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N ASSOCIATION OF GOUT WITH HYPERTENSION, DIABETES, KIDNEY DIS-

ease, and cardiovascular disease has been observed since the late 19th cen-

tury. Early investigators, such as Frederick Mahomed, Alexander Haig, and
Nathan Smith Davis, hypothesized that uric acid might be a cause of hypertension
or renal disease. In 1897, in his presidential address to the American Medical As-
sociation, Dr. Davis wrote, “High arterial tension in gout is due in part to uric acid
or other toxic substances in the blood which increase the tonus of the [renal] arte-
rioles.” Since agents that lower uric acid levels were not available earlier in Davis’s
career, however, there were no studies indicating that uric acid had a causal role in
these conditions.

The association between uric acid and cardiovascular disease was largely ig-
nored until the mid-1950s and early 1960s, when it was rediscovered.?3 Since then,
a number of epidemiologic studies have reported a relation between serum uric acid
levels and a wide variety of cardiovascular conditions, including hypertension,?
metabolic syndrome,* coronary artery disease,> cerebrovascular disease,® vascular
dementia,” preeclampsia,® and kidney disease.®*° The relation between uric acid
and cardiovascular disease is observed not only with frank hyperuricemia (defined
as more than 6 mg per deciliter [360 wmol per liter] in women and more than 7 mg
per deciliter [420 pwmol per liter] in men) but also with uric acid levels considered
to be in the normal to high range (>5.2 to 5.5 mg per deciliter [310 to 330 pmol
per liter]).1113

The relative importance of these associations remains controversial. Some ex-
perts, such as the Framingham Heart Study group, have argued that uric acid is
not a risk factor for cardiovascular disease and that clinicians should rely only on
classic risk factors in patient assessment.'* Nor have serum uric acid levels been
considered a cardiovascular risk factor by major professional societies.?>1®

This review summarizes relevant studies concerning uric acid and possible
links to hypertension, renal disease, and cardiovascular disease. Although such
evidence is mounting, it does not yet support the general treatment of asymptom-
atic hyperuricemia to reduce cardiovascular risk. However, there would seem to be
sufficient evidence to warrant clinical trials to determine whether lowering uric
acid levels would be of clinical benefit in the prevention or treatment of cardiovas-
cular and renal diseases.

URIC ACID AND CARDIORENAL DISEASE —
CAUSE OR CONSEQUENCE?

One difficulty in determining whether uric acid per se should be considered a car-
diovascular risk factor is that elevated uric acid levels are often associated with es-
tablished cardiovascular risk factors (Table 1). For example, uric acid levels are
higher in many groups at increased cardiovascular risk, such as postmenopausal
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le 1. Cardiovascular Conditions and Risk Factors Associated with Elevated

Ren

Vas

Sex

Hypertension and prehypertension

Metabolic syndrome (including abdominal obesity, hypertriglyceridemia, low

Obstructive sleep apnea

Stroke and vascular dementia
Preeclampsia

Inflammation markers (C-reactive protein, plasminogen activator inhibitor

Endothelial dysfunction

Oxidative stress

Demographic (movement from rural to urban communities, Westernization,

al disease (including reduced glomerular filtration rate and microalbu-
minuria)

level of high-density lipoprotein cholesterol, insulin resistance, impaired
glucose tolerance, elevated leptin level)

cular disease (carotid, peripheral, coronary artery)

type 1, soluble intercellular adhesion molecule type 1)

and race (postmenopausal women, blacks)

immigration to Western cultures)
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women, blacks, and people with hypertension, the
metabolic syndrome, or renal disease. The in-
creased risk of cardiovascular disease observed
with Westernization of native peoples, immigra-
tion to Western countries, and movement from
rural to urban communities also correlates with
increased uric acid levels.'” Furthermore, the sharp
rise in hypertension, obesity, diabetes, and kid-
ney disease in the United States over the past 100
years has also been associated with a progressive
rise in serum uric acid levels.” Mean uric acid
levels in men increased gradually from less than
3.5 mg per deciliter (210 pumol per liter) in the
1920s to 6.0 to 6.5 mg per deciliter (360 to 390
pmol per liter) in the 1970s.1821 Women tend to
have lower levels (by 0.5 to 1.0 mg per deciliter [30
to 60 wmol per liter]) than men, probably because
of the uricosuric effect of estrogens.??

To investigate the role of uric acid in disease,
epidemiologists have often used multivariate anal-
yses to assess whether an elevated uric acid level
is an independent cardiovascular risk factor. Us-
ing this approach, a number of studies have sug-
gested that uric acid is not independent of other
established risk factors, especially hypertension,
for the development of cardiovascular disease.*+232>
Consequently, some expert groups have argued
that studies indicating uric acid is an independent
risk factor did not sufficiently control for other
known risk factors. Furthermore, if uric acid were

a risk factor, then a mechanism by which uric
acid could cause cardiovascular disease should be
apparent. Others have posited that one of the main
functions of uric acid is its role as an antioxidant,
which, if anything, would make it beneficial to
people with cardiovascular disease.2%2?7 Finally,
the elevation of uric acid levels in patients with
cardiovascular disease could simply be a result of
the common presence of factors such as reduced
glomerular filtration rate, hyperinsulinemia, re-
nal vasoconstriction, or diuretic use (all of which
reduce net renal excretion of uric acid) or of al-
cohol use, tissue ischemia, or oxidative stress
(which may increase uric acid generation).23-3°

A similar argument has been made for the as-
sociation of elevated uric acid levels with chronic
kidney disease. Before drugs that lower uric acid
level became available, more than 50% of patients
with gout had some renal insufficiency and nearly
100% had renal disease at autopsy.3>32 The kid-
ney lesions in patients with gout are characterized
by advanced arteriolosclerosis, glomerulosclerosis,
and interstitial fibrosis, often with the presence
of urate crystals in the outer medulla.?? The
presence of such urate deposits gave rise to the
name “gouty nephropathy” for this condition.
However, the hypothesis that renal injury was
caused by the deposition of urate crystals seemed
flawed or incomplete, considering that the crystal
deposition was focal and thus unlikely to explain
the diffuse nature of the disease and that crystals
could also be found in normal kidneys in the
absence of inflammation. Furthermore, the most
characteristic findings, which are advanced arte-
riolosclerosis and glomerulosclerosis, are indistin-
guishable from those observed with longstanding
hypertension or age-related glomerulosclerosis and
may simply reflect the fact that most patients with
gout have hypertension and are older.>®> Conse-
quently, for the past 30 years there has been a
widespread belief that uric acid is unlikely to be
a risk factor for renal disease.>*

URIC ACID AND CARDIOVASCULAR
DISEASE — A REAPPRAISAL

Several events have led to the ongoing reapprais-
al of the role of uric acid in cardiovascular dis-
ease. Some studies that have controlled for mul-
tiple risk factors suggest that uric acid may be an
independent risk factor for both cardiovascular
disease?*35-37 and kidney disease.384° Other stud-
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ies have noted that an elevated level of uric acid
predicts the development of hypertension,*->° obe-
sity,*® kidney disease,?*"#° and diabetes.>%57 Stud-
ies using animal models and cell cultures have
identified mechanisms by which uric acid might
induce cardiovascular and renal disease,>%°° and
there have been reports of cardiovascular and re-
nal benefits from lowering uric acid levels in re-
cent preliminary clinical trials.®10:61,62

Should we accept the assumption that to be
defined as “causal,” a factor must be independent
of other risk factors? In effect, this assumption
has already been challenged by reports that ele-
vated uric acid levels must be both a direct and
an indirect cause of renal disease and cardiovas-
cular disease. For example, Yu and colleagues
reported that renal disease developed in 40% of
patients with gout, but they argued that uric acid
was probably not the cause of the disease since
hypertension — a much more likely cause of renal
disease — also developed in most of these pa-
tients.3> The Framingham Heart Study reported
that uric acid was not a causal risk factor for
cardiovascular events because uric acid was not
independent of hypertension.** However, if uric
acid caused hypertension, and hypertension caused
kidney disease and heart disease, then uric acid
might not be independent of hypertension when
evaluated as a risk factor for kidney or heart
disease.

HYPERURICEMIC HYPERTENSION

Recent experimental and clinical evidence sup-
ports the possibility that an elevated uric acid level
may lead to hypertension (Table 2). Numerous
studies have reported that hyperuricemia carries
an increased relative risk for hypertension devel-
oping within 5 years, independent of other risk
factors (Table 3).41-5¢ Studies of uric acid levels
and the development of hypertension have gener-
ally been consistent, continuous, and of similar
magnitude. Hyperuricemia is also common among
adults with prehypertension,®® especially when
microalbuminuria is present.** The observation
that hyperuricemia precedes the development of
hypertension indicates that it is not simply a re-
sult of hypertension per se. Only one study
showed that uric acid did not predict the develop-
ment of hypertension, and it involved subjects in
whom hypertension had developed after the age
of 60 years.*?

Table 2. Evidence Linking Uric Acid and Hypertension.

hypertension of recent onset.

Reducing the uric acid level with xanthine oxidase inhibitors lowers blood
pressure in adolescents with hypertension of recent onset.

An elevated uric acid level consistently predicts the development of hypertension.

An elevated uric acid level is observed in 25-60% of patients with untreated
essential hypertension and in nearly 90% of adolescents with essential

Raising the uric acid level in rodents results in hypertension with the clinical,
hemodynamic, and histologic characteristics of hypertension.

Hyperuricemia is also more common in pri-
mary hypertension than in secondary hyperten-
sion, at least in adolescents.!* In one study an
elevated uric acid level (>5.5 mg per deciliter
[330 wmol per liter]) was observed in nearly 90%
of adolescents with essential hypertension, where-
as uric acid levels were significantly lower in con-
trols and teens with either white-coat or second-
ary hypertension.** The observation that uric acid
levels were not elevated in secondary hyperten-
sion also reduces the likelihood that the hyperuri-
cemia results from hypertension. Interestingly,
the relationship of uric acid levels to hypertension
in people with established hypertension varies. In
some studies hyperuricemia is present in 40 to
60% of subjects with untreated hypertension,?°>°¢
whereas other studies reported lower frequen-
cies.>%” Some of the variability might be due to
the inclusion of patients with secondary hyperten-
sion in various reports. Furthermore, the strength
of the relationship between uric acid level and
hypertension decreases with increasing patient
age and duration of hypertension,®® suggesting
that uric acid may be most important in younger
subjects with early-onset hypertension.

The development of a model of mild hyper-
uricemia in animals provided the first direct evi-
dence that uric acid elevation may lead to blood-
pressure elevation. In this regard, it is worth
noting that humans and apes have higher uric
acid levels than most other mammals, since they
lack the hepatic enzyme uricase, which degrades
uric acid to allantoin. To render rats hyperurice-
mic (which is necessary in order to use them as
an animal model), they are treated with a uricase
inhibitor. In this model, several weeks after the
uric acid level is increased, hypertension develops.
In such animals, blood pressure correlated directly
with serum levels of uric acid and decreased when
uric acid was reduced with either a xanthine oxi-
dase inhibitor or a uricosuric agent.>® In this
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Relative Risk of Hypertension 95% Cl
2.1 times greater at 6 yr (high vs. low quintile) 1.20-3.98
1.44 times greater per SD increment at 7 yr 1.03-2.01
1.23 times greater per 1 mg/dl increase at 12 yr 1.07-1.39
1.21 times greater per SD increment at 10 yr 1.03-1.41
2 times greater at 10 yr (high vs. low quintile) 1.56-2.60
2.0 times greater at 15 yr (high vs. low quartile) 1.02-3.9

1.0 mg/dl, increased 27 mm Hg SBP at 5 yr

Not calculated

1.13 times greater per SD increment at 6 yr 1.06-1.21
1.46 times greater for men (uric acid =7 mg/dl) and 1.09-2.03
1.94 for women (uric acid =26 mg/dl) at 13yr 1.05-3.57

Increased risk for diastolic hypertension at 11 yr

Table 3. Hyperuricemia and the Development of Hypertension.*
Study No. of Patients
Kaiser Permanente, 1990°3 2062 adults
University of Utah, 19914 1482 adults
Olivetti Heart, 19944¢ 619 men
CARDIA, 1999%* 5115 men
Osaka Health Survey, 2001%© 6356 men
Hawaii-Los Angeles—Hiroshima, 140 men
20014
Osaka Factory, 20034® 433 men
Osaka Health Survey, 2003°* 2310 men
Okinawa, 2004°° 4489 adults
Bogalusa Heart, 20054 679 children
Framingham Heart, 2005°° 3329 adults
Normative Aging, 2006°> 2062 men
ARIC, 2006*° 9104 adults
Beaver Dam Health Survey, 2520 adults
2006
Health Professionals’ Follow-up, 750 men
200642
MRFIT, 200747 3073 men

Not calculated

1.17 times greater per SD increment at 4 yr 1.02-1.33
125 times greater at 21 yr (uric acid >6.5 mg/dl) 1.08-1.34
1.1 times greater per SD increment at 9 yr 1.02-1.14
1.65 times greater at 10 yr (high vs. low quintile) 1.41-1.93
1.02 times greater per SD increment at 8 yr 0.92-1.13
1.1 times greater per SD increment at 6 yr 1.02-1.19

* To convert the values for uric acid to micromoles per liter, multiply by 59.48. ARIC denotes Atherosclerosis Risk in
Communities, CARDIA Coronary Artery Risk Development in (Young) Adults, MRFIT Multiple Risk Factors Intervention

Trial, and SBP systolic blood pressure.

model, the hypertension was shown to be due to
uric acid-mediated renal vasoconstriction result-
ing from a reduction in endothelial levels of nitric
oxide, with activation of the renin-angiotensin
system.®7* Consistent with these observations,
elevated uric acid levels in humans also correlate
with endothelial dysfunction and increases in
plasma renin activity.”27>

Over time, microvascular renal disease — with
histology that is similar to arteriolosclerosis, the
classic lesion of essential hypertension — devel-
ops in rats with hyperuricemia.”®?® The observa-
tion that the microvascular changes still devel-
oped, even when blood pressure was controlled
by a diuretic, coupled with the demonstration of
direct effects of uric acid on endothelial cells
and vascular smooth-muscle cells, suggests that
uric acid may cause microvascular disease inde-
pendently of hypertension.”””® For example, in
experiments with cultured vascular smooth-mus-
cle cells, uric acid induces cellular proliferation,
inflammation, oxidative stress, and activation of
the local renin—angiotensin system.>%:09:7779,80

The development of renal microvascular le-
sions may provide an additional mechanism by
which uric acid can cause hypertension. For ex-
ample, similar microvascular lesions can be in-
duced in rats with normal serum levels of uric
acid through the infusion of angiotensin II or
blockage of nitric oxide synthesis. Once these le-
sions are induced, a salt-sensitive hypertension
develops and persists even when infusion of an-
giotensin II is stopped or the blockade of nitric
oxide synthesis is reversed.®»:52 In another study
of rats with hyperuricemia, when the uricase
inhibitor was stopped after renal microvascular
disease and interstitial inflammation had become
pronounced, blood pressure would improve only
if the rats remained on a low-salt diet.”® Both the
experimental and human studies provide a pos-
sible explanation for how uric acid might cause
hypertension in humans (Fig. 1). Furthermore,
the experimental studies provide a rationale as to
why uric acid would be linked with newly diag-
nosed or early-onset hypertension, since subjects
with longstanding hypertension might already
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have renal microvascular disease that could be
primarily responsible for their current hyperten-
sive condition.

Preliminary clinical trial data also support a
role for uric acid in early-onset primary hyper-
tension. After an open-label pilot study in 5 ado-
lescent patients with hypertension, which indi-
cated that allopurinol lowered blood pressure,”
a double-blind, placebo-controlled crossover tri-
al was performed in 30 adolescents with hyper-
uricemia and hypertension.®? In this trial, treat-
ment with allopurinol was associated with a
significant reduction in both casual (measured at
the physician’s office) and ambulatory blood pres-
sure, and the reduction was similar in magnitude
to that achieved with most antihypertensive agents
(-6.9+4.4 mm Hg and -5.1+2.4 mm Hg as com-
pared with —2.0+0.4 and —2.4+0.7 for placebo for
casual systolic and diastolic blood pressure, re-
spectively [P=0.007 and P=0.03]).°2 For patients
in whom uric acid levels decreased to less than
5 mg per deciliter (300 wmol per liter) during al-
lopurinol therapy, blood pressure became normal
in 86% (19 of 22 patients), as compared with 3%
(1 of 30) during the placebo phase of the study.®2

There has been a major increase in the preva-
lence of hypertension worldwide, and there is evi-
dence that uric acid levels are rising as well.18-2
Might these two observations be linked?s2 It is
widely believed that the increased prevalence of
obesity has contributed to the increased preva-
lence of hypertension.®® Over the past 200 years
there has been a large increase in fructose intake
in the developed world, an increase that correlates
temporally with increases in hypertension and
obesity.®+#5 Fructose is unique among sugars in
that it rapidly causes depletion of ATP and in-
creases both the generation and the release of
uric acid.®® Experimental data support a link be-
tween fructose intake, hyperuricemia, and in-
creases in blood pressure. For example, the de-
velopment of hyperuricemia, hypertension, and
a metabolic-like syndrome with renal hemody-
namic and histologic changes very similar to
those observed with hyperuricemia has been re-
ported in rats fed with fructose. Treating these
rats with xanthine oxidase inhibitors, including
allopurinol or febuxostat, lowered uric acid lev-
els and partially prevented these changes.®®®7
Epidemiologic studies have also linked fructose
intake with increased risk of hyperuricemia®®#°
and the metabolic syndrome.®®* Furthermore,
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Maternal Placental
factor factor
Uric acid?
IUGR

Genetic or
environmental factors

Purine-rich or
fructose-heavy diet or
exposure to lead

Low nepriron number

Y
Increased uric acid

Increased renin and

Decreased nitric oxide and
increased ROS

Vascular inflammation

Proliferation of vascular smooth-
muscle cells with inhibition
of endothelial-cell growth

decreased nitric oxide
Interstitial inflammation
Microvascular rarefaction
Afferent arteriolopathy
Interstitial fibrosis

r

Early stage
Uric acid-induced vasoreactive hypertension

|

Late stage
Salt-sensitive kidney-dependent hypertension

Figure 1. Proposed Mechanism for Uric Acid—Mediated Hypertension.

Excessive intake of fructose or purine-rich meats or exposure to low doses
of lead may result in chronic hyperuricemia. Mothers with high uric acid
levels that are the result of diet or conditions such as preexisting hyperten-
sion, obesity, or preeclampsia may transfer uric acid into the fetal circula-
tion through the placenta, which may ultimately contribute to intrauterine
growth retardation (IUGR) and a reduction in nephron number. Among ba-
bies born with a low nephron number, hyperuricemia may develop in child-
hood because of genetic or environmental factors. Chronic hyperuricemia
would stimulate the renin—angiotensin system and inhibit release of en-
dothelial nitric oxide, contributing to renal vasoconstriction and possibly in-
creasing blood pressure. Persistent renal vasoconstriction may contribute
to arteriolosclerosis and the development of salt-sensitive hypertension,
even if the hyperuricemia is corrected. ROS denotes reactive oxygen species.

although some controversy exists as to whether
fructose can induce hypertension in rats, the ad-
ministration of high-fructose diets to humans can
induce many features of the metabolic syndrome,
including an acute rise in blood pressure.®>93
Thus, one might speculate that fructose-induced
hyperuricemia could have a role in the increased
prevalence of hypertension worldwide.®*#> The in-
gestion of other foods (such as purine-rich fatty
meats) or drinks (such as beer) or exposure to
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toxins (such as lead, in amounts adequate to cause
low-level lead poisoning) that alter uric acid levels
may also contribute to elevated uric acid levels
and a “hyperuricemic” form of hypertension.

In addition to diet, there is evidence that low
birth weight increases the risk of hypertension
and obesity later in life.** Among the mechanisms
by which low birth weight might lead to an in-
creased risk of hypertension is a congenital re-
duction in nephron number.®> Although there is
little direct evidence for this hypothesized mech-
anism in humans, in one report Keller et al. ob-
served that 10 white subjects with essential hy-
pertension who died in traffic accidents had
fewer nephrons than 10 age-matched controls who
died similarly.°¢ It is known that mothers who
give birth to infants with a low birth weight or
infants who are small for gestational age fre-
quently have conditions associated with hyper-
uricemia, such as preeclampsia, essential hyper-
tension, and obesity.”® Uric acid transfers freely
from maternal to fetal circulation, and high levels
of maternal and fetal uric acid correlate with lower
birth weight among infants.®°” Given the antian-
giogenic effects of elevations in uric acid,”” it is
possible to speculate that such elevations could
contribute to low birth weight and reduced nephron
number, which might predispose a child to the
development of hypertension later in life.”®

If a child’s parent is obese or has hypertension,
it is more likely that similar conditions will de-
velop in the child because of genetic or environ-
mental (dietary) traits. In one study, Franco et al.
reported that children between 8 and 13 years of
age who had been low-birth-weight infants had
relatively high uric acid levels and evidence of en-
dothelial dysfunction, though none had hyperten-
sion.”® Another study reported that children whose
parents have a history of hypertension have higher
uric acid levels, a higher body-mass index (BMI),
and higher levels of triglycerides independent of
hypertension.®® Both lean and obese children of
parents with hypertension have been observed to
have a low fractional excretion of uric acid and
evidence of higher plasma renin activity and in-
creased proximal sodium reabsorption.’*® We
previously reported that adolescents with essen-
tial hypertension had relatively high uric acid
levels that correlated inversely with their birth
weights.*t

It is also possible that genetic polymorphisms
of transporters or enzymes involved in uric acid

metabolism affect blood pressure, especially in
younger subjects. For example, hypertension has
been associated with polymorphisms of xanthine
oxidoreductase.*! Solute carrier family 2, mem-
ber 9 (SLC2A9) is a newly identified fructose and
uric acid transporter in which several genetic
polymorphisms have been identified that are as-
sociated with an increased risk of gout.102:103
Nevertheless, these polymorphisms were not ob-
served to be associated with hypertension.*°? This
result may indicate that uric acid is not a direct
causal risk factor for hypertension, or it might re-
flect the fact that polymorphisms in SLC2A9 ac-
count for only a small fraction of the variance in
serum uric acid, meaning that it may be difficult
to detect an effect.102,103

URIC ACID, THE METABOLIC
SYNDROME, AND DIABETES

Increasing evidence suggests that uric acid may
play a role in the metabolic syndrome. Historical-
ly, the elevated level of uric acid observed in the
metabolic syndrome has been attributed to hyper-
insulinemia, since insulin reduces renal excretion
of uric acid.3° Hyperuricemia, however, often pre-
cedes the development of hyperinsulinemia,*?1°4
obesity,*® and diabetes.5:5%195 Hyperuricemia may
also be present in the metabolic syndrome in
people who are not overweight or obese. In one
study only 5.9% of subjects with a normal BMI
and a uric acid level of less than 6.0 mg per deci-
liter (360 wmol per liter) had the metabolic syn-
drome; in contrast, 59% of subjects with a nor-
mal BMI and a uric acid level of more than 10 mg
per deciliter (60 pmol per liter) had evidence of
the metabolic syndrome.°°

The strongest evidence of a role for uric acid
in the development of the metabolic syndrome
has been from studies in animal models showing
that decreasing uric acid levels can prevent or re-
verse features of the metabolic syndrome.®?87107
Two mechanisms have been suggested to ex-
plain how hyperuricemia might induce the met-
abolic syndrome. The first mechanism is related
to the fact that glucose uptake in skeletal muscle
depends in part on increases in blood flow me-
diated by the insulin-stimulated release of nitric
oxide from endothelial cells. Features of the meta-
bolic syndrome develop in mice lacking endothe-
lial nitric oxide synthase.1°® The observations that
hyperuricemia can induce endothelial dysfunction
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in rats® and that treatment with allopurinol can
improve endothelial function in patients with
hyperuricemia’* would support this mechanism.
The second mechanism concerns the inflamma-
tory and oxidative changes uric acid induces in
adipocytes,®® a process that is key in causing
the metabolic syndrome in obese mice.**° In ad-
dition, xanthine oxidoreductase (the enzyme that
generates uric acid from xanthine) is expressed
in adipocytes and is critical to the process of adi-
pogenesis; indeed, xanthine oxidoreductase knock-
out mice have only half the adipocyte mass of
their control littermates.**

URIC ACID AND CHRONIC KIDNEY
DISEASE

Both experimental and clinical studies suggest
the possibility that an elevated level of uric acid
itself can lead to kidney disease without the de-
position of uric acid crystals.>®5° Experimental
studies in rats have shown that raising uric acid
levels can cause de novo kidney disease as well as
accelerate existing kidney disease.>®>° The prin-
cipal lesions from increased uric acid in the rat
are glomerulosclerosis, interstitial fibrosis, and
arteriolar disease, conditions similar to those ob-
served in “gouty” nephropathy, except for the ab-
sence of intrarenal urate crystals.>®5° The mech-
anism of injury appears to be related to the
development of preglomerular arteriolar disease
that impairs the renal autoregulatory response
and thereby causes glomerular hypertension.'*?
Similar histologic findings are also present in the
hereditary human disease familial juvenile hyper-
uricemic nephropathy.

More recent epidemiologic studies also suggest
that uric acid may have a role in causing renal
disease. For example, an elevated uric acid level is
an independent predictor of the development of
both microalbuminuria®# and renal dysfunction
in subjects with normal renal function3%4° and
is associated with an impaired glomerular filtra-
tion rate in patients with type 1 diabetes who do
not have proteinuria.'** In contrast, the uric acid
level does not predict the renal progression of
established chronic kidney disease,''* suggest-
ing that in established disease structural (and
nonreversible) microvascular and glomerular le-
sions have already developed and are driving
disease progression independently of uric acid
levels.”%.7¢

Recent studies suggest that lowering levels of
uric acid may slow progression of renal disease,
especially in patients with hyperuricemia. Siu et
al. reported that the treatment of asymptomatic
hyperuricemia in patients with mild renal disease
(chronic kidney disease at stage 3) resulted in
delayed disease progression.® Likewise, Kanbay
et al. recently reported that treatment of asymp-
tomatic hyperuricemia improved renal function.®*
Talaat et al. used a different approach in which
they withdrew allopurinol from a group of patients
with chronic kidney disease who were in stable
condition. This withdrawal resulted in worsening
of hypertension and acceleration of kidney dys-
function in the patients who were not taking an-
giotensin-converting—enzyme inhibitors.*°

OTHER CARDIOVASCULAR DISEASES
ASSOCIATED WITH HYPERURICEMIA

Hyperuricemia is strongly associated with periph-
eral, carotid, and coronary vascular disease, with
the development of stroke, with preeclampsia,
and with vascular dementia.”*423-25.115 The rela-
tionship of uric acid with cardiovascular events is
particularly strong, especially in patients at high
risk for heart disease and in women.''® Some of
the cardiovascular benefits of losartan reported
in the Losartan Intervention for Endpoint Reduc-
tion in Hypertension (LIFE) study''” and for ator-
vastatin reported in the Greek Atorvastatin and
Coronary-Heart-Disease Evaluation (GREACE)
study*'® have also been attributed to the ability
of these drugs to lower uric acid levels. Whether
uric acid has a causal relationship in these condi-
tions remains to be determined.

CAVEATS AND FUTURE DIRECTIONS

There are several important limitations and cave-
ats related to the recent studies we have cited in
considering a causal role for uric acid in cardio-
vascular disease. First, most of the clinical trials
we referenced are small and examined highly de-
fined populations. For example, it is not known
whether lowering uric acid levels with allopurinol
will be effective in people with more severe or
longstanding hypertension as compared with
those in the preliminary studies cited. Nor do we
know whether the beneficial effect of allopurinol
observed in completed and preliminary human
studies is due to the reduction of uric acid or to a
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reduction in xanthine oxidase—associated oxi-
dants. Although the experimental studies sug-
gest that the benefit results from lowering uric
acid,”0,77.79,80,119.120 the improvement of endothe-
lial function observed in patients with hyperuri-
cemia and heart failure or diabetes occurred
among patients who received allopurinol but not
among those receiving other drugs designed to
lower uric acid levels.*21:*22 One possible expla-
nation for this result is that xanthine oxidase in-
hibitors are more effective than other agents in
lowering intracellular levels of uric acid, and con-
sequently had a greater influence on intracellular
regulation of endothelial vascular activity.”” Al-
ternatively, uric acid may be more of a marker,
and the benefit of allopurinol may be the result
of its ability to block xanthine oxidase—associat-
ed oxidants.

We also need a better understanding of the
biologic functions of uric acid as they may relate
to cardiovascular disease. Although uric acid may
have proinflammatory effects on vascular cells and
adipocytes, it can also function as an antioxi-
dant.2123,124 [t has been suggested that the an-
tioxidant effects of uric acid are protective in
several neurologic diseases, including multiple
sclerosis and Parkinson’s disease. Conversely, uric

acid can also function as a pro-oxidant, either by
generating radicals during its degradation or by
stimulating NADPH oxidase.1°*125 Uric acid can
also stimulate innate immunity through the ef-
fects of microcrystalline uric acid on the function
of dendritic cells and T cells.*2*27 Studies by our
group and others also suggest a role for T cells
in the pathogenesis of salt-sensitive hyperten-
sion.12%129 Thus, it remains possible that uric acid
may have a variety of as yet incompletely defined
actions in cardiovascular disease.

Right now there are not sufficient data to rec-
ommend the treatment of asymptomatic hyper-
uricemia. Allopurinol is not a benign drug, and
may occasionally precipitate a hypersensitivity syn-
drome that can be fatal. The data reviewed in this
article are the basis for a hypothesis that still
needs to be tested.
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