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Abstract

A high serum uric acid is common in subjects with pulmonary hypertension. The increase in serum
uric acid may be a consequence of the local tissue ischemia and/or hypoxia, and it may also result
from other factors independent of ischemia or hypoxia that occur in various forms of pulmonary
hypertension. While classically viewed as a secondary phenomenon, recent studies suggest that
hyperuricemia may also have a role in mediating the local vasoconstriction and vascular remodeling
in the pulmonary vasculature. If uric acid does have a contributory role in pulmonary hypertension,
we may see an increasing prevalence of pulmonary hypertension as hyperuricemia is common in
subjects with obesity and metabolic syndrome. We propose studies to investigate the role of uric acid
in pulmonary hypertension and to determine if lowering serum uric acid may have clinical benefit
in this condition.
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Pulmonary hypertension (PH) is defined as elevated mean pulmonary arterial pressure (PAP,
typically > 25 mm Hg at rest, or >30 mm Hg with exercise, or > 40 mm Hg for systolic) and
is associated with the development of right heart failure and increased mortality [1]. The
pathogenesis and etiologies of PH are complex, but in many cases (lung disease, primary
hypoventilation syndromes, and chronic high altitude residence) it appears to be due to
hypoxia-dependent pulmonary vasoconstriction with secondary vascular remodeling [2]. In
this paper we propose that uric acid may contribute to its pathogenesis. We further suggest that
the epidemic of obesity, in which subjects are commonly hyperuricemic, may lead to increasing
numbers of patients with clinically significant PH.
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An elevated serum uric acid is common in pulmonary hypertension

Up to 80 % of adult patients [3,4] and 60% of pediatric patients with PH [5] have serum uric
acid concentrations more than 5.5 mg/dl. In these subjects the level of uric acid correlates with
right atrial pressure (RAP) [6]. The relationship of uric acid with PH is observed for multiple
etiologies, including with both primary PH and PH associated with a variety of conditions such
as congenital heart disease, collagen vascular disease, and recurrent venous thromboembolism.
Hemolytic disorders associated with PH, such as sickle cell disease, are also commonly
associated with elevated serum uric acid [7,8].

Subjects with metabolic syndrome (central obesity, dyslipidemia, elevated systemic blood
pressure) also commonly have an elevated serum uric acid, and many show evidence for PH
[9]. In some subjects with metabolic syndrome the PH may be due to obstructive sleep apnea
(OSA) [10-12]. In other subjects it may be a consequence of pulmonary venous hypertension
secondary to left ventricular diastolic dysfunction from systemic hypertension or longstanding
insulin resistance or diabetes [13].

Potential mechanisms for an elevated serum uric acid in pulmonary
hypertension

A variety of mechanisms could account for an elevated serum uric acid in PH. Some of these
factors are listed below.

Tissue hypoxia

Uric acid is an end product of purine metabolism that is generated from xanthine by xanthine
oxidoreductase (XOR) during the metabolism of ATP, DNA and RNA. One of the more
common mechanisms for an elevated uric acid is via tissue ischemia [14,15]. Specifically,
ischemia both activates XOR and results in the local consumption of ATP with the release of
adenine nucleotides that provide substrate for uric acid generation [16,17]. Lactate also
interferes with the organic anion transporters in the proximal tubule resulting in enhanced urate
reabsorption [18]. As a consequence, an elevated serum uric acid is common in ischemic states,
such as in congestive heart failure [19], in congenital heart disease associated with hypoxia
[20], and with humans chronically living at high altitude [21].

Other mechanisms

Other mechanisms may also account for the presence of hyperuricemia in subjects with PH.
For example, the PH associated with hemolytic disorders, such as thalassemia [22],
spherocytosis [23], paroxysmal nocturnal hemoglobinuria [24] and sickle cell disease (SCD)
[25] may be due to the release of adenosine deaminase (ADA) from injured erythrocytes which
may shunt adenosine towards uric acid production [26]. The hyperuricemia associated with
OSA and metabolic syndrome could be due to the effects of hyperinsulinemia, since insulin is
known to increase urate reabsorption in the proximal tubule [27]. In subjects with OSA the
increase in uric acid may also reflect both the intermittent arterial hypoxemia and sympatho-
adrenal activation. Hyperuricemia is also common in subjects with end stage renal disease
since renal excretion is prevented. These subjects may account for up to 10-15% of all patients
with PH [10], in which the mechanism is not fully attributable to left ventricular diastolic
dysfunction, high cardiac output secondary to hypervolemia, anemia and arterio-venous
fistulae, or hyperparathyroidism [11]. Thus, there are numerous potential mechanisms to
account for an elevated uric acid in PH. These studies suggest that an elevated uric acid is
simply a marker for severity of PH, and may not have any modifying role.

Med Hypotheses. Author manuscript; available in PMC 2011 June 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Zharikov et al.

Page 3

Uric acid: a predictor of outcome in pulmonary hypertension

Serum uric acid correlates with mean pulmonary artery pressure (Figure 1)[6] is also a
significant predictor of outcomes in PH [3]. PH patients with hyperuricemia live dramatically
less long than patients without hyperuricemia [3,28,29]. Similarly, an elevated serum uric acid
has also been associated with increased mortality in congestive heart failure patients as well
as in the general and hypertensive population (reviewed in [30]).

Several mechanisms could account for the increased mortality associated with hyperuricemia.
For example, serum uric acid could simply reflect the degree of local or systemic hypoxia, the
presence of coexistent renal dysfunction, or the presence of local oxidative stress [16].
However, it also raises the intriguing possibility that an elevated uric acid may have a
contributory role in PH. If so, what would be the mechanism?

Uric acid: a potential mediator of pulmonary hypertension?

Uric Acid as a Vasoconstrictor: Role in Endothelial Dysfunction

Uric acid is an unusual molecule in that it has both oxidative and antioxidant properties [31].
The antioxidant properties are well known, and include the ability of uric acid to neutralize
various oxidants in cell free systems, including superoxide anion, hydroxyl radical, and
peroxynitrite [32]. Uric acid can also protect endothelial cells from exogenously applied
oxidants [33]. The infusion of uric acid acutely in humans has also been associated with an
improvement in endothelial function, as determined by measuring brachial artery reactivity
[34,35].

Although these studies suggest a beneficial effect of uric acid, nonetheless it is a consistent
finding that chronic hyperuricemia is associated with endothelial dysfunction, including in
subjects with congestive heart failure, diabetes, smoking, OSA, and asymptomatic
hyperuricemia [36-40]. Furthermore, lowering uric acid in these subjects with allopurinol has
been routinely shown to improve endothelial function [36—40]. In these studies the
investigators attributed the benefit of allopurinol to the reduction of XOR-induced oxidants.
Nevertheless, recent studies suggest uric acid itself may be able to induce endothelial
dysfunction.

When vascular endothelial cells are incubated with uric acid in the range of physiological
concentrations, one can demonstrate a dose-dependent decrease in nitric oxide (NO) production
[41-43]. This has been demonstrated in human, porcine, and bovine endothelial cells and has
been shown by a variety of methods, including the Griess reaction and by various intracellular
fluorescent probes [41-43]. Hyperuricemic rats also show a reduction in plasma nitrate and
nitrite consistent with endothelial dysfunction and decreased NO production [42].

Several cellular mechanisms account for the reduction in NO bioavailability. For example, we
have found that uric acid can stimulate arginase in pulmonary endothelial cells, which reduces
local levels of L-arginine which are required for NO generation [44]. Inhibition of arginase
prevented the inhibitory effect of uric acid on cGMP (the NO second messenger) production
in pulmonary endothelial cells and abolished uric acid-induced inhibition of acetylcholine-
stimulated vasodilation of pulmonary artery segments (Figure 2). Uric acid, while an
antioxidant in the extracellular setting, has also been shown to stimulate oxidant production in
endothelial cells, vascular smooth muscle cells and adipocytes [45-48]. The mechanism may
relate to stimulation of NADPH oxidase, which produces the oxidants that then secondarily
reduce local NO resulting in endothelial cell dysfunction. Additionally, uric acid can generate
free radicals on combining with various oxidants such as peroxynitrite [49], and may also
directly react with NO to form the product 6-aminouracil [50].
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Uric Acid: Stimulation of Other Vasoconstrictor Systems

Other vasoconstrictive mediator systems can be activated by soluble uric acid. For example,
uric acid increases cyclo-oxygenase 2 (COX2) expression both in the kidney and vascular
smooth muscle cells, and in the latter this was shown to result in thromboxane production
[51,52]. Uric acid can also increase renin expression in vivo [53], and stimulate the production
of angiotensin 1l and increase AT1 receptor expression in cultured vascular smooth muscle
cells [43,47]. Raising uric aid has also been reported to increase endothelin-1 expression in
cardiac fibroblasts and vascular smooth muscle cells and to increase serum aldosterone levels
[54-56]. Theoretically these effects could enhance hypoxia-mediated pulmonary artery
vasoconstriction.

Recently new findings have demonstrated that hypoxia-induced PH depends on iron status:
infusions of iron can blunt the vasoconstrictor responses to acute hypoxia and reducing iron
availability enhances the constrictor response to hypoxia [57,58]. It is known that uric acid can
form stable complexes with ferric ions, thereby protecting against iron-induced oxidative
damage [59,60]. The chelation of iron by uric acid might present another possible mechanism
underlying the pulmonary hypertensive effects of hyperuricemia.

Uric Acid-Mediated Vascular Remodeling

In experimental hyperuricemic animals elevated serum uric acid levels are associated with
arteriolosclerotic vascular disease, characterized by vascular medial wall thickening, vascular
smooth muscle cell proliferation, and luminal narrowing [51,61]. Reducing uric acid with a
XOR inhibitor can block the development of these vascular changes [51,61]. Studies in vascular
smooth muscle cells in culture have shown that uric acid enters cells via specific transporters
such as URAT1 [45] where it engages mitogen activated protein kinases (p38 and ERK),
nuclear transcription factors (NF-xB and AP-1) and stimulates growth factors (PDGFA- and
C), vasoconstrictive agents (COX-2 induced thromboxane), oxidants, and components of the
renin angiotensin system (including angiotensin Il and the AT1 receptor) [43,47,51,52,62—
64]. In preliminary data we have found that acutely raising uric acid in rats with a uricase
inhibitor allantoxanamide also causes an increase in medial thickness of the pulmonary
arterioles (Figure 3). These studies suggest uric acid could be a potentially modifiable risk
factor in PH.

Proinflammatory Mechanisms of Hyperuricema

Uric acid has also been found to activate both the innate and adaptive immune system [65,
66]. Uric acid stimulates the release of several proinflammatory molecules including MCP-1
and C- reactive protein in vascular cells [43,62]. In experimental lung injury, local uric acid
generation has been reported to activate the NALP3 inflammasome with IL-1 generation
[67] which in turn may activate processes mediated by hypoxia-inducible factor-1 (HIF-1a)
[68]. Uric acid-induced production of pro-inflammatory cytokines could have a key role in the
vascular remodeling that occurs in PH [69].

Conclusions

In conclusion, an elevated serum uric acid is common in subjects with PH and may simply
reflect the presence of tissue ischemia or oxidative stress common in these subjects. Even if it
is strictly a biomarker, the levels of serum uric acid may carry prognostic value since high
levels predict poor outcomes. Most interestingly, recent studies suggest that the elevation in
uric acid could have a secondary contributory role in the pathogenesis or progression of PH,
since experimental studies suggest uric acid may have proinflammatory and vasoconstrictive
effects as well as direct effects on vascular remodeling. Because hyperuricemia is associated
with obesity and diabetes, we can predict that PH in patients with these diseases may have a
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more severe manifestation and have a pore prediction of outcome (Figure 4). We propose
clinical studies to determine if lowering uric acid, especially with XOR inhibitors, may be of
benefit in the management of PH, as we have shown in pediatric systemic hypertension [70].
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AP-1 activator protein-1
AT angiotensin
COX-2 cyclo-oxygenase-2
IL interleukin
MCP-1 monocyte chemotactic protein-1
NADPH nicotinamide adenine dinucleotide phosphate
NO nitric oxide
NOS nitric oxide synthase
OSA obstructive sleep apnea
PAP pulmonary arterial pressure
PDGF platelet derived growth factor
PH pulmonary hypertension
TNF tumor necrosis factor
UA uric acid
XOR xanthine oxidoreductase
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Figure 1. Serum uric acid correlates with pulmonary arterial pressure

The relationship of the log of serum uric acid with mean pulmonary artery pressure in 191
patients (r v 0.41; p < 0.0001). Solid circles reflect subjects with primary pulmonary
hypertension, and open circles show subjects with secondary pulmonary hypertension.
Reproduced with permission from Voelkel et al.[6]
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Figure 2. Arginase inhibition prevents the UA effect on cGMP production in pulmonary artery
endothelial (PAEC) cells and on vasorelaxation of U-46619-contracted porcine pulmonary artery
segments (PAS)

A: An arginase inhibitor (S)-(2-Boronoethyl)-L-cysteine (BEC) blocks UA-induced
stimulation of urea production. PAEC were grown on 100 mm dishes in 7 ml of RPMI without
(Control) or with an arginase inhibitor BEC (100 uM), UA (7.5 mg/dl), or UA + BEC for 24
h. At the end of the incubation period, aliquots of culture media were taken for analysis of urea
contents. Data are from 3 experiments made in duplicate.

B: The arginase inhibitor BEC prevents the UA-induced reduction of cGMP production by
PAEC. PAEC grown on 60 mm dishes were treated without (Control) or with an arginase
inhibitor BEC (100 uM), UA (7.5 mg/dl), or UA + BEC for 1 h. At the end of the treatment
period, the phosphodiesterase inhibitor IBMX (0.3 mM) was added to cells and 15 min later
PAEC were stimulated with A23187 (10 uM) for 15 min. At the end of the stimulation, PAEC
were washed with PBS and scraped in 0.3 ml of 65%, and the ethanol extract was collected.
Contents of cGMP in 50 pl of the ethanol extract were determined using a cGMP detection Kit.
Bars are the means +/— SEM of 4 experiments made in duplicate.

C: The arginase inhibitor BEC prevents the UA effects on vasorelaxation of U-46619-
contracted porcine PAS. PAS were washed and incubated without (Control) or with BEC (100
uM), UA (7.5 mg/dl), or UA + BEC for 1 h in Earl’s buffer at 37°C for 1h. PAS were pre-
contracted with a thromboxane mimetic U-46619 (0.5 uM), and then the vasorelaxation
responses to acethylcholine were assessed in PAS incubated without (control) or with
corresponding drugs. To standardize the data, the vascular tone of U-46619-contracted PAS
was set to 0% relaxation. For each treatment, 4 separate PAS were used.

[Reproduced with permission from [44]]
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Figure 3. Morphological changes in the lung blood vessels in rats treated with allantoxanamide
(AX)

Sprague-Dawley rats were injected i.p. daily with AX (120 mg/kg body weight) or vehicle
(control rats) for 15 days. At the end of the treatment, rats were sacrificed and the lungs were
fixed in 15% buffered formalin solution. Paraffin-embedded samples were cut into 3 pm
sections and stained with the periodic acid-Schiff reagent (PAS). Randomly chosen fields on
sections from each animal were photographed. Typical images of the blood vessels are
presented; a through c are control rats; d through f are rats treated with AX. Magnification x
200.
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Figure 4. Possible mechanisms of contribution of hyperuricemia to the severity of pulmonary

hypertension

COX-2 = cyclo-oxygenase-2; UA = uric acid; NO = nitric oxide; PDGF = platelet derived
growth factor; TLR = Toll-like receptor; TNF = tumor necrosis factor; IL = interleukin
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