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Uric acid is a heterocyclic compound of carbon, nitrogen,
oxygen and hydrogen. It is the end product of purine
metabolism in humans. Uric acid monovalent sodium salt
(urate) is soluble in plasma at pH 7.4, and at physiological
concentrations acts as an antioxidant.
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«The aged man that coffers-
up his gold / Is plagued with
cramps and gouts and painful
fits»
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The Cardiovascular Disease Continuum Validated:
Clinical Evidence of Improved Patient Outcomes

Part I: Pathophysiology and Clinical Trial Evidence (Risk Factors
Through Stable Coronary Artery Disease)

Victor J. Dzau, MD; Elliott M. Antman, MD; Henry R. Black, MD; David L. Hayes, MD;
JoAnn E. Manson, MD, DrPH; Jorge Plutzky, MD; Jeffrey J. Popma, MD; William Stevenson, MD

Fifteen years ago, a panel of experts representing the full
spectrum of cardiovascular disease (CVD) research
and practice assembled at a workshop to examine the

state of knowledge about CVD. The leaders of the workshop
generated a hypothesis that framed CVD as a chain of events,
initiated by a myriad of related and unrelated risk factors and
progressing through numerous physiological pathways and
processes to the development of end-stage heart disease
(Figure 1).1 They further hypothesized that intervention
anywhere along the chain of events leading to CVD could
disrupt the pathophysiological process and confer cardiopro-
tection. The workshop participants endorsed this paradigm
but also identified the unresolved issues relating to the
concept of a CVD continuum. There was limited availability
of clinical trial data and pathobiological evidence at that time,
and the experts recognized that critical studies at both the
mechanistic level and the clinical level were needed to validate
the concept of a chain of events leading to end-stage CVD.

In the intervening 15 years, new evidence for underlying
pathophysiological mechanisms, the development of novel
therapeutic agents, and the release of additional landmark
clinical trial data have confirmed the concept of a CVD
continuum and reinforced the notion that intervention at any
point along this chain can modify CVD progression. In
addition, the accumulated evidence indicates that the events
leading to disease progression overlap and intertwine and do
not always occur as a sequence of discrete, tandem incidents.
Furthermore, although the original concept focused on risk
factors for coronary artery disease (CAD) and its sequelae,
the CVD continuum has expanded to include other areas such
as cerebrovascular disease, peripheral vascular disease, and
renal disease. Since its conception 15 years ago, the CVD
continuum has become much in need of an update. Accord-
ingly, this 2-part article will present a critical and compre-
hensive update of the current evidence for a CVD continuum

based on the results of pathophysiological studies and the
outcome of a broad range of clinical trials that have been
performed in the past 15 years. It is not the intent of the article
to include a comprehensive listing of all trials performed as
part of the CVD continuum; instead, we have sought to
include only those trials that have had the greatest impact. Part
I briefly reviews the current understanding of the pathophysiol-
ogy of CVD and discusses clinical trial data from risk factors for
disease through stable CAD. Part II continues the review of
clinical trial data beginning with acute coronary syndromes and
continuing through extension of the CVD continuum to stroke
and renal disease. The article concludes with a discussion of
areas in which future research might further clarify our under-
standing of the CVD continuum.

New Understanding of a
Pathophysiological Continuum

Our understanding of the pathophysiology of CVD has
expanded considerably since 1991. A pathophysiological
continuum, which underlies the clinical CVD continuum,
describes the progressive processes at molecular and cellular
levels that manifest as clinical disease (Figure 2).2 In addi-
tion, cardiovascular risk factors, such as elevated cholesterol,
hypertension, diabetes mellitus, and cigarette smoking, are
now known to promote oxidative stress and to cause endo-
thelial dysfunction, initiating a cascade of events, including
alterations in vasoactive mediators, inflammatory responses,
and vascular remodeling, that culminates in target-organ
pathology (Figure 3).3 Considerable evidence suggests that
these processes begin earlier in life than previously recog-
nized, indicating that CVD arises over decades. Beyond
traditional risk factors, the role of biomarkers/biomediators
and surrogate markers in CVD continues to be elucidated. In
addition, it is now recognized that neurohormones contribute

From Duke University Medical Center and Health System DUMC (V.J.D.), Durham, NC; Harvard Medical School and Brigham and Women’s Hospital
(E.M.A., J.E.M., J.P., J.J.P., W.S.), Boston, Mass; Rush University Medical Center, Chicago, Ill (H.R.B.); and the Mayo Clinic and Mayo Clinic
Foundation, Mayo College of Medicine, Rochester, Minn (D.L.H.).

The online-only Data Supplement, consisting of tables, is available with this article at http://circ.ahajournals.org/cgi/content/full/114/25/2850/DC1.
This article is Part I of a 2-part article. Part II appears on page 2871.
Correspondence to Dr Victor J. Dzau, James B. Duke Professor of Medicine, Duke University Medical Center & Health System DUMC 3701, Durham,

NC 27710. E-mail victor.dzau@duke.edu
(Circulation. 2006;114:2850-2870.)
© 2006 American Heart Association, Inc.

Circulation is available at http://www.circulationaha.org DOI: 10.1161/CIRCULATIONAHA.106.655688

2850

Special Report

D
ow

nloaded from
 http://ahajournals.org by on O

ctober 13, 2018

Dzau VJ. et al. Circulation. 2006;114:2850-2870.

CVD Continuum:
a chain of events initiated by a myriad of risk factors,  progressing through numerous
physiological pathways and processes to the development of end-stage heart disease

to disease at both the systemic and local level, exerting direct
trophic and inflammatory effects on tissue.

Oxidative Stress and Endothelial Dysfunction
Advances in pathophysiological research suggest that the
CVD continuum begins with risk factors that initiate the
process that leads to tissue damage. The pathophysiological
continuum includes oxidative stress, endothelial dysfunction,
inflammatory processes, and vascular remodeling in the
initiation and continuation of atherosclerotic disease. An
understanding of these processes has enabled the develop-
ment of therapeutic strategies targeting individual factors
along the CVD continuum.

Normal endothelial function appears to depend greatly
on the homeostatic balance between nitric oxide (NO) and
reactive oxygen species, such as superoxide anion and
hydrogen peroxide.3 Oxidative stress results when an
increase in reactive oxygen species generation leads to a
reduction in NO activity and subsequent endothelial dys-
function. This imbalance is a known effect of established
CVD risk factors such as cigarette smoking, diabetes
mellitus, and obesity. In addition, oxidative stress induces
the expression of proinflammatory mediators such as
vascular cell adhesion molecule, intracellular adhesion

molecule, and chemoattractant proteins that play a role in
early atherogenesis.3

Through receptor-mediated and non–receptor-mediated
mechanisms, endothelial cells regulate vascular tone, in-
flammation, lipid metabolism, cell growth and migration,
and interactions with the extracellular matrix.4 Any dis-
ruption of normal endothelial function can induce patho-
logical vascular responses, such as smooth muscle cell
proliferation, vasoconstriction, inflammation, and throm-
bosis. For example, endothelial dysfunction may shift
relative concentrations of tissue-type plasminogen activa-
tor and plasminogen activator inhibitor type 1 toward
thrombosis. Plasminogen activator inhibitor-1 is the pri-
mary inhibitor of tissue-type plasminogen activator, and
elevated levels of plasminogen activator inhibitor-1 rela-
tive to tissue-type plasminogen activator lead to inhibition
of the fibrinolytic system.5 Endothelial dysfunction is also
associated with changes in concentrations of important
local inflammatory mediators, such as chemokines, adhe-
sion molecules, and cytokines.

Role of Risk Factors in Oxidative Stress and
Endothelial Dysfunction
Oxidized low-density lipoprotein (LDL) inactivates NO,
which results in increased oxidative stress and enhanced

Figure 1. The cardiovascular disease continuum. LVH indicates left ventricular hypertrophy; CHF, congestive heart failure. Adapted
from Dzau et al1 with permission from Elsevier.
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expression of cellular adhesion molecules.6 Higher oxidized
LDL content in the lipid core of atherosclerotic plaques may
also promote plaque instability.7 Small, dense LDL particles
are highly atherogenic and are associated with increased
triglyceride levels. The structure of small, dense LDL parti-
cles contributes to their atherogenicity, with increased sus-
ceptibility to oxidation, easier penetration into the arterial
wall, and altered interactions with the LDL receptor.

Elevated blood pressure promotes the development of
atherosclerotic plaques and increases the risk of CVD com-
plications.8 Endothelial dysfunction in chronic hypertension
is associated with decreased endothelium-dependent relax-
ation. In hypertensive vessels, increased expression of matrix
proteins, matrix proteinases, and growth factors leads to
structural changes, such as decreased lumen diameter, in-
creased extracellular matrix, and thickened media.4 In addi-
tion, hypertension is associated with increased production of
free radicals and oxidative stress that may promote an
inflammatory state and enhance the atherosclerotic process.8
Indeed, results from the Women’s Health Study9 and other
epidemiological studies demonstrate that levels of C-reactive
protein, a marker of systemic inflammation, correlate signif-
icantly with future risk of developing hypertension.

The metabolic syndrome comprises a group of lipid and
nonlipid risk factors, such as insulin resistance and its

associated hyperinsulinemia, atherogenic dyslipidemia, cen-
tral obesity, and hypertension.10 Metabolic syndrome is
associated with increased CVD risk.10 Specifically, insulin
resistance and subsequent hyperinsulinemia appear to con-
tribute to endothelial dysfunction and impaired NO respons-
es.11,12 Furthermore, the chronic exposure of vascular smooth
muscle to hyperinsulinemia may promote intimal hyperplasia.
In addition, the excess adipose tissue characteristic of the
metabolic syndrome secretes prothrombotic factors and
proinflammatory cytokines, which may contribute to vascular
disease.12,13 Changes in the distribution of adipose tissue,
namely, a shift from subcutaneous to visceral locations, may
also be associated with a loss of antiinflammatory mediators
such as adiponectin.

Neurohormones
The renin-angiotensin-aldosterone system (RAAS) is now
understood to play a significant role in CVD pathophysiolo-
gy.3 Interacting with the adrenergic system and various
mediators, the RAAS mediates adaptive and maladaptive
responses to tissue injury, such as may result from hyperten-
sion, ischemic heart disease, cardiomyopathy, other systemic
or pulmonary diseases, or the effects of CVD risk factors.14

The important biologically active component of the RAAS is

Figure 2. Cardiovascular and renal pathophysiological continuum. CHF indicates congestive heart failure; CV, cardiovascular; ESRD,
end-stage renal disease; and MI, myocardial infarction.
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CV risk factors promote oxidative
stress and cause endothelial
dysfunction, initiating a cascade of
events, including alterations in
vasoactive mediators, inflammatory
responses, and vascular remodeling,
that culminates in target-organ
pathology
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a b s t r a c t

The association between uric acid (UA) on one side and systemic hypertension (Htn), dyslipidemia, glu-
cose intolerance, overweight, fatty liver, renal disease and cardiovascular disease (CVD) on the other side
is well recognized. However, the causal relationship between UA and these different clinical problems is
still debatable. The recent years have witnessed hundreds of experimental and clinical trials that favored
the opinion that UA is a probable player in the pathogenesis of these disease entities. These studies dis-
closed the strong association between hyperuricemia and metabolic syndrome (MS), obesity, Htn, type 2
diabetes mellitus (DM), non-alcoholic fatty liver disease, hypertriglyceridemia, acute kidney injury,
chronic kidney disease (CKD), coronary heart disease (CHD), heart failure and increased mortality among
cardiac and CKD patients. The association between UA and nephrolithiasis or preeclampsia is a non-
debatable association. Recent experimental trials have disclosed different changes in enzyme activities
induced by UA. Nitric oxide (NO) synthase, adenosine monophosphate kinase (AMPK), adenosine
monophosphate dehydrogenase (AMPD), and nicotinamide adenine dinucleotide phosphate (NADPH)-
oxidase are affected by UA. These changes in enzymatic activities can lead to the observed biochemical
and pathological changes associated with UA. The recent experimental, clinical, interventional, and epi-
demiologic trials favor the concept of a causative role of UA in the pathogenesis of MS, renal, and CVDs.
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Hyperuricemia is an indipendent risk factor
for insuline resistence and Type 2 DM

However, genetic epidemiologic studies also called Mendelian
randomization studies failed to prove an association between UA
and type 2 DM [26,27]. Genetic polymorphisms of a well-
characterized serologic variant can be utilized to study the effect
of this variant on disease risk. A total of 28 genetic loci were recog-
nized to significantly associate with SUA concentration [28]. The
knowledge of genetic regulation of SUA allows the use of Men-
delian randomization to examine the possible causal relation
between SUA and type 2 DM risk. The genetic score in these 2 arti-
cles is mainly based on genes that control UA transport between
extracellular and intracellular compartments and, hence, may dis-
sociate the physiological serum-intracellular relationship. Intracel-
lular UA is postulated as the cause of insulin resistance and
enhanced gluconeogenesis [29]. It is not known whether the score
alters the extracellular-intracellular equilibrium. The genetic score
may dissociate this equilibrium and then can lead to the incorrect
conception that SUA is not a risk factor for diabetes [29]. Unfortu-
nately, we did not encounter large randomized controlled clinical
studies looking for impact of SUA lowering on the development
of MS and type 2 DM.

Systemic hypertension

The chance to develop Htn is greater in hyperuricemic male and
female subjects; this chance augments in older age [14,30,31].
Increased SUA increases the chance of non-dipping [32]. A similar
finding is encountered among CKD patients [33]. Increased SUA is
significantly associated with the development of new-onset pri-
mary Htn in children [34]. In a recent meta-analysis of 25 moder-
ate to high-quality studies selected from all the clinical trials with
SUA as exposure and incident systemic Htn as outcome variables
through September 2013, these 25 studies of 97,824 participants
have shown that high SUA significantly predicts systemic Htn
[35]. Among 118 thousand healthy subjects 40–70 years old that
were screened for SUA during 2002, a quarter of them developed
systemic Htn over the following 10 years. Those with SUA higher
than 3 mg/dL had a greater chance to develop Htn. The higher
the SUA within the normal range, the greater was the risk to
develop Htn [36]. The association between high SUA and Htn is
stronger in younger ages and in females [37,38]. High SUA is one
of the major predictors of worse BP control [39–42]. SUA signifi-
cantly correlates with sympathetic domain parameters among
pre-hypertensive and hypertensive personnel [43]. The in vivo rise

of SUA in rats induces the epithelial sodium channel (ENaC) in the
distal nephron with consequent decrease in renal sodium excretion
[44] (Fig. 3). One of the important determinants of SUA is the glu-
cose transporter ‘‘GLUT9” gene [45]. GLUT9 transports UA. GLUT9
gene polymorphism confirmed a causal relationship of hyper-
uricemia for systemic Htn in a family study [46]. Genotype variants
of GLUT9 associated with decreased SUA are associated with a sig-
nificant decline of BP in different salt intake situations [47]. In ado-
lescents with obesity and prehypertension, allopurinol or
probenecid achieved marked control of ambulatory BP [48]. Allop-
urinol was also associated with significant decrease in office BP
and body weight and increase in the percentage of dippers among
overweight prehypertensive subjects [49]. Six months of febux-
ostat treatment resulted in a significant decrease in plasma renin
activity and plasma concentration of aldosterone and a significant
increase in estimated glomerular filtration rate (eGFR) in hyper-
uricemic hypertensive patients [50].

Adiposity

Excess fat accumulation in MS involves adipose tissue, hepato-
cytes and increased level of serum triglycerides [51]. NAFLD is
characterized by triglyceride accumulation by variable degree
within hepatocytes [52]. NAFLD is the hepatic manifestation of
MS. Recent studies point toward UA as an important factor under-
lying excess fat storage [25,53–55]. UA up-regulates the fructoki-
nase enzyme within human hepatocytes. This up-regulation is
UA concentration dependent with stepladder increase in fructoki-
nase activity with increasing the intracellular UA concentration
from 4 to 12 mg/dL. This up-regulation is blocked on adding either
probenecid or allopurinol. Stimulation of fructokinase mediates
fructose-induced hepatic steatosis [56]. AMPK and AMPD within
hepatocytes are incriminated in the developments of hepatic
steatosis. When AMPK activity is reduced excess fat infiltration
occurs, while its stimulation can prevent steatosis through
increased fat oxidation and inhibition of lipogenesis. AMPD has
opposing effect on fat deposition within the hepatocytes. AMPD
activation increases intracellular UA synthesis [57]. Intracellular
UA inhibits AMPK activity [58]. Two years ago, a novel mechanism
of UA induced fatty liver was demonstrated. UA induced hepato-
cyte endoplasmic reticulum stress within hepatocytes. Associated
with this increased stress, the sterol regulatory element-binding
protein (SREBP) undergoes cleavage and nuclear translocation

Fig. 2. Intra-cellular uric acid stimulates gluconeogenesis. UA = uric acid; AMP-
D = adenosine monophosphate dehydrogenase; AMPK = adenosine monophosphate
protein kinase.

Fig. 3. Uric acid as mediator of systemic hypertension. ENaC = epithelial sodium
channels; Na = sodium; HTn = systemic hypertension.
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Intracellular UA stimulates
adenosine monophosphate deydrogenase

and AMPD stimulates hepatic gluconeogenesis

Introduction

UA is a weak acid (M.W. = 168) produced in the liver, muscles,
and intestines [1]. Purines are the precursors of UA. Xanthine
oxidoreductase (XO) is the enzyme responsible for UA production.
Exogenous sources that can increase serum UA include fatty meat,
organ meat, and seafood [2]. Fructose is another source of exoge-
nous UA. Fructose is present in fruits and added sugar. Fructoki-
nase enzyme catalyzes the phosphorylation of fructose by
consuming adenosine triphosphate (ATP). Adenosine monophos-
phate (AMP) thus generated finally converts to UA [3]. UA was
incriminated in the pathogenesis of gout and kidney stones. How-
ever, for more than 140 years ago, high serum UA (SUA) was pro-
posed in association with other diseases including Htn [4], CKD
and DM [5]. The association between hyperuricemia and CHD
was first reported in 1951 [6]. SUA bears a highly significant posi-
tive correlation with insulin resistance (IR) and insulin response to
oral glucose load. Hyperuricemia encountered in case of increased
IR is the sequence of decreased renal urate clearance [7]. Accumu-
lating data point toward a possible etiologic role of increased UA in
the pathogenesis of MS, CVD and renal disease [8]. Experimental
and clinical trials have demonstrated the reversal or amelioration
of different diseases associated with hyperuricemia after adminis-
tration of hypouricemic agents. These agents are either inhibitors
of the XO enzyme or stimulants of renal UA excretion. This later
group supports that the therapeutic effect is a consequence of UA
lowering rather than inhibition of release of free oxygen radicals
on inhibition of XO enzyme. In this review, we are going to discuss
the possible impact of hyperuricemia on metabolic, renal, and
CVDs.

Uric acid and metabolic syndrome

MS is a group of clinical and laboratory abnormalities. Out of
the five established manifestations, three or more are needed to
diagnose MS. These manifestations are (1) waist circumfer-
enceP 90 and 80 cm in men and women respectively; (2) serum
triglycerideP 150 mg/dL; (3) high-density lipoprotein cholesterol
(HDLc) < 40 and 50 mg/dL in men and women respectively; (4)
blood pressure (BP) P 130/85 mmHg; and (5) fasting blood
sugarP 100 mg/dL [9]. The different manifestations of MS are con-
sidered as consequences of excess fat deposition in the adipose tis-
sue [10]. Excess intake of sugars beside purine rich foods can lead
to increased incidence of hyperuricemia, obesity and DM [11]. In

adults with normal body mass index, MS is 10 times higher in
those having SUAP 10 mg/dL compared to those with
SUA < 6 mg/dL [12]. The hazard ratio of incident MS shows a steady
increase when normal adults were allocated into four quartiles
according to SUA. These results were still observed after consider-
ing the body composition [13]. When children (10–15 years at
baseline) were followed for 10 years, high SUA was a significant
predictor of incident MS in male subjects [14]. On the other hand,
when elderly hyperuricemic subjects above sixty-five years were
followed for more than 4 years, only female subjects showed
increased incidence of MS [15]. Another prospective study assessed
1511 men and women 55–80 years old, who were not affected ini-
tially by any of the components of MS. Follow-up has demon-
strated a significantly higher incidence of many components of
MS, namely, hypertriglyceridemia, low HDL, and Htn in subjects
with highest sex-adjusted quartile of UA [16]. A meta-analysis of
eleven studies of more than fifty-four thousand participants
showed that elevated SUA is associated with increased risk of MS
and non-alcoholic fatty liver disease (NAFLD) [17]. By inhibiting
endothelial NO synthase, decreased NO might underlie insulin
resistance [18]. Hyperuricemia is significantly associated with
insulin resistance in normal subjects and to lesser extent in type
1 diabetic subjects [19]. Lowering SUA by a uricosuric agent [20]
or allopurinol [21] is associated with improved insulin sensitivity
in human subjects (Fig. 1).

Glucose intolerance and diabetes mellitus

The link of UA to hyperglycemia was first described in the nine-
teenth century [22]. Elevated SUA predicted DM and insulin resis-
tance in a fifteen-year follow-up study. Baseline SUA in this cohort
of 5012 young adults was not associated with a change in serum
insulin, indicating that hyperuricemia is an independent risk factor
for insulin resistance and type 2 DM [23]. High normal SUA was
also associated with future development of type 2 DM among lean
healthy and normoglycemic women [24]. Increased hepatic glu-
cose production is a distinguished feature of insulin resistance
and type 2 DM. Intracellular UA stimulates AMPD and inhibits
AMPK enzyme activity (Fig. 2). Intracellular AMPK inhibits hepatic
gluconeogenesis. AMPD stimulates hepatic gluconeogenesis [25].
Decreased endothelial NO synthase (eNOS) activity in hyper-
uricemic patients causes increased insulin resistance [18,19].
Treatment of asymptomatic hyperuricemic personnel with allop-
urinol for 3 months results in significant decrease in insulin resis-
tance and inflammation parameters [21].

Fig. 1. Effect of intra-cellular uric acid on nitric oxide synthesis within vascular endothelium UA = uric acid; NO = nitric oxide; FMD = flow mediated dilation; Htn = systemic
hypertension.
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Hyperuricemia decreases endothelial NO synthase, 
causing an increased insuline resistence
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were screened for SUA during 2002, a quarter of them developed
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and body weight and increase in the percentage of dippers among
overweight prehypertensive subjects [49]. Six months of febux-
ostat treatment resulted in a significant decrease in plasma renin
activity and plasma concentration of aldosterone and a significant
increase in estimated glomerular filtration rate (eGFR) in hyper-
uricemic hypertensive patients [50].
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cytes and increased level of serum triglycerides [51]. NAFLD is
characterized by triglyceride accumulation by variable degree
within hepatocytes [52]. NAFLD is the hepatic manifestation of
MS. Recent studies point toward UA as an important factor under-
lying excess fat storage [25,53–55]. UA up-regulates the fructoki-
nase enzyme within human hepatocytes. This up-regulation is
UA concentration dependent with stepladder increase in fructoki-
nase activity with increasing the intracellular UA concentration
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probenecid or allopurinol. Stimulation of fructokinase mediates
fructose-induced hepatic steatosis [56]. AMPK and AMPD within
hepatocytes are incriminated in the developments of hepatic
steatosis. When AMPK activity is reduced excess fat infiltration
occurs, while its stimulation can prevent steatosis through
increased fat oxidation and inhibition of lipogenesis. AMPD has
opposing effect on fat deposition within the hepatocytes. AMPD
activation increases intracellular UA synthesis [57]. Intracellular
UA inhibits AMPK activity [58]. Two years ago, a novel mechanism
of UA induced fatty liver was demonstrated. UA induced hepato-
cyte endoplasmic reticulum stress within hepatocytes. Associated
with this increased stress, the sterol regulatory element-binding
protein (SREBP) undergoes cleavage and nuclear translocation

Fig. 2. Intra-cellular uric acid stimulates gluconeogenesis. UA = uric acid; AMP-
D = adenosine monophosphate dehydrogenase; AMPK = adenosine monophosphate
protein kinase.

Fig. 3. Uric acid as mediator of systemic hypertension. ENaC = epithelial sodium
channels; Na = sodium; HTn = systemic hypertension.
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Hyperuricemia induces the epithelial sodium
channel in the distal nephron

with consequent decrease
in renal sodium excretion, increase in sodium

retention and Hypertension

and stimulates triglyceride accumulation within hepatocytes [54]
(Fig. 4).

Among the different components of MS, hypertriglyceridemia
carries the strongest association with hyperuricemia [59,60]. The
mechanism of this strong association is not yet known.

Excess fructose or sucrose intake can induce obesity beside
other features of MS [11]. In contrast, if animals are fed either glu-
cose or starch of equivalent caloric value fewer features of MS are
observed [61]. These findings point to the ability of fructose to
induce visceral fat accumulation compared to isocaloric glucose
intake. Increased fructose intake is associated with intracellular
depletion of ATP, increased AMP and increased intra-cellular pro-
duction of UA. This is followed by increased SUA [62]. Increased
SUA is an independent predictor of obesity [63]. URAT1 is one of
the transporters of UA. URAT1 mediates intracellular shift of UA.
This transporter is encountered within the adipocyte membrane
[64]. Adipose tissue can also generate UA. Adipocytes have XO that
can produce intracellular UA [65]. While extracellular UA acts as
strong antioxidant, it acts as a pro-oxidant inside the cell where
it stimulates NADPH oxidase enzyme causing increased intracellu-
lar oxidative stress, mitochondrial injury, and ATP depletion
[64,66,67] (Fig. 5). XO increases fat deposition within adipocytes.
XO knock-out mice get 50% reduction of their fat compared to wild
mice [65]. Genetic polymorphism of URAT1 gene was associated
with body mass index (BMI), waist circumference, and MS. Intra-
cellular concentration of UA looks as an important determinant
of obesity [68].

Uric acid and the kidney

The kidney is responsible for elimination of 70% of the daily UA
production [69]. Renal handling of UA includes glomerular filtra-
tion, proximal tubular reabsorption, secretion and post-secretory
reabsorption [70]. ABCG2 that secretes UA is restricted to the prox-
imal straight tubule (S3 segment) [71]. URAT1 is a voltage-driven
urate transporter located in the brush border of proximal convo-
luted tubules (PCT) and efficiently reabsorbs glomerular-filtrated
UA [1,72,73]. The reabsorbed UA is then driven out of PCT cells
through the basolateral membrane. The glucose transporter 9
(GLUT9) is involved in this extracellular efflux of UA [74]. ABCG2
is also expressed in the liver and intestine [75]. As UA excretion

falls in cases of CKD, compensatory increase in intestinal secretion
of UA ensues [76,77]. Whether UA is a cause or an association to
renal diseases is a question that still waits for a definitive answer.
We hope we can settle this controversy in the present review.

Nephrolithiasis

Increased SUA and high animal protein diet can cause hyperuri-
cosuria. Uricosuric agents used to treat hyperuricemia can aggra-
vate hyperuricosuria. UA within the urine (UUA) tends to
crystalize when urine pH is low. Insulin resistance, obesity, high
animal protein intake and gout can decrease urine pH. Hyperurico-
suria in the presence of acidic urine especially in case of low urine
volume can result in formation of urate stones [78]. In type 1 DM
adolescents, UUA is significantly higher and urine pH is lower com-
pared to non-diabetic controls [79]. DM patients are more prone to
develop urate stones [80].

Fig. 4. Pathways of lipogenesis activated by intra-cellular uric acid. UA = uric acid; AMPD = adenosine monophosphate dehydrogenase; AMPK = adenosine monophosphate
protein kinase; ROS = reactive oxygen species; ER = endoplasmic reticulum.

Fig. 5. Intracellular uric acid as a pro-oxidant agent. UA = uric acid; ROS = reactive
oxygen species.
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Backgrounds: The relationship between serumuric acid (SUA) and atrialfibrillation (AF) remains unclear because
many parameters and diseases influence AF. This study was conducted to clarify the role of hyperuricemia as an
independent competing risk factor for AF in an apparently healthy general population.
Methods: We retrospectively analyzed the medical records of 90,143 Japanese subjects who underwent annual
regular health check-up in St. Luke's International Hospital, Tokyo, between January 2004 and June 2010. Of
those subjects, 291 (0.32%) were identified as having AF by 12 leads electrocardiography. First, we analyzed
90,117 subjects to clarify the independent competing risk factors for AF and obtained odds ratios (ORs) by logistic
regression analysis. Second, we excluded 40,825 subjects with hypertension, diabetes mellitus, dyslipidemia,
chronic kidney disease, and currentmedication for hyperuricemia and/or gout, andwe analyzed 49,292 subjects.
Results: First, AF groups were significantly higher SUA level (OR: 1.35; 95% confidence interval (CI), 1.22–1.50)
than non-AF group. OR of hyperuricemia (N7.0 mg/dL of SUA) for AF was 2.75 (95% CI, 2.10–3.60). Second,
after multiple adjustments, higher SUA level (OR: 1.53; 95% CI, 1.21–1.92) was a significantly independent
competing risk factor for AF, as well as older age, male sex, higher body mass index, lower FEV1/FVC, and higher
hemoglobin. OR of hyperuricemia for AF was 3.19 (95% CI, 1.81–5.62).
Conclusions: Hyperuricemia is an independent competing risk factor for AF. Further prospective intervention
studies are needed to prove whether lowering SUA level might be important for preventing AF or not.

© 2016 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

Hyperuricemia is a known risk factor for both stroke and mortality
per a systematic review and meta-analysis [1,2]. Hyperuricemia was
reported to independently confer a risk of early death in acute stroke,
[3] of which common cause involves atrial fibrillation (AF) [4]. Hyper-
uricemia, however, has not been shown to be an independent risk factor
for ischemic stroke in patients with non-valvular atrial fibrillation [5].
Hyperuricemia may be strongly associated with provoking AF.

The first report regarding a positive relationship between increased
serum uric acid (SUA) level and permanent AF was published in 2010,
[6] although this study was a small sample size, involving only 45

cases of paroxysmal AF and 41 cases of permanent AF. Subsequent
studies also reported a positive relationship between high SUA level
and AF [7–15]. These studies were conducted in hospitalized patients
[7], patients with hypertension [8], type 2 diabetesmellitus [14], cardio-
vascular disease [10], hemodialysis [11], chronic systolic heart failure
[12], ischemic heart failure [13], and cardiac events [15]. Large-scale
cohort studies also reported that hyperuricemia was associated with
development of AF [16,17]. However, these studies also included
many patients with various backgrounds of cardiovascular and
metabolic disorders, whichmade an independent relationship between
hyperuricemia and AF unclear. Some studies reported patients with
metabolic syndrome and obesity were associated with large sized
atrium, and followed by paroxysmal AF [18,19]. In contrast, there was
a report that aging, heart failure, left ventricular hypertrophy, and phar-
macologic agents played more important roles for AF, but metabolic
syndrome did not confer AF risk [20]. We recently reported the positive
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49.292 subjects enrolled without cv risk factors
(database Center for Preventive Medicine in Tokyo)

mean age 42 y, 36% males

Secondary, of 49,294 subjects excluding those with hypertension,
diabetes mellitus, dyslipidemia, CKD, and current medication for
hyperuricemia and/or gout, only 61 subjects (0.12%) were identified
as patients with AF on 12-lead electrocardiogram. In contrast to the
non-AF group, the AF group was older age, more often in men, had
higher BMI, higher blood pressure, higher pulse rate, and more
often in habitual smokers. In respiratory test, the AF group had
lower % volume capacity and FEV1/FVC. In blood test, the AF group
had higher hemoglobin, lower albumin, higher total bilirubin,
lower eGFR, higher sodium, higher potassium, and higher SUA level
(4.84 ± 1.26 versus 6.26 ± 1.46 mg/dL) (Table 2). On regression
analyses after adjustment for just age and sex, AF group was signifi-
cantly older age, higher prevalence of male sex, had higher BMI,
lower FEV1/FVC, higher hemoglobin, lower albumin, higher total bil-
irubin and higher SUA level (Table 4, Crude). On regression analyses
after adjustment for age, sex, BMI, FEV1/FVC, hemoglobin, and SUA,
AF group had significantly higher SUA level (OR: 1.53 per 1mg/dL in-
crease; 95% CI, 1.21–1.92) than non-AF group, as well as older age,
male sex, higher BMI, lower FEV1/FVC, higher hemoglobin (Table 4,
Model 1). After the analysis by using hyperuricemia, the results
were similar to Model 1 and the OR of AF for hyperuricemia was
3.19 (95% CI, 1.81–5.62) (Table 4, Model 2).

4. Discussion

This study clarified the role of hyperuricemia as a strong competing
risk factor for AF in apparently healthy people both with and without
competing diseases; hypertension, diabetes mellitus, dyslipidemia,
and CKD. This epidemiological study was large scale and involved
high-quality data acquisition due to the very low deficit rate of only

26 (0.03%). This study results showed that higher SUA level became
an independent competing risk factor for AF, and theORof AF for hyper-
uricemia was 2.75 (95% CI, 2.10–3.60) in all the subjects and 3.19 (95%
CI, 1.81–5.62) in the subjects without hypertension, diabetes mellitus,
dyslipidemia, CKD, and current medication for hyperuricemia and/or
gout. Thus, this study is the first report to clarify the positive
association between hyperuricemia and AF in the subjects without
hypertension, diabetes mellitus, dyslipidemia, and CKD. The results
indicated the subjects with only hyperuricemia had a risk for AF in an
apparently healthy population.

Hyperuricemia is frequently associated with lifestyle-related
diseases [23,24] and cardiovascular diseases [25–27]. However, it was
difficult to interpret the effect of uric acid as an independent risk for
cardiovascular diseases because hyperuricemia is also associated with
obesity, diabetes, and dyslipidemia [28]. When we discuss the relation-
ship between hyperuricemia and AF, we have to account formany asso-
ciated factors. Though there are many studies that have reported
positive relationships between hyperuricemia and AF, all previous stud-
ies included patients with various competing cardiovascular risk factors
[6–17]. SUA is associated with hypertension [29,30], hyperinsulinemia
in diabetes mellitus, [31,32] reduced renal function [33], obesity, and
dyslipidemia [28]. This study was conducted to identify the risk factors
for AF special focusing on elevated SUA level, andwe conducted 2 stud-
ies; firstly including all the subjects and secondly excluding the subjects
with hypertension, diabetes mellitus, dyslipidemia, and CKD in the
analyses. We were also able to exclude the subjects with cardiovascular
diseases in our exclusion criteria. Furthermore, the most prominent
finding in this studywas to assess the respiratory function,while chron-
ic obstructive pulmonary disease (COPD) is one of the risk factors for AF
[34], but previous studies did not assess the contribution of respiratory
function to the association between SUA and AF. This study adjusted
these respiratory results in logistic analyses.

Table 1
The background on the study subjects in all (the first study).

non-AF AF P

Number of subjects 89,825 291 b0.001
Age (years old) 46.3 ± 12.0 63.2 ± 10.9 b0.001
Male sex 49.0% 85.9% b0.001
Height (cm) 164.3 ± 8.7 167.1 ± 8.1 b0.001
Weight (kg) 60.8 ± 12.4 67.7 ± 11.5 b0.001
Body mass index (kg/m2) 22.4 ± 3.3 24.1 ± 3.1 b0.001
Systolic BP (mmHg) 117.4 ± 17.4 126.2 ± 18.6 b0.001
Diastolic BP (mmHg) 72.9 ± 11.2 77.6 ± 11.6 b0.001
Pulse rate (bpm) 73.8 ± 10.9 78.9 ± 11.7 b0.001
Hypertension 15.4% 38.5% b0.001
Dyslipidemia 35.5% 48.1% b0.001
Diabetes mellitus 4.1% 19.9% b0.001
Hyperuricemia 14.7% 47.8% b0.001
Smoking 40.6% 63.6% b0.001
Drinking habits 62.0% 70.4% 0.003
% volume capacity (%) 109.1 ± 14.2 100.6 ± 17.0 b0.001
FEV1/FVC (%) 80.8 ± 7.0 74.9 ± 8.1 b0.001
White blood cell (/μL) 5294 ± 1488 5642 ± 1396 b0.001
Hemoglobin (g/dL) 13.8 ± 1.4 14.7 ± 1.4 b0.001
Total protein (g/dL) 7.10 ± 0.36 7.08 ± 0.40 0.280
Albumin (g/dL) 4.43 ± 0.23 4.31 ± 0.25 b0.001
Total bilirubin (mg/dL) 0.83 ± 0.31 1.00 ± 0.39 b0.001
AST (U/L) 22.3 ± 11.9 26.2 ± 8.4 b0.001
ALT (U/L) 22.8 ± 19.0 25.9 ± 13.4 0.005
BUN (mg/dL) 13.3 ± 3.4 15.7 ± 4.1 b0.001
Serum creatinine (mg/dL) 0.74 ± 0.23 0.87 ± 0.19 b0.001
eGFR (mL/min/1.73 m2) 82.1 ± 15.7 68.9 ± 14.9 b0.001
Sodium (mEq/L) 141.6 ± 1.8 142.0 ± 1.8 b0.001
Potassium (mEq/L) 4.11 ± 0.28 4.25 ± 0.32 b0.001
Chloride (mEq/L) 106.1 ± 1.9 105.9 ± 2.1 0.079
CRP (mg/dL) 0.13 ± 0.30 0.17 ± 0.33 0.022
Serum uric acid (mg/dL) 5.28 ± 1.42 6.50 ± 1.46 b0.001

AF: atrial fibrillation, BP: blood pressure, bpm: beats per minute, FEV1: forced expiratory
volume in 1 s, FVC: forced vital capacity, AST: aspartate transaminase, ALT: alanine
transaminase, BUN: blood urea nitrogen, eGFR: estimated glomerular filtration rate,
CRP: C-reactive protein.

Table 2
The background on the study subjects without hypertension, diabetes mellitus, dyslipid-
emia, CKD, and current medication for hyperuricemia and/or gout (the second study).

Non-AF AF P

Number of subjects 49,231 61 b0.001
Age 41.9 ± 10.0 59.1 ± 11.0 b0.001
Male sex 36.1% 90.2% b0.001
Height (cm) 163.6 ± 8.3 169.2 ± 7.3 b0.001
Weight (kg) 56.9 ± 10.5 67.0 ± 10.0 b0.001
Body mass index (kg/m2) 21.1 ± 2.7 23.4 ± 2.8 b0.001
Systolic BP (mmHg) 110.1 ± 12.7 115.7 ± 2.8 0.001
Diastolic BP (mmHg) 68.3 ± 8.5 72.2 ± 7.9 b0.001
Pulse rate (bpm) 73.3 ± 10.3 76.1 ± 11.5 0.031
Smoking 33.9% 68.9% b0.001
Drinking habits 62.0% 72.1% 0.084
% volume capacity (%) 110.2 ± 13.8 105.8 ± 16.9 0.011
FEV1/FVC (%) 82.3 ± 6.8 74.3 ± 7.4 b0.001
White blood cell (/μL) 5064 ± 1334 5298 ± 1521 0.171
Hemoglobin (g/dL) 13.4 ± 1.4 14.5 ± 1.1 b0.001
Total protein (g/dL) 7.05 ± 0.35 7.04 ± 0.42 0.860
Albumin (g/dL) 4.41 ± 0.22 4.26 ± 0.24 b0.001
Total bilirubin (mg/dL) 0.84 ± 0.31 0.97 ± 0.30 0.001
AST (U/L) 20.4 ± 8.3 25.1 ± 6.6 b0.001
ALT (U/L) 18.5 ± 13.8 23.7 ± 10.3 0.003
BUN (mg/dL) 12.7 ± 3.1 14.8 ± 3.0 b0.001
Serum creatinine (mg/dL) 0.69 ± 0.14 0.90 ± 0.12 b0.001
eGFR (mL/min/1.73m2) 85.7 ± 14.6 76.9 ± 13.5 b0.001
Sodium (mEq/L) 141.3 ± 1.8 142.1 ± 1.7 0.001
Potassium (mEq/L) 4.08 ± 0.27 4.23 ± 0.27 b0.001
Chloride (mEq/L) 106.2 ± 1.8 106.2 ± 1.8 0.860
CRP (mg/dL) 0.12 ± 0.27 0.12 ± 0.09 0.999
Serum uric acid (mg/dL) 4.84 ± 1.26 6.26 ± 1.46 b0.001

AF: atrial fibrillation, BP: blood pressure, bpm: beats per minute, FEV1: forced expiratory
volume in 1 s, FVC: forced vital capacity, AST: aspartate transaminase, ALT: alanine
transaminase, BUN: blood urea nitrogen, eGFR: estimated glomerular filtration rate,
CRP: C-reactive protein.
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population, and the impact of cardiomyopathy itself on AF development
was very small in this study.

In conclusions, hyperuricemia is an independent competing risk
factor for AF. Checking and monitoring of SUA is worthwhile for
managing patients with AF. Further prospective intervention studies
are needed in future to prove whether lowering SUA level might be
important for preventing AF or not.
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Serum UA levels were analyzed over 3 years: 
in AF UA was significantly higher than that

in SR (5.91 versus 6.28 mg/dL, p =0.001)
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The macrophages can engulf uric acid crystal (UAC) à secretion of IL-1β à
proliferation and differentiation of fibroblasts to myofibroblasts à
production of cytokines, chemokines and TGFβ1 à increase collagen
production and depositionà fibrosisà structural remodeling

development. Thus an abnormal activation of theNLRP3-inflammasome
by uric acid could represent the mechanistic link between hyperurice-
mia and the higher incidence of AF and potentially explain why hyper-
uricemia may constitute an independent risk factor of AF as elegantly
demonstrated in the present study of Kuwabara et al. in apparently
healthy individuals from the general population [5].

Despite the substantial progress in our understanding of AF
pathophysiology, the precisemechanisms leading to AF are incomplete-
ly understood [1]. Independent of the underlying cause, the clinical
presentation of AF is very diverse and the complex AF pathophysiology
is a big challenge for the development of novel drugs with improved ef-
ficacy and safety profiles. Since inflammatory signaling appears to con-
tribute to both electrical and structural remodelingwhich typify AF, it is
reasonable to speculate that allopurinol, an anti-gout drug that inhibits
the synthesis of uric acid,might have beneficial effects in the prevention
of AF. Prospective clinical trials in suitable patient populations are need-
ed to establish the causative role of uric acid in AF pathophysiology and
to evaluate the potential therapeutic value of allopurinol in the preven-
tion and therapy of AF.
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development. Thus an abnormal activation of theNLRP3-inflammasome
by uric acid could represent the mechanistic link between hyperurice-
mia and the higher incidence of AF and potentially explain why hyper-
uricemia may constitute an independent risk factor of AF as elegantly
demonstrated in the present study of Kuwabara et al. in apparently
healthy individuals from the general population [5].

Despite the substantial progress in our understanding of AF
pathophysiology, the precisemechanisms leading to AF are incomplete-
ly understood [1]. Independent of the underlying cause, the clinical
presentation of AF is very diverse and the complex AF pathophysiology
is a big challenge for the development of novel drugs with improved ef-
ficacy and safety profiles. Since inflammatory signaling appears to con-
tribute to both electrical and structural remodelingwhich typify AF, it is
reasonable to speculate that allopurinol, an anti-gout drug that inhibits
the synthesis of uric acid,might have beneficial effects in the prevention
of AF. Prospective clinical trials in suitable patient populations are need-
ed to establish the causative role of uric acid in AF pathophysiology and
to evaluate the potential therapeutic value of allopurinol in the preven-
tion and therapy of AF.

Conflict of interest

The authors report no relationships that could be construed as a con-
flict of interest.

Acknowledgments

This work was supported by grants from the National Institutes of
Health (R56HL131649 to N.L., and R01HL131517 to D.D.), the American
Heart Association (14SDG20080008 to N.L.), and DZHK (German Center
for Cardiovascular Research, to D.D.).

References

[1] J. Heijman, N. Voigt, S. Nattel, D. Dobrev, Cellular andmolecular electrophysiology of
atrial fibrillation initiation, maintenance, and progression, Circ. Res. 114 (2014)
1483–1499.

[2] U. Canpolat, K. Aytemir, H. Yorgun, L. Sahiner, E.B. Kaya, S. Cay, et al., Usefulness of
serum uric acid level to predict atrial fibrillation recurrence after cryoballoon-
based catheter ablation, Europace 16 (2014) 1731–1737.

[3] M. Kuwabara, K. Niwa, S. Nishihara, Y. Nishi, O. Takahashi, K. Kario, et al., Hyperuri-
cemia is an independent competing risk factor for atrial fibrillation, Int. J. Cardiol.
231 (2017) 135–140 (in this issue).

[4] A. Nyrnes, I. Toft, I. Njolstad, E.B. Mathiesen, T.Wilsgaard, J.B. Hansen, et al., Uric acid
is associated with future atrial fibrillation: an 11-year follow-up of 6308 men and
women—the Tromso Study, Europace 16 (2014) 320–326.

[5] T. Gicquel, S. Robert, P. Loyer, T. Victoni, A. Bodin, C. Ribault, et al., IL-1beta produc-
tion is dependent on the activation of purinergic receptors and NLRP3 pathway in
human macrophages, FASEB J. 29 (2015) 4162–4173.

[6] J. Du, J. Xie, Z. Zhang, H. Tsujikawa, D. Fusco, D. Silverman, et al., TRPM7-mediated
Ca2+ signals confer fibrogenesis in human atrial fibrillation, Circ. Res. 106 (2010)
992–1003.

[7] N. Maharani, Y.K. Ting, J. Cheng, A. Hasegawa, Y. Kurata, P. Li, et al., Molecular mech-
anisms underlying urate-induced enhancement of Kv1.5 channel expression in HL-1
atrial myocytes, Circ. J. 79 (2015) 2659–2668.

[8] N. El Khoury, S. Mathieu, C. Fiset, Interleukin-1beta reduces L-type Ca2+ current
through protein kinase C activation in mouse heart, J. Biol. Chem. 289 (2014)
21896–21908.

[9] C. Yao, L. Scott, X. Wehrens, D. Dobrev, N. Li, Activation of NLRP3 inflammasome
promotes atrial fibrillation, Circulation 134 (2016), A14531.

[10] V.M. Mitrokhin, M.I. Mladenov, A.G. Kamkin, IL-1 provokes electrical abnormalities
in rat atrial myocardium, Int. Immunopharmacol. 28 (2015) 780–784.

Fig. 1. Putative mechanisms of hyperuricemia-induced atrial fibrillation. DADs, delayed afterdepolarizations; SERCA, sarcoplasmic reticulum (SR) Ca2+-ATPase; RyR2, ryanodine receptor
type-2; UA, uric acid; pERK, phosphorylated (activated) extracellular signal-regulated kinase; ER, endoplasmic reticulum. Solid lines indicate proven mechanisms, whereas dash lines
indicate putative pathways. For further details and abbreviations see text.

178 Editorial



Hyperuricemia and Risk of Stroke: A Systematic Review and
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Abstract
BACKGROUND—Hyperuricemia is hypothesized to be a risk factor for stroke and other
cardiovascular disease, but to date results from observational studies are conflicting.

METHODS—We conducted a systematic review and meta-analysis to assess the association
between hyperuricemia and risk of stroke incidence and mortality. Studies were identified by
searching major electronic databases using the Medical Subject Headings and keywords without
restriction in languages. Only prospective cohort studies were included if they had data on stroke
incidences or mortalities related to serum uric acid levels in adults. Pooled risk ratios (RRs) for the
association of stroke incidence and mortality with serum uric acid levels were calculated.

RESULTS—A total of 16 studies including 238,449 adults were eligible and abstracted.
Hyperuricemia was associated with a significantly higher risk of both stroke incidence [N=6
studies, RR 1.41, 95% confidence interval (CI): 1.05–1.76] and mortality [N=6 studies, RR 1.36,
95% CI: 1.03–1.69] in our meta-analyses of unadjusted study estimates. Subgroup analyses of
studies adjusting for known risk factors such as age, hypertension, diabetes, and cholesterol still
showed that hyperuricemia was significantly associated with both stroke incidence [N=4 studies,
RR 1.47, 95% CI: 1.19–1.76] and mortality [N=6 studies, RR 1.26, 95% CI: 1.12–1.39]. The
pooled estimate of multivariate RRs did not differ much by gender.

CONCLUSION—Our study suggests that hyperuricemia may modestly increase the risks of both
stroke incidence and mortality. Future research is needed to determine whether lowering uric acid
level has any beneficial effects on stroke.
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Schretlen DJ, et al. Neurophychology, 2007; 21: 1, 136–140

Number (%) in lowest quartile

low-moderate UA     high UA

Cognitive domain             (n=71)               (n=25) Odd Ratio (95% CI)

*p<0.001

**p<0.01 
***p<0.05

Serum Uric Acid and Cognitive Function in 

Community-Dwelling Older Adults

General verba 16 (23) 8 (32) 
General visuospatial 15 (21) 9 (36)
Processing speed * 11 (16) 13 (52)
Working memory ** 13 (18) 11 (44)
Verbal memory *** 14 (20) 10 (40)
Visual memory 18 (25) 4 (16)
Verbal fluency 18 (25) 6 (24)
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