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Uric acid is the end product of purine metabolism. Metabolic disorders of uric acid are associated with many
disease states. Substantial evidence suggests the possible role of uric acid as a mediator of high blood pres-
sure. Elevated uric acid is closely associated with new onset essential hypertension in adolescents and prehy-
pertension; and urate-lowering agents can significantly improve these early stages of hypertension. Uric acid
also influences salt sensitivity of blood pressure through two phases. Local renin-angiotensin-aldosterone sys-
tem activation initiates renal damage, arteriolopathy, and endothelium dysfunction, which is followed by the
dysregulation of sodium homeostasis, thereby leading to increased salt sensitivity. In this review we summa-
rize the available evidence to contribute to a better understanding of the casual relationship between uric acid
and early or intermediate stages of hypertension. We hope our review can contribute to the prevention of hy-
pertension or provide new insights into a treatment that would slow the progression of hypertension.
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Background

Hypertension is the most common chronic disease in devel-
oping and developed countries. It is diagnosed in 20-50% of
the adult population, and 10-30% of adults suffer from resis-
tant hypertension. The number of affected patients continues
to rise. Known nonpharmacological methods and drugs reg-
istered/approved for treatment of arterial hypertension often
do not achieve their intended therapeutic targets. Inadequate
blood pressure (BP) control leads to life-threatening complica-
tions, such as stroke, heart diseases, and chronic kidney dis-
ease [1,2]. These dismaying situations and the profound health
impact of hypertension necessitate research efforts on early
prevention and control of hypertension.

Uric acid (UA) is the end product of purine metabolism; its
transformation to allantoin is catalyzed by urate oxidase in
most mammals, and it is predominantly cleared by the kid-
neys [3]. However, mutations in the uricase gene occurred dur-
ing human evolution, and the levels of serum UA in humans
are higher than those in other mammals [4]. Compelling evi-
dence indicates an intimate relationship between serum UA
level and hypertension [5]. Elevated UA can contribute to the
development of hypertension through vascular dysfunction [6]
and can drive the progression of target organ damages [5,7].
In addition, serum UA is associated with hypertension in ad-
olescents, prehypertension, and salt sensitivity of BP, which
are the early and intermediate stages of essential hyperten-
sion [8-10]. Recognition of these early and intermediate stag-
es of hypertension is helpful to prevent advanced hyperten-
sion. In this review, we summarize the relevant studies on the
relationship between UA and the early and intermediate stag-
es of hypertension. We also attempt to determine whether UA
interventions can help prevent hypertension.

UA and Hypertension in Adolescents

Evidence indicates that the roots of adult hypertension are
present in childhood [11]. Elevated BP during childhood is an
excellent predictor of hypertension in adults [10]. Moreover,
primary hypertension, which is the most common type in ad-
olescents, can exert profound influence on future cardiovas-
cular disease and related organ damage [12].

Adolescents have relatively fewer confounding factors, such
as diabetes, cardiovascular diseases, age-related illness, re-
nal dysfunction, and unhealthy lifestyles, than adults. Thus,
they are the ideal population to study the early physiologi-
cal steps that initiate essential hypertension. The majority of
studies suggest a close relationship between serum UA and
hypertension in the young; this relationship is closer in ado-
lescents than in older people [13,14]. The Moscow Children’s

REVIEW ARTICLES

Hypertension Study determined hyperuricemia (>8 mg/dL) in
9.5% of adolescents with normal BP, 49% of age-matched chil-
dren with borderline hypertension, and 73% with moderate
and severe hypertension [15]. These findings are supported by
the Hungarian Children’s Health Study, which was a longitudi-
nal study conducted for 13 years on 17,624 adolescents [16].
These studies did not exclude hypertensive children, thereby
influencing the extrapolation of these results. Thus, the ex-
act role of UA, whether as a prominent causal factor or as a
marker accompanied with hypertension, remains confusing.

A cross-sectional study was conducted in 501 children with
relatively high cardiovascular risk to elucidate the relationship
between serum UA and hypertension in the young. The find-
ings indicated a 1 mg/dL increase in serum UA contributed to
at least a 50% increase in the presence of prehypertension
or hypertension (OR=1.60, p<0.01; OR=1.54, p<0.01, respec-
tively). The risk doubled in children who were at the top gen-
der-specific UA quartile (OR=2.25, 95% Cl 1.15-4.38, p=0.01;
OR=2.04, 95% Cl 1.12-3.73, p=0.02) [17]. The study consid-
ered many major confounding factors that were implicated at
least in part in the development of hypertension; thus, the re-
sults are convincing. In addition, a 10-year longitudinal study
of 5,748 adolescents, which followed participants for a median
of 7.2 years, also determined that plasma UA levels can predict
the occurrence of hypertension regardless of gender [18]. This
finding is also supported by results from the Bogalusa Heart
Study [13]. Furthermore, it has been reported that normoten-
sive children with hypertensive parents encounter high plasma
UA levels [19]. These children also have a high risk of becom-
ing hypertensive during their adolescent years compared with
children with normotensive parents [20], thereby strengthen-
ing the link between these two factors. The elevation of UA
levels tends to be a causal risk factor or a predictor for prima-
ry hypertension rather than a result of hypertension; this ob-
servation has been confirmed by the phenomenon that an
increased UA level can rarely be observed in secondary hyper-
tension [21]. Similar results were also reported in other stud-
ies. A study by Bobridge et al. showed that after adjusting for
multiple confounders, serum UA was independently associated
with BP both in boys and girls [22]. However, all these studies
used casual BP levels in their analysis, thereby increasing bias.
Ambulatory BP monitoring has been demonstrated to be supe-
riority over casual clinic measurement in the assessment of BP.
The work of Jones et al. showed that serum UA was associated
with 24 hour diastolic BP and nocturnal diastolic BP in children
aged 6-18 years [23]. Therefore, UA level, which can be elevate
prior to the elevation of BP, can be a hypertension predictor.

The causal relationship between UA and hypertension in ad-
olescents is based on the aforementioned evidence. Feig et
al. enrolled five 14- to 17-year-old children with newly un-
treated essential hypertension, who were then treated with
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allopurinol for one month. All five children showed decreased
casual BP and ambulatory BP, and four of the five children
were normotensive at the end of one month. All five children
also showed a rebound in their BPs following discontinuation
of therapy [24]. In another study, 30 newly diagnosed hyper-
tensive adolescents with hyperuricemia were treated with al-
lopurinol (200 mg twice per day). The results determined that
allopurinol therapy normalizes the BP of 86% of the patients
receiving active treatment in contrast to 3% in the placebo
group [25]. Even in prehypertensive obese adolescents, urate-
lowering therapy worked remarkably well.

UA and Prehypertension

According to the Seventh Joint National Committee on
Prevention, Detection, Evaluation, and Treatment of High
Blood Pressure, prehypertension is defined as a condition
during which systolic BP ranges from 120 mm Hg to 139 mm
Hg or diastolic BP ranges from 80 mm Hg to 89 mm Hg [26].
Prehypertension is an intermediate state of primary hyperten-
sion [9,27] and is identified as a strong predictor of future hy-
pertension and cardiovascular disease [28]. A meta-analysis
among Asian and Western individuals further revealed the role
of prehypertension in increasing the risk of coronary heart dis-
ease and population-attributable risk; this meta-analysis also
indicated that the proportion of coronary heart disease attrib-
uted to prehypertension in Asian and Western participants was
8.4% and 24.1%, respectively [29]. Thus, efforts on prehyper-
tension are helpful to prevent hypertension.

Several epidemiologic studies reported that UA was associat-
ed with prehypertension [30,31]. For example, Wu et al. [32]
described that serum UA was associated with prehyperten-
sion across gender and ethnic groups in northern and north-
eastern China. Another Chinese study demonstrated that the
odds ratio for prehypertension was 1.36 in participants with
UA >365 pmol/L compared with those with UA <215.9 umol/L
after adjusting for many confounders [30]. Likewise, Syamala
et al. from the National Health and Nutrition Examination
Survey reported that the multivariable-adjusted odds ratio for
prehypertension was 1.96 in US participants with UA of more
than 356.9 umol/L compared with those with UA of less than
237.9 umol/L [31]. The Brazilian Longitudinal Study of Adult
Health reached a similar conclusion in men [33]. Jiang et al.
analyzed the risk of each UA quartile with the control group to
illustrate the relationship of UA and prehypertension [34]. The
ORs of the four quartiles were 1.00 (95% Cl, 0.91-1.1), 1.14
(0.97-1.34), 1.76 (1.49-2.07), and 1.86 (1.57-2.19). These re-
sults strongly indicated the harmful effects of an UA level of
more than 327 pmol/L. Thus far, limited interventional trials
have been conducted in which UA-lowering agents were ad-
ministered to individuals with prehypertension. In one study,
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adolescent prehypertensive patients with obesity, 60 were allo-
cated randomly to groups receiving allopurinol, probenecid, or
placebo. This study determined that the group that received al-
lopurinol and probenecid treatments had a significant decrease
in both systolic and diastolic BPs compared with the control
group [35]. Another pilot study was conducted on adult prehy-
pertensive and overweight participants. Results of that study
showed that allopurinol lowered clinic BP and increased the
percentage number of dippers, which provided additional ben-
efits over the traditional recommendation for BP control [36].

However, Vucak et al. [37] determined that no association ex-
isted between elevated serum UA level and prehypertension,
and prediabetes was not excluded as a confounding factor in
their study. Wu et al. [38] also failed to determine a signifi-
cant link in study participants with prediabetes and diabetes
but not in study participants with normal glucose tolerance.
A Japanese cross-sectional study determined that serum tri-
glycerides level may interfere with the relationship between
UA and prehypertension [39]. This finding was the opposite
of that of Vucak et al. [37]. These discrepancies raise the new
question of whether many other metabolic factors interfere
or modify this relationship. The complex and inseparable in-
teraction between these metabolic factors makes determin-
ing the relationship difficult. Large well-controlled trials are
needed in the future.

UA and Salt Sensitivity of BP

Salt has been linked to hypertension for many years. A hetero-
geneous BP response to changes in dietary salt intake, which
is the phenomenon generally referred as salt sensitivity, is re-
garded as an intermediate phenotype of essential hyperten-
sion and is observed in both hypertensive patients and nor-
motensive individuals [8]. Salt-sensitive individuals account
for more than 50% of hypertensive patients or normotensive
individuals with a positive history of hypertension, whereas
individuals with a negative history account for only approxi-
mately 27% [40]. Several studies indicated that salt-sensitive
individuals were confronted with severe target organ damage
and high morbidity and mortality of cardiovascular disease in
normotensive or hypertensive individuals [41]. We have fol-
lowed a group of hypertensive children from Shaanxi Province
for 18 years and determined that the systolic BP, diastolic BP,
and morbidity of hypertension in the salt-sensitive group were
significantly higher than those of the salt-resistant group; this
finding indicated that salt sensitivity was a risk factor of hy-
pertension [42]. Since 2005, salt sensitivity has been regard-
ed as an early marker of damage caused by hypertension.

The association between UA and salt sensitivity of BP has been
proposed for many years, but this area of research remains
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in its infancy. Young nondipper hypertensive patients have
be reported to have high UA levels [43], whereas circadian BP
rhythm showed a nondipper pattern in patients with salt-sen-
sitive hypertension or chronic kidney disease with the disap-
pearance of nighttime BP drop [44]. The index of sodium sen-
sitivity, as the main parameter of salt-sensitive hypertension,
determined a strong positive relationship with serum UA level
(r=0.721, p<0.01) [45]. Hyperuricemia may be involved in the
pathogenesis of salt-sensitive hypertension; however, the ex-
act role remains unknown. Dating back to 1990s, Johnson et al.
developed a mild hyperuricemic model using uricase inhibitor.
Over the 7 weeks of intervention with low salt diet, the eleva-
tion in BP was linearly related to the rise in UA (r=0.75) [46].
Using allopurinol and benziodarone or removing the oxonic
acid had a great benefit to revert serum UA and BP to a nor-
mal state. This finding further emphasized that high UA can
increase BP. Watanabe et al. adopted the same animal mod-
els and administered a 0.125% NaCl or 2% NaCl diet [4]. This
study found that the elevation of BP was only observed in for-
mally hyperuricemic rats after high salt diet, thereby strongly
indicating an increase of salt sensitivity of BP in hyperurice-
mic rats [4]. Additionally, hyperuricemia has been found to be
more common in men, which could be due to the protective
role of female sex hormones; higher UA level predicts more
profound damages in women [47]. These findings highlight
the prominent role of female sex hormones on UA levels. One
study also found female sex hormones had a beneficial in-
fluence on salt-sensitive hypertension [48]. We cannot deter-
mine whether the protective role on salt-sensitive hyperten-
sion of female sex hormones is through the regulation of UA
or the inverse; however, a link between salt sensitivity of BP
and UA remains possible.

Although the evidence for this link is limited, we can specu-
late about the possible mechanisms based on the available
studies in experimental rats. These mechanisms indicated
that mild hyperuricemia resulted in salt sensitivity and finally
hypertension in two phases. The first phase was directly UA
dependent and relatively salt resistant. Epidemiological ob-
servations, rodent models, and cell studies have shown that
elevated UA activates renin-angiotensin-aldosterone system
(RAAS) [49,50]. RAAS aggravates resistant artery constriction,
particularly renal afferent arteriole presenting a stenosis of ar-
teriolar lumen and abnormal collagen deposition, thereby re-
sulting in a decrease in renal plasma flow and renal ischemia
with renal injury and inflammatory infiltration. The expres-
sion of juxtaglomerular renin was also markedly increased,
and its local effect accelerated the progress of renal damage
and downregulated neuronal nitric oxide synthesis in macula
densa [46,51-53]. Therefore, renal dysfunction contributed to
the dysregulation of sodium excretion and augmented BP re-
sponse to salt. In vitro studies showed that UA interfered with
the insulin signal transduction. UA also inhibited endothelial
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nitric oxide synthase phosphorylation and nitric oxide produc-
tion and upregulated the expression of chemokines and adhe-
sion molecules that aggregate local inflammation [54]. UA level
also influences the thickness of carotid intima-media [55] and
increase in vascular stiffness. Flow-mediated dilatation can re-
sult in profound impairment [56]. In addition, urate crystals
can be deposited on arteries after autopsy. These scenarios ul-
timately result in vascular dysfunction, thereby promoting the
progression of hypertension and vascular disease. Additionally,
UA enters vascular smooth muscle cells (VSMCs) via the urate
transporter 1, thereby resulting in the activation of kinases and
nuclear transcription factors, cyclo-oxygenase 2 generation,
production of growth factors (platelet derived growth factor)
and inflammatory proteins (C-reactive protein, monocyte che-
moattractant protein-1), VSMC proliferation, and inflammato-
ry activation [57-59]. Thus, increased serum UA mediates the
induction of perivascular inflammation and irreversible arte-
riolosclerosis of vessels, endothelial dysfunction, activation of
RAAS, and inhibition of NO synthesis. All these changes per-
petuate hypertension and renal dysfunction.

The second phase is characterized by arteriolopathy that per-
sists despite UA removal [4]. Once a vascular lesion is estab-
lished, salt-sensitivity can be driven by the development of
preglomerular vascular disease. The UA-induced salt-sensi-
tive hypertension persists despite the correction of serum UA
levels [60]. In addition, endothelium is involved in the regula-
tion of sodium homeostasis [61]. Endothelium dysfunction and
renal arteriolopathy synergistically result in the imbalance of
sodium homeostasis. High plasma sodium concentration fur-
ther aggravates UA-induced damages and promotes salt sen-
sitivity [62,63], thereby forming a vicious cycle.

Conclusions

Recent research progress has provided several important new
insights into the inextricable role of UA in the onset of prima-
ry hypertension, particularly in adolescent hypertension, pre-
hypertension, and salt sensitivity of BP, which are the early
and intermediate stages of primary hypertension. Considering
the intimate relationship between UA and these pathological
states, we should consider measures to alleviate the adverse
effects of UA on these states by achieving early intervention
of hypertension and by retarding its progression. These goals
appear promising. However, it is still premature to consider
UA-lowering drugs for the treatment of hypertension outside
of a clinical trial context because of the side effects of current-
ly available hypouricemic agents that are not favorable to the
available antihypertensive agents. Nevertheless, the harmful
effects of UA can still direct our clinical practice. We should pay
attention at least to the hyperuricemic patients and choose
suitable drugs for them, such as angiotensin-converting enzyme
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inhibitors or angiotensin-receptor blockers, which can lower
RAAS activity and prompt the excretion of UA while lowering
BP. The greatest theoretical benefit of treating hyperuricemia
in this context is the possibility that elevated UA may lead to
irreversible microvascular changes. This possibility has been
predicated based on the results of animal models, but not yet
proven in humans. The possibility of preventing or significant-
ly delaying permanent salt-sensitive hypertension needs con-
siderable more scientific support before UA-lowering agents
are added to routine clinical practice.
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