there was a 30% reduction in the risk of
developing Parkinson’s disease in both male and female
patients with a history of gout, independent of age, sex,
prior comorbid conditions, and nonsteroidal antiinflammatory drugs (NSAIDs) and diuretic use.
Recognition of uric acid as a possible biomarker and its
function as a scavenger in Parkinson’s disease raises the
possibility that urate may bear the therapeutic potential for
the disease (79).

10.1. Effects of soluble uric acid on vascular cells
As a byproduct of hydrogen peroxide generated
from hypoxanthine and xanthine, uric acid has long been
considered an anti-oxidant reagent (21, 82, 83). As an antioxidant, uric acid decreases the violability of superoxide,
and therefore may have a protective role in vascular
inflammation and dysfunction. However, uric acid also
mediates the production of aminocarbonyl radicals, which
have pro-oxidant effects on several molecules (84-86)
including low-density lipoprotein (LDL) cholesterol.
Patterson et al showed that uric acid functioned as an
antioxidant in the presence of native LDL taken from
human plasma, but in response to mildly oxidized LDL,
when the oxidation had occurred, uric acid became a prooxidant (86, 87). In certain local conditions, uric acid also
directly reacts with other small chemicals including nitric
oxide. Normal nitric oxide generation is essential for
vascular relaxation whereas uric acid reduces nitric oxide
bioavailability by converting nitric oxide into other
molecules such as glutathione (88) or by decreasing nitric
oxide production (67, 89).
Studies have shown that soluble uric acid induces
vascular smooth muscle cell (VSMC) proliferation (90).
Further studies demonstrated that the induced proliferation
of VSMC is mediated by soluble uric acid via the mitogenactivated protein kinase (MAPKs) pathway. In addition,
uric acid also has pro-inflammatory effects on vascular
cells. In VSMC, uric acid induces chemokine monocyte
chemoattractant protein-1 (MCP-1) generation by
activating transcription factor nuclear factor κ-B (NFkappaB), MAPKs, and cyclooxygenase-2 (COX-2) (91).
Uric acid also increases the up-regulation of C-reactive
protein in both VSMCs and endothelial cells (92), which
adds to the pro-atherogenic properties of soluble uric acid.
Studies with rat models have found that hyperuricemiainduced hypertension and renal injury are due to
stimulation of the renin-angiotensin system, lower
endothelial nitric oxide levels, and inhibition of neuronal
nitric oxide synthase in the kidney (66). Uric acid also
stimulates vascular smooth muscle cell proliferation. This
directly causes the development of renal microvascular
disease and afferent arteriolopathy, possibly increasing

A recent 2010 study explored the relationship
between uric acid levels and Huntington’s disease (HD).
By performing a secondary analysis of the Huntington’s
disease CARE-HD trial, Auinger et al found an association
between higher serum uric acid levels and slower HD
progression (75). In addition, there was a trend of
decreased worsening of motor function with increasing uric
acid levels, hinting that uric acid may aid as a therapeutic
target for the slowing of the motor component of HD
progression.
In contrast, cognitive, behavioral, and
neuropsychological functions were not found to be related
to uric acid levels. One of the major cellular defenses
against the superoxide anion (O2*-) and formation of
peroxynitrite is the superoxide dismutases (SODs). These
include cytosolic Cu/ZnSOD (Cu/ZnSOD or SOD1),
manganese SOD (MnSOD or SOD2), and extracellular
Cu/ZnSOD (ecSOD or SOD3) (80). The protection roles of
uric acid may result from its inhibition of peroxidase
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blood pressure.
Hyperuricemia leads to impaired
endothelium-mediated vasodilation even in the absence of
existing cardiovascular disease (93). Studies in rat and cell
culture models have shown that this endothelial
dysfunction is due to the inhibition of endothelial
generation of nitric oxide by uric acid (67). Subsequent
studies have shown that hyperuricemia-induced
renovascular damage, resulting in hypertension and renal
injury, is caused by endothelial dysfunction (94).
Similarly, endothelial dysfunction may underly the causes
of other aspects of hyperuricemia-related cardiovascular
diseases. Decreases in uric acid levels in patients with
hyperuricemia results in distinct improvements in
endothelial dysfunction (95), vasodilator capacity and
blood flow (96). Soluble uric acid has complex pro- and
con- effects on vascular pathology depending on different
cellular environments. A better understanding of how the
microenvironment affects this trend is needed and may lead
to the identification of future therapeutic targets in
hyperuricemic patients. Several pharmacological agents
are available for the treatment of hyperuricemia in gout,
including allopurinol and febuxostat, whereas pepgloticase,
a recombinant, pegylated formulation of a mammalian
urate oxidase, is under review by the U.S. Food and Drug
Administration. It will be very interesting to determine
whether these drugs can lower the risk of cardiovascular
diseases in addition to lower urate levels (87).

addition, more research has been focused on the
relationship of pathogen-associated molecular patterns
(PAMPs) recognition receptors (PRRs) and MSU detection.
Four major families of PRRs have been identified as
important components of innate immunity, participating in
host defense sensory systems against the invasion of
infectious agents and danger signals. Toll-like receptors
(TLRs) recognize a variety of conserved microbial PAMPs
as well as many other molecules. Furthermore, TLRs work
in synergy with three cytosolic sensing receptor families
including NLRs [NOD (nucleotide binding and
oligomerization domain)-like receptors], RLRs [RIG-I
(retinoic acid-inducible gene 1)-like receptors], and CLRs
(C-type lectin receptors).
In one study using a
subcutaneous air pouch gout model, it was reported that
TLR2, TLR4, and myeloid differentiation factor 88
(MyD88)-deficient bone marrow-derived macrophages
(BMDMs) were insufficient in sensing MSU crystals and
MSU-induced generation of pro-inflammatory cytokines.
These observations were accompanied by a reduction in
neutrophil infiltration at the site of injection (102), suggesting
that MSU-induced inflammation is TLRs-dependent. The
progress in the field demonstrated that another PRR in the
NLRs family, NACHT, LRR and PYD domains-containing
protein 3 (NALP3), may also act as a sensor in the presence of
MSU (103). MSU-induced activation of NALP3, a type of
NLR, leads to an assembly of a protein complex termed
inflammasome. The NALP3 inflammasome, composed of
NALP3, apoptosis-associated speck-like protein containing a
caspase recruitment domain (ACS), caspase-1, and cardinal, is
functional for activation of proinflammatory caspase-1. This
protein complex processes caspase-1 precursor into its p20-p10
heterodimer mature form, which further cleaves the precursor
molecules of the well-known proinflammatory cytokines, prointerleukin-1beta (IL-1beta) and pro-IL-18, to their active
secreted products. IL-1beta and IL-18 are believed to play a
critical role in MSU-mediated inflammation. A pilot study of
IL-1 inhibitor in treating patients with acute gouty arthritis
indicates its rapid beneficial effects and validates the essential
role of IL-1 in gouty inflammation (104). In addition, there
is an expanding spectrum of acute and chronic
inflammatory diseases thought to be “autoinflammatory
diseases”. These autoinflammatory diseases, as a new
concept, are distinct from the traditional definition of
autoimmune diseases, the latter of which are associated
with dysfunctional T cells and can be treated with new T
cell suppressive biological drugs, including anti-tumor
necrosis factor-alpha (TNF-alpha), inhibitory receptor
cytotoxic T lymphocyte antigen 4-Ig (CTLA-Ig) fusion
preparation, anti-IL-12/23, anti-CD20, anti-IL-17, and antiIL-6 receptor (105). In contrast, autoinflammatory diseases
are uniquely attributed to dysfunctional caspase1 activity,
inflammatory cell death (pyroptosis) (106-108), and the
secretion of IL-1beta. Indeed, blocking IL-1beta results in
a rapid and sustained reduction in the severity of most
autoinflammatory diseases. Flares of gout, type 2 diabetes,
heart failure, and smoldering multiple myeloma are
examples of seemingly unrelated diseases, which are
uniquely responsive to IL-1beta neutralization (105).

10.2. Uric acid crystals and inflammation response
Though the role of soluble uric acid in vascular
disease remains controversial, it is established that uric acid
crystals strongly induce inflammation and vascular
dysfunction in humans. As discussed in section 3, when
uric acid levels are over 6.8 mg/dL, crystals form as MSU.
Thus, MSU generations are mainly caused by
hyperuricemia. However, other factors also involved in
uric acid crystallization include pH, temperature, ionic
strength, and the binding of urate to plasma
macromolecules (97). The role of MSU in triggering
inflammation was first proposed by rheumatologists when a
strong causal relationship of crystal deposition in joint
tissues and the inflammatory response during the
pathogenesis of gout was observed (98). MSU has
garnered more attention since 2003 when it was first
recognized as an endogenous danger signal released from
dying cells (99). In humans, the innate immune system can
detect specific danger signals in addition to non-self
molecules in order to establish an efficient immune
response. This hypothesis is known as the “danger model”
(100). In instances of gout and hyperuricemia, crystallized
uric acid is produced by dying cells and signals “danger” to
immune system.
Though the strong immunogenic effect of MSU
has been recognized, the mechanism of how MSU is sensed
by immune cells remains unknown. Several different cell
membrane receptors have been reported to be involved in
MSU recognition. Research data from Naccache’s group
demonstrated that blocking antibodies, directed against
CD16 and CD11b, selectively inhibits the activation of
neutrophils by MSU (101), indicating a possible role of
antigen receptors in MSU-induced inflammation. In

Whether uric acid needs to upregulate the
expression of NLR/inflammasome components in order to
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activate inflammasome/caspase-1 and IL-1beta/IL-18
maturation remains unknown. To address this question,
Tschopp’s team found that granulocytes, monocytes
(very weakly), dendritic cells, and B and T cells all
express NALP1 and NALP3. The highest levels of
NALP1 are found in T cells and Langerhans cells.
Furthermore, NALP1 is present in glandular epithelial
structures such as the stomach, gut, lungs, and
surprisingly, in neurons and testis. In contrast to
NALP1, NALP3 shows a more restricted tissue
distribution with its expression mainly focused in nonkeratinizing epithelia in the oropharynx, esophagus, and
ectocervix. NALP3 expression is also found in the
urothelial layer in the bladder. A difference in the
subcellular distribution between NALP1 and NALP3 is
observed because NALP1 is localized mainly in the
nucleus, whereas NALP3 is predominantly cytoplasmic.
The functional significance in the different subcellular
locations of NALP1 and NALP3 remains unknown. To
further enhance our understanding of the expression
status of TLRs, NLRs, inflammasome components, and
proinflammatory caspases, we took different approaches
and examined the mRNA transcript levels of these
genes. We have made several important findings: (1)
Among 11 tissues examined, vascular and heart tissue
express fewer types of TLRs and NLRs than immune
system tissues such as blood, lymph nodes, thymus, and
trachea; (2) based on the expression data of three
characterized inflammasomes [NALP1, NALP3, and
ICE protease-activating factor (IPAF) inflammasomes],
the examined tissues can be classified into three tiers:
the first tier tissues including brain, placenta, blood, and
thymus express inflammasome(s) in a constitutive
status; the second tier tissues have inflammasome(s) in
nearly-ready expression status (with the requirement of
upregulation of one component); the third tier tissues,
like heart and bone marrow, require upregulation of at
least two components in order to assemble functional
inflammasomes. Based on the expression readiness of
inflammasomes in tissues, we propose a new working
model of a three-tier responsive expression of
inflammasomes in tissues and suggest a new concept of
third tier tissues’ inflammation privilege, which
provides insight on the differences of tissues in
initiating acute inflammations in response to the
stimulations of uric acid crystals (Figure 2) and other
risk factors. This model suggests that (a) the first-tier
tissues with constitutively expressed inflammasomes
initiate inflammation quicker than the second-tier and
third-tier tissues; and (b) the second tier tissues
(requiring one component upregulation) including
vascular tissue and the third tier tissues including heart
(requiring more than one component upregulation) are
in an inducible expression state of inflammasomes. The
inducible expressions of inflammasomes are presumably
mediated through various signal pathways and the
interplay between the signal pathways take longer time
and overcome a higher threshold than the first tier tissue
in initiating inflammation. Traditional concepts of
immune privilege suggests a protective mechanism from
autoimmune destruction based on lack of expression of
antigen-presenting self-major compatibility complex

(MHC) molecules in tissues (109). The lack of self-MHC
expression in immune privileged tissues including testis,
results in the failure of self-antigen presentation to
stimulate the host immune system. Thus, it protects
immune
privileged
tissues
from
autoimmune
destruction. Similarly, we propose a new concept of
tissues’ inflammation privilege that emphasizes a
protective mechanism against tissue destruction
mediated by inflammasome/IL-1beta-based innate
immune responses. In this new concept of tissues’
inflammation privilege, vascular tissue and heart
disproportionally express fewer types of TLRs and
NLRs and may only inducibly express inflammasomes.
The lower expression can be explained by the
“inflammation privilege” of the tissue against
uncontrolled inflammation destruction that is mediated
by inflammasome-based innate immune responses (110).
Our new concept and model may also explain the
potential differences between cardiovascular tissues and
other tissues in initiating acute inflammation in response
to uric acid crystals. The first-tier tissues may have a
higher probability of developing acute inflammation
than the second-tier and third-tier tissues. Future work
is required to elucidate the specific roles of different
tiers of tissue inflammasomes in uric acid crystalsinduced vascular inflammation and the regulatory signal
pathways (111).
A few hypothetical mechanisms have been
proposed on how a solid structure such as MSU can
directly activate, post-translationally,
intracellular
receptors like NALP3 (Figure 2). One model suggests
that NALP3 inflammasome is able to sense ionic
perturbations induced by MSU crystals (112), especially
potassium efflux. Indeed, low intracellular potassium
has been reported as a requirement for MSU-induced
NALP3 activation (113).
The issue remains
undetermined whether MSU can activate specific ion
channels or induce a non-selective increase in ion
permeability due to membrane damage. A second
model proposes that the generation of reactive oxygen
species (ROS) induced by MSU is essential for NALP3
inflammasome activation.
Accompanied with
inflammasome activation, ROS production is observed
in MSU treated macrophages (114, 115). ROS blockade
via knockdown of NAPDH subunit expressions or the
use
of
antioxidants
inhibits
MSU-induced
inflammasome activation (114, 115). These findings
indicate that ROS may transmit danger signals and
activate NALP3 inflammasome either directly or
indirectly. A third model claims that considering the
size of crystalline, MSU is too large to be efficiently
phagocytosed, and thus induces destabilization of
lysosomes, which leads to the release of cathepsin B, a
proinflammatory protease. This process may be sensed
by NALP3 which triggers inflammasome activation.
Supporting evidence for this model shows that inhibition
of cathepsin B and phagocytosis impairs NALP3
inflammasome activation induced by MSU as well as
other NALP3 agonists (116, 117). Though evidence can
be found to support each of these three models, much is
still unknown regarding the specific details delineating
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Figure 2. Mechanisms and pathways in MSU-mediated inflammation
each step. It is possible that all the models may work in
parallel or in tandem subsequently for inflammasome
activation.

11. CONCLUSION
Hyperuricemia has long been associated with
gout, and more recently, may be associated with
coronary heart disease, hypertension, stroke,
metabolic syndrome, and other disorders. Emerging
studies of the pathological mechanism of gout have
provided insight into the underlying mechanisms of
MSU crystal-induced inflammation intimately
involved in the pathology of gout. MSU crystal is
recognized by TLRs, which trigger the synthesis of
active proinflammatory cytokine IL-1beta through
NALP3 inflammasome activation.
Neutrophil
activation also triggers the production of immune
mediators associated with a proinflammatory
function. In addition to the MSU crystal triggering
an inflammatory reaction, soluble uric acid can also
mediate the generation of radicals and function as a
pro-oxidant. These mechanisms by MSU or soluble
uric acid found in gout may also contribute to the
development of vascular diseases seen in patients
with hyperuricemia (Figure 3). However, current
models of the pathophysiological mechanisms of uric
acid are not yet fully sufficient to explain the
relationship between hyperuricemia and vascular

To clearly demonstrate the role of
ASC/inflammasome in vascular inflammation and
injury, Yajima et al showed that ASC was markedly
expressed at the site of vascular injury. Neointimal
formation was significantly attenuated in ASC gene
deficient (-/-) mice after injury. IL-1beta and IL-18
were expressed in the neointimal lesion in wild-type
mice but showed decreased expression in the lesion of
ASC-/- mice. To further define the roles of ASC in
bone marrow cells and residential vascular cells for
vascular inflammation, the investigators replaced mouse
bone marrow with ASC-/- bone marrow cells and found
that neointimal formation was significantly decreased
(118). In addition, NALP3 inflammasome, that can be
activated by MSU crystals (112) and cholesterol crystals
(119, 120), plays an important role in promoting vascular
inflammation and atherosclerosis. Furthermore, uric acid
has also been found to enhance platelet adhesiveness (121)
and stimulate vascular smooth muscle cell growth (90).
Taken together, uric acid and MSU crystals promote
vascular inflammation via several different mechanisms.
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Figure 3. Hyperuricemia and diseases
disease.
Further research is needed to better
understand the biological roles of uric acid, and
identify new therapeutic targets in the prevention and
treatment of hyperuricemic-related diseases.

7. Ford, E. S., C. Li, S. Cook and H. K. Choi: Serum
concentrations of uric acid and the metabolic syndrome
among US children and adolescents. Circulation, 115,
2526-32 (2007)

12. ACKNOWLEDGEMENT

8. Tuttle, K. R., R. A. Short and R. J. Johnson: Sex
differences in uric acid and risk factors for coronary artery
disease. Am J Cardiol, 87, 1411-4 (2001)

Drs Fan Yang, Irene Yang, and Ying Yin
contributed equally to this work

9. Lehto, S., L. Niskanen, T. Ronnemaa and M. Laakso:
Serum uric acid is a strong predictor of stroke in patients
with non-insulin-dependent diabetes mellitus. Stroke, 29,
635-9 (1998)

13. REFERENCES
1. Wallace, K. L., A. A. Riedel, N. Joseph-Ridge and R.
Wortmann: Increasing prevalence of gout and hyperuricemia
over 10 years among older adults in a managed care
population. J Rheumatol, 31, 1582-7 (2004)

10. Schretlen, D. J., A. B. Inscore, T. D. Vannorsdall, M.
Kraut, G. D. Pearlson, B. Gordon and H. A. Jinnah: Serum
uric acid and brain ischemia in normal elderly adults.
Neurology, 69, 1418-23 (2007)

2. Becker, M. and B. J. Roessler: Hyperuricemia and gout. The
Metabolic and Molecular Bases of Inherited Disease 7th ed. C.
B. Scriver, AL, Sly, WS and Valle, D, Ed., McGraw-Hill,
1655-1677 (1995)

11. Roberts, J. M., L. M. Bodnar, K. Y. Lain, C. A. Hubel,
N. Markovic, R. B. Ness and R. W. Powers: Uric acid is as
important as proteinuria in identifying fetal risk in women
with gestational hypertension. Hypertension, 46, 1263-9
(2005)

3. Abbott, R. D., F. N. Brand, W. B. Kannel and W. P.
Castelli: Gout and coronary heart disease: the Framingham
Study. J Clin Epidemiol, 41, 237-42 (1988)

12. Siu, Y. P., K. T. Leung, M. K. Tong and T. H. Kwan:
Use of allopurinol in slowing the progression of renal
disease through its ability to lower serum uric acid level.
Am J Kidney Dis, 47, 51-9 (2006)

4. Krishnan, E., K. Svendsen, J. D. Neaton, G. Grandits and L.
H. Kuller: Long-term cardiovascular mortality among
middle-aged men with gout. Arch Intern Med, 168, 110410 (2008)

13. Niskanen, L. K., D. E. Laaksonen, K. Nyyssonen, G.
Alfthan, H. M. Lakka, T. A. Lakka and J. T. Salonen: Uric
acid level as a risk factor for cardiovascular and all-cause
mortality in middle-aged men: a prospective cohort study.
Arch Intern Med, 164, 1546-51 (2004)

5. Krishnan, E., J. F. Baker, D. E. Furst and H. R.
Schumacher: Gout and the risk of acute myocardial
infarction. Arthritis Rheum, 54, 2688-96 (2006)
6. Cannon, P. J., W. B. Stason, F. E. Demartini, S. C.
Sommers and J. H. Laragh: Hyperuricemia in primary and
renal hypertension. N Engl J Med, 275, 457-64 (1966)

14. Culleton, B. F., M. G. Larson, W. B. Kannel and D.
Levy: Serum uric acid and risk for cardiovascular disease

664

Uric acid and vascular diseases

and death: the Framingham Heart Study. Ann Intern Med,
131, 7-13 (1999)

and adult life, and mortality from cardiovascular disease.
Bmj, 298, 564-7 (1989)

15. Wen, C. P., T. Y. David Cheng, H. T. Chan, M. K.
Tsai, W. S. Chung, S. P. Tsai, M. L. Wahlqvist, Y. C.
Yang, S. B. Wu, P. H. Chiang and S. F. Wen: Is high serum
uric acid a risk marker or a target for treatment?
Examination of its independent effect in a large cohort with
low cardiovascular risk. Am J Kidney Dis, 56, 273-88
(2010)

28. Jones, D. P., H. Mahmoud and R. W. Chesney: Tumor
lysis syndrome: pathogenesis and management. Pediatr
Nephrol, 9, 206-12 (1995)
29. Emmerson, B. T.: Effect of oral fructose on urate
production. Ann Rheum Dis, 33, 276-80 (1974)
30. Kim, S. Y., J. P. Guevara, K. M. Kim, H. K. Choi, D. F.
Heitjan and D. A. Albert: Hyperuricemia and coronary
heart disease: a systematic review and meta-analysis.
Arthritis care and research, 62, 170-80 (2010)

16. Popa-Nita, O. and P. H. Naccache: Crystal-induced
neutrophil activation. Immunol Cell Biol, 88, 32-40 (2010)
17. Martin, W. J. and J. L. Harper: Innate inflammation and
resolution in acute gout. Immunol Cell Biol, 88, 15-9
(2010)

31. Wheeler, J. G., K. D. Juzwishin, G. Eiriksdottir, V.
Gudnason and J. Danesh: Serum uric acid and coronary
heart disease in 9,458 incident cases and 155,084 controls:
prospective study and meta-analysis. PLoS Med, 2, e76
(2005)

18. Liu-Bryan, R.: Intracellular innate immunity in gouty
arthritis: role of NALP3 inflammasome. Immunol Cell Biol,
88, 20-3 (2010)

32. Heinig, M. and R. J. Johnson: Role of uric acid in
hypertension, renal disease, and metabolic syndrome.
Cleveland Clinic journal of medicine, 73, 1059-64 (2006)

19. Wu, X. W., D. M. Muzny, C. C. Lee and C. T. Caskey:
Two independent mutational events in the loss of urate
oxidase during hominoid evolution. J Mol Evol, 34, 78-84
(1992)
20. Wu, X., M. Wakamiya, S. Vaishnav, R. Geske, C.
Montgomery, Jr., P. Jones, A. Bradley and C. T. Caskey:
Hyperuricemia and urate nephropathy in urate oxidasedeficient mice. Proc Natl Acad Sci U S A, 91, 742-6 (1994)

33. Cigolini, M., G. Targher, M. Tonoli, F. Manara, M.
Muggeo and G. De Sandre: Hyperuricaemia: relationships
to body fat distribution and other components of the
insulin resistance syndrome in 38-year-old healthy men
and women. Int J Obes Relat Metab Disord, 19, 92-6
(1995)

21. Ames, B. N., R. Cathcart, E. Schwiers and P.
Hochstein: Uric acid provides an antioxidant defense in
humans against oxidant- and radical-caused aging and
cancer: a hypothesis. Proc Natl Acad Sci U S A, 78, 685862 (1981)

34. Chu, N. F., D. J. Wang, S. H. Liou and S. M. Shieh:
Relationship between hyperuricemia and other
cardiovascular disease risk factors among adult males in
Taiwan. Eur J Epidemiol, 16, 13-7 (2000)

22. Watanabe, S., D. H. Kang, L. Feng, T. Nakagawa, J.
Kanellis, H. Lan, M. Mazzali and R. J. Johnson: Uric acid,
hominoid evolution, and the pathogenesis of saltsensitivity. Hypertension, 40, 355-60 (2002)

35. Yeh, C. J., W. H. Pan, Y. S. Jong, Y. Y. Kuo and C.
H. Lo: Incidence and predictors of isolated systolic
hypertension and isolated diastolic hypertension in
Taiwan. J Formos Med Assoc, 100, 668-75 (2001)

23. Christen, P., W. C. Peacock, A. E. Christen and W. E.
Wacker: Urate oxidase in primate phylogenesis. Eur J
Biochem, 12, 3-5 (1970)
24. Wacker, W. E.: Man: sapient but gouty. N Engl J Med,
283, 151-2 (1970)

36. Leite, M. L.: Uric acid and fibrinogen: agemodulated relationships with blood pressure components.
J Hum Hypertens (advanced online publication
September 23), 1-8 (2010)
37. Brand, F. N., D. L. McGee, W. B. Kannel, J. Stokes,
3rd and W. P. Castelli: Hyperuricemia as a risk factor of
coronary heart disease: The Framingham Study. Am J
Epidemiol, 121, 11-8 (1985)

25. Tomita, M., S. Mizuno, H. Yamanaka, Y. Hosoda, K.
Sakuma, Y. Matuoka, M. Odaka, M. Yamaguchi, H.
Yosida, H. Morisawa and T. Murayama: Does
hyperuricemia affect mortality? A prospective cohort study
of Japanese male workers. J Epidemiol, 10, 403-9 (2000)

38. Kosugi, T., T. Nakagawa, D. Kamath and R. J.
Johnson: Uric acid and hypertension: an age-related
relationship? J Hum Hypertens, 23, 75-6 (2009)

26. Chamorro, A., V. Obach, A. Cervera, M. Revilla, R.
Deulofeu and J. H. Aponte: Prognostic significance of uric
acid serum concentration in patients with acute ischemic
stroke. Stroke, 33, 1048-52 (2002)

39. Lu, Z., B. Dong, H. Wu, T. Chen, Y. Zhang, J. Wu
and H. Xiao: Serum uric acid level in primary
hypertension
among
Chinese
nonagenarians/centenarians. J Hum Hypertens, 23, 11321 (2009)

27. Barker, D. J., C. Osmond, J. Golding, D. Kuh and M. E.
Wadsworth: Growth in utero, blood pressure in childhood

665

Uric acid and vascular diseases

40. Forman, J. P., H. Choi and G. C. Curhan: Plasma uric acid
level and risk for incident hypertension among men. J Am Soc
Nephrol, 18, 287-92 (2007)

Relationship between serum uric acid concentration and
insulin resistance and metabolic syndrome. Circ J, 69, 928-33
(2005)

41. Blacher, J. and M. Safar: Specific aspects of high blood
pressure in the elderly. J Renin Angiotensin Aldosterone Syst, 3
Suppl 1, S10-5 (2002)

54. Choi, H. K. and E. S. Ford: Prevalence of the metabolic
syndrome in individuals with hyperuricemia. Am J Med, 120,
442-7 (2007)

42. Nakagawa, T., H. Hu, S. Zharikov, K. R. Tuttle, R. A.
Short, O. Glushakova, X. Ouyang, D. I. Feig, E. R. Block, J.
Herrera-Acosta, J. M. Patel and R. J. Johnson: A causal role
for uric acid in fructose-induced metabolic syndrome. Am J
Physiol Renal Physiol, 290, F625-31 (2006)

55. Onat, A., H. Uyarel, G. Hergenc, A. Karabulut, S.
Albayrak, I. Sari, M. Yazici and I. Keles: Serum uric acid is a
determinant of metabolic syndrome in a population-based
study. Am J Hypertens, 19, 1055-62 (2006)
56. Hall, A. P., P. E. Barry, T. R. Dawber and P. M.
McNamara: Epidemiology of gout and hyperuricemia. A
long-term population study. Am J Med, 42, 27-37 (1967)

43. Feig, D. I., T. Nakagawa, S. A. Karumanchi, W. J. Oliver,
D. H. Kang, J. Finch and R. J. Johnson: Hypothesis: Uric acid,
nephron number, and the pathogenesis of essential
hypertension. Kidney Int, 66, 281-7 (2004)

57. Freedman, D. S., D. F. Williamson, E. W. Gunter and
T. Byers: Relation of serum uric acid to mortality and
ischemic heart disease. The NHANES I Epidemiologic
Follow-up Study. Am J Epidemiol, 141, 637-44 (1995)

44. Brenner, B. M., D. L. Garcia and S. Anderson: Glomeruli
and blood pressure. Less of one, more the other? Am J
Hypertens, 1, 335-47 (1988)

58. Havel, P. J.: Dietary fructose: implications for
dysregulation
of
energy
homeostasis
and
lipid/carbohydrate metabolism. Nutr Rev, 63, 133-57
(2005)

45. Keller, G., G. Zimmer, G. Mall, E. Ritz and K. Amann:
Nephron number in patients with primary hypertension. N
Engl J Med, 348, 101-8 (2003)
46. Lee, J. E., Y. G. Kim, Y. H. Choi, W. Huh, D. J. Kim and
H. Y. Oh: Serum uric acid is associated with
microalbuminuria in prehypertension. Hypertension, 47,
962-7 (2006)

59. Johnson, R. J., M. S. Segal, Y. Sautin, T. Nakagawa,
D. I. Feig, D. H. Kang, M. S. Gersch, S. Benner and L.
G. Sanchez-Lozada: Potential role of sugar (fructose) in
the epidemic of hypertension, obesity and the metabolic
syndrome, diabetes, kidney disease, and cardiovascular
disease. Am J Clin Nutr, 86, 899-906 (2007)

47. Iseki, K., Y. Ikemiya, T. Inoue, C. Iseki, K. Kinjo
and S. Takishita: Significance of hyperuricemia as a risk
factor for developing ESRD in a screened cohort. Am J
Kidney Dis, 44, 642-50 (2004)

60. Choi, J. W., E. S. Ford, X. Gao and H. K. Choi:
Sugar-sweetened soft drinks, diet soft drinks, and serum
uric acid level: the Third National Health and Nutrition
Examination Survey. Arthritis Rheum, 59, 109-16 (2008)

48. Iseki, K., S. Oshiro, M. Tozawa, C. Iseki, Y. Ikemiya
and S. Takishita: Significance of hyperuricemia on the
early detection of renal failure in a cohort of screened
subjects. Hypertens Res, 24, 691-7 (2001)

61. Gao, X., L. Qi, N. Qiao, H. K. Choi, G. Curhan, K.
L. Tucker and A. Ascherio: Intake of added sugar and
sugar-sweetened drink and serum uric acid concentration
in US men and women. Hypertension, 50, 306-12 (2007)

49. Bellomo, G., S. Venanzi, C. Verdura, P. Saronio, A.
Esposito and M. Timio: Association of uric acid with
change in kidney function in healthy normotensive
individuals. Am J Kidney Dis, 56, 264-72 (2010)

62. Ludwig, D. S., K. E. Peterson and S. L. Gortmaker:
Relation between consumption of sugar-sweetened
drinks and childhood obesity: a prospective,
observational analysis. Lancet, 357, 505-8 (2001)

50. Eckel, R. H., S. M. Grundy and P. Z. Zimmet: The
metabolic syndrome. Lancet, 365, 1415-28 (2005)
51. Ford, E. S., W. H. Giles and A. H. Mokdad:
Increasing prevalence of the metabolic syndrome among
u.s. Adults. Diabetes Care, 27, 2444-9 (2004)

63. Schulze, M. B., J. E. Manson, D. S. Ludwig, G. A.
Colditz, M. J. Stampfer, W. C. Willett and F. B. Hu:
Sugar-sweetened beverages, weight gain, and incidence
of type 2 diabetes in young and middle-aged women.
JAMA, 292, 927-34 (2004)

52. Malik, S., N. D. Wong, S. S. Franklin, T. V. Kamath,
G. J. L'Italien, J. R. Pio and G. R. Williams: Impact of
the metabolic syndrome on mortality from coronary heart
disease, cardiovascular disease, and all causes in United
States adults. Circulation, 110, 1245-50 (2004)

64. Segal, M. S., E. Gollub and R. J. Johnson: Is the
fructose index more relevant with regards to
cardiovascular disease than the glycemic index? Eur J
Nutr, 46, 406-17 (2007)

53. Yoo, T. W., K. C. Sung, H. S. Shin, B. J. Kim, B. S.
Kim, J. H. Kang, M. H. Lee, J. R. Park, H. Kim, E. J.
Rhee, W. Y. Lee, S. W. Kim, S. H. Ryu and D. G. Keum:

65. Brown, C. M., A. G. Dulloo, G. Yepuri and J. P.
Montani: Fructose ingestion acutely elevates blood pressure

666

Uric acid and vascular diseases

in healthy young humans. Am J Physiol Regul Integr Comp
Physiol, 294, R730-7 (2008)

a cohort study. Arthritis and rheumatism, 59, 1549-54
(2008)

66. Mazzali, M., J. Hughes, Y. G. Kim, J. A. Jefferson, D.
H. Kang, K. L. Gordon, H. Y. Lan, S. Kivlighn and R. J.
Johnson: Elevated uric acid increases blood pressure in the
rat by a novel crystal-independent mechanism.
Hypertension, 38, 1101-6 (2001)

77. Schlesinger, I. and N. Schlesinger: Uric acid in
Parkinson's disease. Movement disorders : official journal
of the Movement Disorder Society, 23, 1653-7 (2008)
78. Alonso, A., L. A. Rodriguez, G. Logroscino and M. A.
Hernan: Gout and risk of Parkinson disease: a prospective
study. Neurology, 1696-700 (2007)

67. Khosla, U. M., S. Zharikov, J. L. Finch, T. Nakagawa, C.
Roncal, W. Mu, K. Krotova, E. R. Block, S. Prabhakar and R.
J. Johnson: Hyperuricemia induces endothelial dysfunction.
Kidney Int, 67, 1739-42 (2005)

79. Andreadou, E., C. Nikolaou, F. Gournaras, M.
Rentzos, F. Boufidou, A. Tsoutsou, C. Zournas, V.
Zissimopoulos and D. Vassilopoulos: Serum uric acid
levels in patients with Parkinson's disease: their
relationship to treatment and disease duration. Clin
Neurol Neurosurg, 111, 724-8 (2009)

68. Cook, S., O. Hugli, M. Egli, P. Vollenweider, R. Burcelin,
P. Nicod, B. Thorens and U. Scherrer: Clustering of
cardiovascular risk factors mimicking the human metabolic
syndrome X in eNOS null mice. Swiss Med Wkly, 133, 360-3
(2003)

80. Hink, H. U. and T. Fukai: Extracellular superoxide
dismutase, uric acid, and atherosclerosis. Cold Spring
Harb Symp Quant Biol, 67, 483-90 (2002)

69. Lloyd-Jones, D., R. J. Adams, T. M. Brown, M. Carnethon,
S. Dai, G. De Simone, T. B. Ferguson, E. Ford, K. Furie, C.
Gillespie, A. Go, K. Greenlund, N. Haase, S. Hailpern, P. M.
Ho, V. Howard, B. Kissela, S. Kittner, D. Lackland, L.
Lisabeth, A. Marelli, M. M. McDermott, J. Meigs, D.
Mozaffarian, M. Mussolino, G. Nichol, V. L. Roger, W.
Rosamond, R. Sacco, P. Sorlie, V. L. Roger, T. Thom, S.
Wasserthiel-Smoller, N. D. Wong and J. Wylie-Rosett: Heart
disease and stroke statistics--2010 update: a report from the
American Heart Association. Circulation, e46-e215 (2010)

81. Jenner, P.: Oxidative stress in Parkinson's disease.
Annals of neurology, 53 Suppl 3, S26-36; discussion
S36-8 (2003)
82. Hicks, M., L. S. Wong and R. O. Day: Identification
of products from oxidation of uric acid induced by
hydroxyl radicals. Free Radic Res Commun, 18, 337-51
(1993)

70. Kim, S. Y., J. P. Guevara, K. M. Kim, H. K. Choi, D. F.
Heitjan and D. A. Albert: Hyperuricemia and risk of stroke: a
systematic review and meta-analysis. Arthritis and
rheumatism, 61, 885-92 (2009)

83. Squadrito, G. L., R. Cueto, A. E. Splenser, A.
Valavanidis, H. Zhang, R. M. Uppu and W. A. Pryor:
Reaction of uric acid with peroxynitrite and implications
for the mechanism of neuroprotection by uric acid. Arch
Biochem Biophys, 376, 333-7 (2000)

71. Holme, I., A. H. Aastveit, N. Hammar, I. Jungner and G.
Walldius: Uric acid and risk of myocardial infarction, stroke
and congestive heart failure in 417,734 men and women in the
Apolipoprotein MOrtality RISk study (AMORIS) J Intern
Med, 558-70 (2009)

84. Abuja, P. M.: Ascorbate prevents prooxidant effects
of urate in oxidation of human low density lipoprotein.
FEBS Lett, 446, 305-8 (1999)
85. Bagnati, M., C. Perugini, C. Cau, R. Bordone, E.
Albano and G. Bellomo: When and why a water-soluble
antioxidant becomes pro-oxidant during copper-induced
low-density lipoprotein oxidation: a study using uric
acid. Biochem J, 340 ( Pt 1), 143-52 (1999)

72. Feig, D. I., D. H. Kang and R. J. Johnson: Uric acid and
cardiovascular risk. N Engl J Med, 359, 1811-21 (2008)
73. Andreadou, E., C. Nikolaou, F. Gournaras, M. Rentzos, F.
Boufidou, A. Tsoutsou, C. Zournas, V. Zissimopoulos and D.
Vassilopoulos: Serum uric acid levels in patients with
Parkinson's disease: their relationship to treatment and disease
duration. Clin Neurol Neurosurg, 724-8 (2009)
74. Annanmaki, T., A. Muuronen and K. Murros: Low plasma
uric acid level in Parkinson's disease. Movement disorders :
official journal of the Movement Disorder Society, 22,
1133-7 (2007)

86. Patterson, R. A., E. T. Horsley and D. S. Leake:
Prooxidant and antioxidant properties of human serum
ultrafiltrates toward LDL: important role of uric acid. J
Lipid Res, 44, 512-21 (2003)
87. Krishnan, E.: Inflammation, oxidative stress and lipids:
the risk triad for atherosclerosis in gout. Rheumatology
(Oxford), 49, 1229-38 (2010)

75. Auinger, P., K. Kieburtz and M. P. McDermott: The
relationship between uric acid levels and Huntington's
disease progression. Movement disorders: official journal
of the Movement Disorder Society, 25, 224-8 (2010)

88. Suzuki, T.: Nitrosation of uric acid induced by nitric
oxide under aerobic conditions. Nitric Oxide, 16, 266-73
(2007)

76. De Vera, M., M. M. Rahman, J. Rankin, J. Kopec, X.
Gao and H. Choi: Gout and the risk of Parkinson's disease:

89. Zharikov, S., K. Krotova, H. Hu, C. Baylis, R. J.
Johnson, E. R. Block and J. Patel: Uric acid decreases

667

Uric acid and vascular diseases

NO production and increases arginase activity in
cultured pulmonary artery endothelial cells. Am J
Physiol Cell Physiol, 295, C1183-90 (2008)

102. Liu-Bryan, R., P. Scott, A. Sydlaske, D. M. Rose and R.
Terkeltaub: Innate immunity conferred by Toll-like receptors 2
and 4 and myeloid differentiation factor 88 expression is
pivotal to monosodium urate monohydrate crystal-induced
inflammation. Arthritis Rheum, 52, 2936-46 (2005)

90. Rao, G. N., M. A. Corson and B. C. Berk: Uric acid
stimulates vascular smooth muscle cell proliferation by
increasing platelet-derived growth factor A-chain
expression. J Biol Chem, 266, 8604-8 (1991)

103. Martinon, F., V. Petrilli, A. Mayor, A. Tardivel and
J. Tschopp: Gout-associated uric acid crystals activate
the NALP3 inflammasome. Nature, 440, 237-41 (2006)

91. Kanellis, J., S. Watanabe, J. H. Li, D. H. Kang, P. Li, T.
Nakagawa, A. Wamsley, D. Sheikh-Hamad, H. Y. Lan, L.
Feng and R. J. Johnson: Uric acid stimulates monocyte
chemoattractant protein-1 production in vascular smooth
muscle cells via mitogen-activated protein kinase and
cyclooxygenase-2. Hypertension, 41, 1287-93 (2003)

104. So, A., T. De Smedt, S. Revaz and J. Tschopp: A
pilot study of IL-1 inhibition by anakinra in acute gout.
Arthritis Res Ther, 9, R28 (2007)
105. Dinarello, C. A.: Blocking interleukin-1beta in
acute and chronic autoinflammatory diseases. J Intern
Med, 269, 16-28 (2011)

92. Kang, D. H., S. K. Park, I. K. Lee and R. J. Johnson: Uric
acid-induced C-reactive protein expression: implication on cell
proliferation and nitric oxide production of human vascular
cells. J Am Soc Nephrol, 16, 3553-62 (2005)

106. Kroemer, G., L. Galluzzi, P. Vandenabeele, J.
Abrams, E. S. Alnemri, E. H. Baehrecke, M. V.
Blagosklonny, W. S. El-Deiry, P. Golstein, D. R. Green,
M. Hengartner, R. A. Knight, S. Kumar, S. A. Lipton, W.
Malorni, G. Nunez, M. E. Peter, J. Tschopp, J. Yuan, M.
Piacentini, B. Zhivotovsky and G. Melino: Classification
of cell death: recommendations of the Nomenclature
Committee on Cell Death 2009. Cell Death Differ, 16, 311 (2009)

93. Kato, M., I. Hisatome, Y. Tomikura, K. Kotani, T.
Kinugawa, K. Ogino, K. Ishida, O. Igawa, C. Shigemasa and
V. K. Somers: Status of endothelial dependent vasodilation in
patients with hyperuricemia. Am J Cardiol, 96, 1576-8 (2005)
94. Long, C. L., X. C. Qin, Z. Y. Pan, K. Chen, Y. F. Zhang,
W. Y. Cui, G. S. Liu and H. Wang: Activation of ATPsensitive potassium channels protects vascular endothelial cells
from hypertension and renal injury induced by hyperuricemia.
J Hypertens, 26, 2326-38 (2008)

107. Bergsbaken, T., S. L. Fink and B. T. Cookson:
Pyroptosis: host cell death and inflammation. Nat Rev
Microbiol, 7, 99-109 (2009)

95. Farquharson, C. A., R. Butler, A. Hill, J. J. Belch and A. D.
Struthers: Allopurinol improves endothelial dysfunction in
chronic heart failure. Circulation, 106, 221-6 (2002)

108. Franchi, L., T. Eigenbrod, R. Munoz-Planillo and G.
Nunez: The inflammasome: a caspase-1-activation
platform that regulates immune responses and disease
pathogenesis. Nat Immunol, 10, 241-7 (2009)

96. Doehner, W., N. Schoene, M. Rauchhaus, F. Leyva-Leon,
D. V. Pavitt, D. A. Reaveley, G. Schuler, A. J. Coats, S. D.
Anker and R. Hambrecht: Effects of xanthine oxidase
inhibition with allopurinol on endothelial function and
peripheral blood flow in hyperuricemic patients with chronic
heart failure: results from 2 placebo-controlled studies.
Circulation, 105, 2619-24 (2002)

109. Yang, F. and X. F. Yang: New concepts in tumor
antigens: their significance in future immunotherapies
for tumors. Cell Mol Immunol, 2, 331-41 (2005)
110. Streilein, J. W.: Unraveling immune privilege.
Science, 270, 1158-9. (1995)
111. Yin, Y., Y. Yan, X. Jiang, J. Mai, N. C. Chen, H.
Wang and X. F. Yang: Inflammasomes are differentially
expressed in cardiovascular and other tissues. Int J
Immunopathol Pharmacol, 22, 311-322 (2009)

97. Kippen, I., J. R. Klinenberg, A. Weinberger and W. R.
Wilcox: Factors affecting urate solubility in vitro. Ann Rheum
Dis, 33, 313-7 (1974)
98. Busso, N. and A. So: Mechanisms of inflammation in gout.
Arthritis Res Ther, 12, 206 (2010)

112. Martinon, F., A. Mayor and J. Tschopp: The
inflammasomes: guardians of the body. Annu Rev
Immunol, 27, 229-65 (2009)

99. Shi, Y., J. E. Evans and K. L. Rock: Molecular
identification of a danger signal that alerts the immune system
to dying cells. Nature, 425, 516-21 (2003)
100. Matzinger, P.: Tolerance, danger, and the extended
family. Annu Rev Immunol, 12, 991-1045 (1994)

113. Petrilli, V., S. Papin, C. Dostert, A. Mayor, F.
Martinon and J. Tschopp: Activation of the NALP3
inflammasome is triggered by low intracellular
potassium concentration. Cell Death Differ, 14, 1583-9
(2007)

101. Barabe, F., C. Gilbert, N. Liao, S. G. Bourgoin and P. H.
Naccache: Crystal-induced neutrophil activation VI.
Involvment of FcgammaRIIIB (CD16) and CD11b in response
to inflammatory microcrystals. Faseb J, 12, 209-20 (1998)

114. Eisenbarth, S. C., O. R. Colegio, W. O'Connor, F. S.
Sutterwala and R. A. Flavell: Crucial role for the Nalp3
inflammasome in the immunostimulatory properties of
aluminium adjuvants. Nature, 453, 1122-26 (2008)

668

Uric acid and vascular diseases

115. Dostert, C., V. Petrilli, R. Van Bruggen, C. Steele, B.
T. Mossman and J. Tschopp: Innate immune activation
through Nalp3 inflammasome sensing of asbestos and
silica. Science, 320, 674-7 (2008)
116. Dostert, C., G. Guarda, J. F. Romero, P. Menu, O.
Gross, A. Tardivel, M. L. Suva, J. C. Stehle, M. Kopf, I.
Stamenkovic, G. Corradin and J. Tschopp: Malarial
hemozoin is a Nalp3 inflammasome activating danger
signal. PLoS One, 4, e6510 (2009)
117. Hornung, V., F. Bauernfeind, A. Halle, E. O. Samstad,
H. Kono, K. L. Rock, K. A. Fitzgerald and E. Latz: Silica
crystals and aluminum salts activate the NALP3
inflammasome through phagosomal destabilization. Nat
Immunol, 9, 847-56 (2008)
118. Yajima, N., M. Takahashi, H. Morimoto, Y. Shiba, Y.
Takahashi, J. Masumoto, H. Ise, J. Sagara, J. Nakayama, S.
Taniguchi and U. Ikeda: Critical role of bone marrow
apoptosis-associated speck-like protein, an inflammasome
adaptor molecule, in neointimal formation after vascular
injury in mice. Circulation, 117, 3079-87 (2008)
119. Duewell, P., H. Kono, K. J. Rayner, C. M. Sirois, G.
Vladimer, F. G. Bauernfeind, G. S. Abela, L. Franchi, G.
Nunez, M. Schnurr, T. Espevik, E. Lien, K. A. Fitzgerald,
K. L. Rock, K. J. Moore, S. D. Wright, V. Hornung and E.
Latz: NLRP3 inflammasomes are required for
atherogenesis and activated by cholesterol crystals. Nature,
464, 1357-61 (2010)
120. Rajamaki, K., J. Lappalainen, K. Oorni, E. Valimaki,
S. Matikainen, P. T. Kovanen and K. K. Eklund:
Cholesterol crystals activate the NLRP3 inflammasome in
human macrophages: a novel link between cholesterol
metabolism and inflammation. PLoS One, 5, e11765 (2010)
121. Ginsberg, M. H., F. Kozin, M. O'Malley and D. J.
McCarty: Release of platelet constituents by monosodium
urate crystals. J Clin Invest, 60, 999-1007 (1977)
Abbreviations: PAMPs: pathogen-associated molecular
patterns; PRR: PAMPs recognition receptors; TLRs: tolllike receptors; NLRs: [NOD (nucleotide binding and
oligomerization domain)-like receptors]; RLRs: [RIG-I
(retinoic acid-inducible gene 1)-like receptors]; CLRs: Ctype lectin receptors; IPAF: ICE protease-activating factor.
NALP: NACHT, LRR and PYD domains-containing
protein (NACHT: domain present in NAIP, class II
transactivator, heterokaryotic incompatibility factor-E,
telomerase-associated protein 1; LRR: leucine-rich repeat;
PYD: pyrin domain)
Key Words: Uric acid, Hyperuricemia, Cardiovascular
disease, Inflammasome, Review
Send correspondence to: Xiao-Feng Yang, Department of
Pharmacology, Temple University School of Medicine, 3420
North Broad Street, Philadelphia, PA 19140, Tel: 215-7075985, Fax: 215-707-7068, E-mail: xfyang@temple.edu
http://www.bioscience.org/current/vol17.htm

669

