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Abstract

In recent years, there has been an increase in the prevalence of hyperuricemia, and the latter
has attracted attention as an adult lifestyle-associated disease, together with hypertension,
diabetes, and dyslipidemia. Although hyperuricemia is known to be an independent risk fac-
tor for hypertension, whether it is an independent risk factor for cardiovascular disease re-
mains controversial. Recently, some small-scale interventional studies on antihyperuricemic
medications showed that the latter improved angina symptoms and prevented cardiovascular
disease. Here, we will mainly explain the cause of hyperuricemia and the associations between
hyperuricemia, hypertension, and cardiovascular disease based on the latest published evi-
dence. © 2016 S. Karger AG, Basel

Introduction

The increasing frequency of hyperuricemia and gout are most likely caused by west-
ernized lifestyle and environment [1]. Although the physiological solubility of uric acid occurs
at 6.4 mg/dl, the presence of uric acid-binding proteins increases this solubility to 7.0 mg/dl
before reaching a supersaturated state. For this reason, hyperuricemia occurs when the
serum level of uric acid exceeds 7.0 mg/dl, at which point it starts to crystalize within the
human body. However, an increase in the serum uric acid level is considered to accompany
the increased risk of disease associated with adult lifestyle habits (lifestyle diseases) even
when the serum level of uric acid is <7.0 mg/dl. In women, especially, the disease risk
increases at even lower serum uric acid levels compared to men and requires more attention.
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Hyperuricemia often accompanies metabolic syndrome, hypertension, diabetes, dyslip-
idemia, chronic renal disease, and obesity, and the serum uric acid level is known to vary
significantly depending on meals, lifestyle, gender, and previous use of diuretics [2]. Based on
these facts, it is believed that the uric acid level only partly reflects the lifestyle origins of the
disease, and it merely serves as a marker of cardiovascular disease. Furthermore, since female
hormones lower the serum uric acid levels, they tend to increase after menopause, and the
evaluation of uric acid becomes more difficult. The number of confounding factors involved
in evaluating serum uric acid levels complicates the sole analysis of uric acid; indeed, inter-
vention tests that focused only on uric acid are rare. However, due to the advanced research
methods and the discovery of new antihyperuricemic drugs such as febuxostat, uric acid
studies have been attracting attention (fig. 1). Based on previous clinical studies, we will
determine whether hyperuricemia can be a risk factor for cardiovascular disease.

Physiological Mechanisms of the Production and Excretion of Uric Acid

When we consider the possibility of hyperuricemia being a risk factor for cardiovascular
disease, itis important to be aware of the mechanisms involved in the production of uric acid.
The facts, including the circumstances thatlead to the production of uricacid and the processes
involved, may reveal the relationship between uric acid and lifestyle diseases as well as
cardiovascular disease.

Uric acid is a final metabolite of purine metabolism in humans. Although many mammals
such as rats have uricase, an enzyme that degrades uric acid into allantoin, humans lost
uricase during the course of evolution. As a result, uric acid tends to accumulate. Constituting
the base components of nucleic acids (DNA, RNA), adenine and guanine are the purines with
purine skeletons. Although there are two routes by which purine enters the human body,
through oral intake or biosynthesis, a significantly higher amount of purines is biosynthe-
sized than taken orally.

As for oral intake, given that a unit of nucleic acid exists per cell, foods such as liver are
rich in purines as they contain more cells. In contrast, although a chicken egg is relatively
large, it only contains single cells and extremely low amounts of purines. Purines that entered
the body by ingestion are absorbed in the digestive tract and metabolized to uric acid, the final
product. However, the amount is relatively low in comparison to the amount biosynthesized
within the human body.
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The major energy source in humans, adenosine triphosphate (ATP) structure, centers on
adenine, which is converted into hypoxanthine, xanthine, and eventually uric acid during ATP
metabolism, and is subsequently excreted from the cell and into the blood. During this process,
hypoxanthine is converted into xanthine and later, uric acid, with the activation of xanthine
oxygenase (XO) and the production of reactive oxygen during metabolism. This reactive
oxygen binds to nitric oxide (NO), a vasodilator substance, and inhibits its function, which is
supposedly one of the factors involved in the development of arteriosclerosis. During the
metabolism of fructose in soft drinks and alcohol, alarge amount of ATP is consumed resulting
in the increased amount of uric acid, its final metabolite. Recent increases in the rates of
obesity, hypertension, diabetes, and cardiovascular disease are mainly caused by the elevated
intake of sugars including fructose [3]. In pathological conditions such as congenital heart
failure and serious heart failure, aggravated anaerobic metabolism in tissues due to oxygen
shortage tends to increase the levels of serum lactic acid. The increased lactic acid levels then
intensify the reabsorption of uric acid in the kidney, which leads to increased serum uric acid
levels [4]. Additionally, the production of uric acid rises during intense exercise. Although the
serum uric acid levels are also influenced by excretion from the kidney and digestive tract,
increased serum uric acid levels due to the aggravated production of uric acid may be a
marker of systemic circulatory failure. Medications such as X0 inhibitors (i.e., allopurinol and
febuxostat) are effective for the treatment of hyperuricemia due to aggravated uric acid
production.

In terms of the excretion of uric acid, approximately two thirds and one third supposedly
occur in the kidney and digestive tract, respectively. In the kidney, reabsorption by urate
transporter 1 (URAT1) located at the proximal renal tubules plays the biggest role [5]. Never-
theless, other uric acid transporters have also been reported (URATv1/GLUT9, ABCG2, NPT1,
NPT4, OAT1, OAT3). Moreover, ABCG2, a uric acid transporter located in the digestive tract,
has recently been shown to be involved in the extrarenal excretion of uric acid [6]. The use of
URAT1 inhibitors such as benzbromarone and probenecid, are effective for the treatment of
the extrarenal urate underexcretion type hyperuricemia. Medications such as angiotensin
receptor blockers (e.g. losartan) and the antidyslipidemia drug fenofibrate also inhibit
URAT1 and facilitate uric acid excretion in the kidney. In contrast, diuretics such as thiazide
and furosemide elevate serum uric acid levels.

Various factors are involved in the processes of uric acid production and secretion. Since
medications also have an enormous impact, these factors complicate the process of identifi-
cation of the reasons for the fluctuation of serum uric acid levels. In order to determine
whether the cause of hyperuricemia is overproduction or underexcretion, uric acid or creat-
inine clearances are utilized for the diagnosis of the underlying disease.

The J-Curve Phenomenon

Since hyperuricemia is closely related to the onset of gout and lifestyle diseases, the
negative effects are apparent. In humans, uric acid exerts a strong reducing effect together
with bilirubin and ascorbic acid (vitamin C) and acts as an antioxidant. When uric acid levels
are too low, the reducing effect also decreases. As a result, reactive oxygen produced within
the body cannot be neutralized. According to the PIUMA study [7], when the serum uric acid
level decreases to <4.5 and 3.2 mg/dl in male and female hypertensive patients, respectively,
the J-curve phenomenon occurs, along with significant increases in rates of cardiovascular
disease or even cardiovascular disease-related deaths. The J-curve phenomenon was also
reported in the Euro study [8]. In hypertensive patients, hypouricemia needs to be addressed
in addition to hyperuricemia. Among several hypouricemia cases, the deletion of URAT1
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(SLC22A12) resulted in decreased vascular endothelial function during flow-mediated
dilation measurement [9]. Uric acid transporters may also be involved in the J-curve
phenomenon. Since excess uric acid not only has an adverse effect, but also acts preferably as
a reducing substance, this dual nature needs to be considered.

Hyperuricemia and Hypertension

Recent cross-sectional, cohort, and interventional studies have identified hyperuricemia
as an independent risk factor for hypertension [10-15]. Although several studies have
reported the relationship between serum uric acid level and hypertension, the high serum
uric acid level group also included many patients with obesity, diabetes, and dyslipidemia.
Furthermore, drugs easily affect serum uric acid levels. Due to the presence of many conf-
ounding factors, the effect of uric acid was considered difficult to interpret. Recent reports on
uricacid and hypertension attempted to exclude such confounding factors as much as possible,
and double-blind interventional tests were also conducted using drugs in order to demon-
strate the relationship between uric acid and hypertension. Our cross-sectional study, which
targeted more than 90,000 subjects who visited St. Luke’s International Hospital for a health
checkup, revealed that even when patients taking antihypertensive and antihyperuricemic
medications were excluded and the analysis was adjusted according to age, BMI, dyslip-
idemia, diabetes, smoking, and estimated glomerular filtration rate, an increase in serum uric
levels by 1 mg/dl increased the prevalence of hypertension by 1.2-fold. Furthermore, the
quartile examination of serum uric acid levels showed that the group with the highest serum
uric acid levels had 1.7- and 3.4-fold prevalence of hypertension in male and female patients,
respectively, compared to the group with the lowest serum uric acid levels [10]. The rela-
tionship between the serum uric acid level and the prevalence of hypertension was elucidated
in this research (fig. 2-5) [11]. According to a cohort study that targeted 12- to 17-year-olds
in the US, even when the high serum uric acid levels during youth were adjusted by other
factors, these were independently involved in future increases in blood pressure [12].
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Fig. 3. The relationship between
the prevalence of hypertension
and serum uric acid levels in the
study subjects. Subjects with se-
rum uric acid levels >5 mg/dl had
a higher prevalence of systolic
and diastolic hypertension com-
pared to those with levels <5 mg/
dl. Subjects with 2-3 mg/dl of se-
rum uric acid were considered
optimal due to the associated
lowest prevalence of hyperten-
sion. Subjects with >10 mg/dl of
serum uric acid had more than 10
times higher prevalence of hyper-
tension compared to those with
2-3 mg/dl of serum uric acid.

Fig. 4. The relationship between
the prevalence of hypertension
and serum uric acid levels in the
male study subjects.

Moreover, a randomized, placebo-controlled, double-blind, interventional study, which
targeted young obese patients with prehypertension, demonstrated that an inhibitor of uric
acid production (allopurinol) and an accelerator of uric acid excretion (probenecid) both lead
to decreased blood pressure [13, 14]. The previous meta-analysis with allopurinol also
showed the lowering effect of blood pressure, which accompanied the decrease in uric acid

[15].

Based on the results of basic science research, the mechanisms by which uric acid triggers
arteriosclerosis involve the effects of oxidative stress during uric acid production, urate
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transporter disorders, and vascular disorders from hyperuricemia (facilitation of arterioscle-
rosis by monosodium urate crystals) [16]. Clinical research has also shown that correlations
between the higher serum uric acid levels and calcification of the coronary artery [17], the
decreased flow-mediated dilation, which indicates the vascular endothelial function [18] and
higher pulse wave velocity [19], suggest that hyperuricemia is associated with arterioscle-
rosis. It is almost certain that hyperuricemia induces arteriosclerosis and hypertension. In
terms of preventing hypertension, hyperuricemia at a young age needs to be addressed.

Hyperuricemia and Cardiovascular Disease

Many observational studies have been reported on the relationship between hyperuri-
cemia and cardiovascular disease. According to the Rotterdam [20] and NHANES I studies
[21] that targeted the general population, the association between high levels of uric acid and
myocardial and cerebral infarctions, and cardiovascular death persisted even after adjustment
for related factors. In contrast, the Framingham Heart Study [22] and NIPPON DATA 80 [23]
indicated that hyperuricemia is not an independent risk factor for cardiovascular disease or
death, but is only a marker of pathological conditions. Therefore, whether or not hyperuri-
cemia is an independent risk factor for cardiovascular disease is still under debate. Currently,
no conclusion has been reached as to whether a healthy individual manifesting with only
hyperuricemia should be treated for hyperuricemia or not. A prospective study reported that
treatment of asymptomatic hyperuricemia without risk for cardiovascular disease prevented
urarthritis. However, no prospective study has been conducted with the aim of preventing
cardiovascular disease, and a future large-scale prospective study is required.

In contrast, hyperuricemia complicated by hypertension has been reported as an inde-
pendent risk factor for cardiovascular disease. According to the worksite study that targeted
patients with hypertension, when the serum uric acid level exceeds 7.5 and 6.2 mg/dl in male
and female patients, respectively, the risk for cardiovascular disease is significantly elevated
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[24]. In a substudy, an increase in the serum uric acid level by 1 mg/dl resulted in an equiv-
alent risk of 20 mg/dl increase in serum cholesterol as well as 10 mm Hg elevation of systolic
blood pressure [25]. Similar results were also reported by the PIUMA study, where a signif-
icant increase in the onset of cardiovascular disease was seen when the serum uric acid level
exceeded 6.2 and 4.6 mg/dl in male and female patients, respectively [7]. Also, the NHANES
[l study reported that the onset of cerebral and cardiovascular disease significantly increased
when the serum uric acid level exceeded 6.0 mg/dl in both male and female patients [26].
Additionally, in patients with hypertension, a decrease in serum uric acid levels after blood
pressure control resulted in the decreased risk for cardiovascular disease. The LIFE study,
which compared the serum uric acid levels with the onset of cardiovascular disease among
patients receiving losartan and atenolol, showed that the lowering effect of losartan on serum
uric acid levels contributed to 29% of the improvement in prognosis in females [27]. In the
worksite study mentioned above, patients who received diuretics with antihyperuricemics to
normalize their serum uric acid levels had a significant decrease in the risk for cardiovascular
disease-related death by 23% [24]. Also, in the SHEP study that targeted senior patients with
hypertension, the serum uricacid levels after the blood pressure control were 6.7 and 5.7 mg/
dl or higher in male and female patients, respectively, indicating a significant increase in the
risk for cardiovascular disease [28]. In the Syst-China study, an increase in serum uric acid
levels by 0.86 mg/dl increased the occurrence of death from cerebral or cardiovascular
disease significantly [29]. Similar results are also available for patients at risk for cardiovas-
cular disease other than hypertension. In the J-CAD study, a 3-year tracking cohort test,
Japanese patients with coronary artery disease were targeted. In this study, a group with
serum uric acid levels of 6.8 mg/dl or above showed a significant increase in the onset of
cerebral and cardiovascular events including total death [30]. In other studies, an increase in
the serum uric acid was shown to be associated with the prognosis of patients at high risk of
cardiovascular disease [31]. This mechanism is difficult to explain, but a study showed the
independentpositive correlationbetween uricacid and the intensity of arterial wave reflection
in the hypertensive but not normotensive subjects [32]. Comprehensively judging based on
these results, it is desirable to actively treat hyperuricemia in patients with a high risk of
cardiovascular disease, including hypertension, from the viewpoint of preventing cardiovas-
cular disease.

Prospective Interventional Study

Despite being a small-scale study, an interventional study using antihyperuricemic drugs
reported on their preventive effects on cardiovascular disease. In the absence of the oral
administration of allopurinol, a uric acid production inhibitor, a group of patients with serum
uric acid levels of 6 mg/dl (n = 57) was compared to a group with levels at >7 mg/dl (n = 56).
After the follow-up (mean, 23.4 months), the onset of cardiovascular disease was significantly
lower in the group receiving allopurinol [33]. As for angina, high oral doses of allopurinol
(600 mg/day) resulted in the significant extension of time until the onset of chest pain (p =
0.001), time required for ST segment decrease (p = 0.002), and total time of exercise (p =
0.003) by a treadmill load test [34]. Although there are only a few prospective clinical tests
available and they are all small scale, they support the results of observational studies and
prospective clinical studies, and are considered to be very important. No large-scale pro-
spective clinical intervention study targeting the onset of cardiovascular disease with the
treatment of uric acid levels as a primary endpoint has been conducted. Thus, the issue of
whether the interventions for hyperuricemia directly prevent cardiovascular disease remains
controversial.
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With regard to heart failure, hyperuricemia has been shown to result in poor prognoses
in patients without the complications of chronic kidney disease [35]. In this study, hyper-
uricemia did not show any association with heart failure in patients with chronic kidney
disease.Forthisreason, extrarenal urate underexcretion type hyperuricemiawas considered
to have no effect on heart failure, and the excessive uric acid producing hyperuricemia with
high XO activity most likely had an adverse effect on heart failure. In contrast, the intro-
duction of XO inhibitors reportedly failed to result in improvements in patients with
advanced heart failure complicated by hyperuricemia. The EXACT-HF study targeted 253
patients with advanced heart failure and serum uric acid levels of >9.5 mg/dl and compared
the oral administration of allopurinol with a placebo control. At 24 weeks, no changes in the
clinical status, exercise capacity, quality of life, or left ventricular ejection fraction were
reported [36]. Currently, the efficacy of an XO inhibitor on heart failure complicated by
hyperuricemia remains uncertain.

Mechanisms of Angiopathy Caused by Hyperuricemia

The three main factors that affect the mechanism of angiopathy due to hyperuricemia
include the effects of oxidative stress during uric acid production, the urate transporter
disorders, and hyperuricemia-induced vascular disorders (i.e., facilitation of arteriosclerosis
by deposition of monosodium urate crystals).

Effects of Oxidative Stress during Uric Acid Production

Uric acid, one of the final metabolites of proteins in humans, is produced by an enzyme,
xanthine oxidase/dehydrogenase, via hypoxanthine and xanthine. ATP, which is required
when humans consume energy, also produces uric acid as a final product. When human
organs are in an ischemic state, anaerobic metabolism progresses and ATP consumption
intensifies, which facilitates uric acid production. In addition, since ATP is also used during
the degradation of fructose and alcohol, the excess intake of fructose and alcohol also leads
to higher levels of uric acid. Furthermore, under an ischemic state, the enzyme takes the form
of xanthine oxidase, which leads to an increase in uric acid production. When converted from
hypoxanthine to uric acid via xanthine, reactive oxygen is produced. A reactive oxygen species,
superoxide radical, has a proliferative stimulus effect on the vascular wall and is involved in
arteriosclerosis. As a result, chronic xanthine oxidase activity causes vascular remodeling and
isinvolved in arteriosclerosis. As the reactive oxygen generated during the course of uric acid
production binds to NO, a vasodilator substance, and suppresses the function of NO, this effect
is also considered as one of the factors for arteriosclerosis.

Disorder via Urate Transporter

Human vascular smooth muscle and endothelial cells contain the urate transporters
URAT1 (SLC22A12) and URATv1/GLUT9 (SLC2A9). Uric acid enters the cells via these trans-
porters, activates COX-2 via redox reaction, increases the MCP-1, involved in the inflam-
mation of blood vessels and cellular proliferation, and triggers arteriosclerosis. Drugs with
URAT1 inhibitory activity, such as benzbromarone, probenecid, fenofibrate (antidyslipidemia
drug), losartan, and irbesartan (angiotensin receptor blockers/antihypertensive drugs) are
well known. According to the HEAAL study [37], the oral administration of high doses of
losartan (high dose, 150 mg) in patients with heart failure lowered the death rates by heart
failure or the frequency of hospitalization, compared to low doses (50 mg). The decreased
level of uric acid is considered as one of the factors [38].
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Hyperuricemia-Induced Vascular Disorders (Facilitation of Arteriosclerosis by

Monosodium Urate Crystals)

When the serum uric acid level exceeds 7.0 mg/dl, uric acid that does not stay dissolved
inthe blood vessel precipitates as monosodium urate crystals. The monosodium urate crystals
are deposited on the vascular wall and affect blood coagulation, which likely leads to arterio-
sclerosis. In blood vessels, the monosodium urate crystal easily precipitates as a result of
mechanical stimuli caused by blood pressure. This is the main reason why hyperuricemia is
defined as serum uric acid levels that exceed 7.0 mg/dl in the treatment guidelines for hyper-
uricemia and gout [1]. Monosodium urate crystals bind to plasma IgG, are recognized by the
Fc receptors on blood platelets, and stimulate the platelets to induce coagulation; cytokines
and thrombi that are produced during this process are involved in the progression of arterio-
sclerosis. Monosodium urate crystals also activate polynuclear leukocytes, monocytes, and
lymphocytes, and generate a variety of inflammatory substances. When polymorphonuclear
leukocytes engulf the monosodium urate crystals, this results in the release of superoxides,
LDL oxidation, and disorders of endothelial cells and blood platelets - all of which facilitate
arteriosclerosis.

Conclusion

Although hyperuricemiain a healthy individual without the risk of cardiovascular disease
is considered as an independent risk factor for hypertension, whether it is an independent
risk factor for cardiovascular disease is still controversial. However, hyperuricemia in patients
with cardiovascular risks such as hypertension is considered as a risk factor for cardiovas-
cular disease, and an appropriate intervention is likely necessary at an early stage. The serum
uric acid levels need to be monitored, especially in patients at high risk of cardiovascular
diseases. Although several small-scale interventional studies that focused on uric acid and
cardiovascular diseases have been recently reported, future large-scale, placebo-controlled,
double-blind, interventional studies are expected.
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