
Inactivation of Nitric Oxide by Uric Acid

Christine Gersch1, Sergiu P. Palii1, Kyung Mee Kim1, Alexander Angerhofer2, Richard J.
Johnson1, and George N. Henderson1,3,4

1Division of Nephrology and Hypertension, Department of Medicine, University of Florida, Gainesville,
Florida, USA

2Department of Chemistry, College of Liberal Arts and Sciences, University of Florida, Gainesville, Florida,
USA

3Division of Endocrinology and Metabolism, Department of Medicine, College of Medicine, University of
Florida, Gainesville, Florida, USA

4General Clinical Research Center, University of Florida, Gainesville, Florida, USA

Abstract
The 1980 identification of nitric oxide (NO) as an endothelial cell-derived relaxing factor resulted
in an unprecedented biomedical research of NO and established NO as one of the most important
cardiovascular, nervous and immune system regulatory molecule. A reduction in endothelial cell NO
levels leading to “endothelial dysfunction” has been identified as a key pathogenic event preceding
the development of hypertension, metabolic syndrome, and cardiovascular disease. The reduction in
endothelial NO in cardiovascular disease has been attributed to the action of oxidants that either
directly react with NO or uncouple its substrate enzyme. In this report, we demonstrate that uric acid
(UA), the most abundant antioxidant in plasma, reacts directly with NO in a rapid irreversible reaction
resulting in the formation of 6-aminouracil and depletion of NO. We further show that this reaction
occurs preferentially with NO even in the presence of oxidants peroxynitrite and hydrogen peroxide
and that the reaction is at least partially blocked by glutathione. This study shows a potential
mechanism by which UA may deplete NO and cause endothelial dysfunction, particularly under
conditions of oxidative stress in which UA is elevated and intracellular glutathione is depleted.
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Introduction
Uric acid (UA) is generated in mammalian systems as an end-product of purine metabolism.
In most mammals, UA is further degraded to allantoin by the enzyme uricase; however, this
enzyme was mutated in hominoids five to fifteen million years ago.[1] This loss of uricase
activity not only results in higher plasma UA levels, but also limits our ability to regulate UA,
such that widely varied levels may be observed in man. UA possesses free-radical-scavenging
properties[2,3] and is the most abundant antioxidant in human plasma.[4–6] It may also act as
a prooxidant under conditions of oxidative stress.[7–10] Markedly increased levels of UA (>6.2
mg/dl or >370 μM) are known to cause gout and nephrolithiasis, but more importantly have
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been associated with increased risk for the development of cardiovascular disease, particularly
hypertension, obesity/metabolic syndrome, and kidney disease.[11–15]

Recent experimental and clinical studies have linked elevated UA with endothelial dysfunction
and a reduction in nitric oxide (NO) levels.[16] Experimental studies have reported that UA
can reduce NO levels in endothelial cells in culture,[16] block acetylcholine-induced
vasodilation of aortic rings,[16] and reduce circulating nitrites in experimental animals.[16] In
humans a circadian rhythm has been identified in which UA and nitric oxide levels are inversely
correlated.[17] Chronic hyperuricemia is also associated with endothelial dysfunction,[16] and
reducing UA levels with xanthine oxidase inhibitors have been found to markedly improve
endothelial function.[16] However, xanthine oxidase inhibitors also reduce oxidant generation,
so the improvement in endothelial function could reflect a direct reduction of xanthine oxidase-
associated oxidants as opposed to a reduction in uric acid per se.

While the importance of endothelial dysfunction in cardiovascular disease is well accepted,
most evidence suggests that the primary mechanism by which this occurs is via oxidative stress
in which superoxide either directly inactivates NO (by forming peroxynitrite), uncouples the
endothelial NO synthase, or passively increases an inhibitory substrate (asymmetric
dimethylarginine) by inhibiting the enzyme, dimethylarginine dimethylaminohydrolase.[18]
In this regard, UA has been shown to help preserve endothelial NO levels via its role as an
antioxidant, either by blocking the uncoupling of endothelial NO synthase by reacting with
peroxynitrite,[18] or by preventing the oxidant-induced inactivation of extracellular superoxide
dismutase.[19] A paradox then develops, for how can UA, which is the most abundant (about
six times as ascorbate) antioxidant in plasma,[6] induce endothelial dysfunction in vivo?

In this study, we explored the possibility that UA might react directly with NO itself. Unlike
most free radicals, NO has a low electron affinity; consequently, the chemistry of NO with
anions is not dominated by electron transfer reactions.[20]

Materials and Methods
Preparation of Reagents

All chemicals and reagents, unless otherwise specified, were obtained from Sigma. 9-
Methyluric acid and LiOH·1H2O were purchased from Fluka. Distilled, deionized water (metal
ion free) and EDTA (500 mM) were purchased from Gibco. 1,3-15N2-Uric acid (15N2-UA)
was purchased from Cambridge Isotopes. Peroxynitrite was purchased from Cayman
Chemical. All the experiments were conducted shielded from light.

Reaction of UA, 15N2-UA, Lithium Urate, or 9-Methyluric Acid with NO [Reaction 1]
UA, 15N2-UA, lithium urate, or 9-methyluric acid [0.3 mM to 10 mM)] was added to potassium
phosphate buffer (0.10 mM and 0.30 mM phosphate, pH 7.4 and 9.0) containing 0.1 mM EDTA
(3.0 mL final volume). The reaction mixture was vortexed for 10 seconds and then purged with
argon (TriGas) for 1 minute. After purging with argon, the reaction mixtures were placed on
ice for 15 minutes. In a typical case, the reactions were conducted in triplicate by bubbling NO
(Air Liquide, 99.998% pure NO) for 10, 30, or 90 seconds (2 mL/minute flow rate) through
an ice-cold solution followed by incubation at room temperature for 3 minutes. The reaction
mixtures were placed back on ice and aliquots of each reaction mixture were transferred to LC-
MS vials on ice, and were stored at −80°C until LC-MS analysis could be performed. We also
investigated reaction 1 at −20, 0, 25, and 60°C. The reactions of UA and 15N2-UA with NO
were conducted as a pair of identical reactions to aid in the mass spectrometric identification
of the products.
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Reaction of UA with NO in the Presence of Peroxynitrite or Hydrogen Peroxide [Reactions 2
and 3]

UA (0.3 mM to 10 mM) was added to potassium phosphate buffer containing EDTA. One
molar equivalent of peroxynitrite or hydrogen peroxide was then added to the ice-cold reaction
mixture. The reaction mixture was vortexed for 10 seconds and then placed on ice and purged
with argon for 1 minute. The reactions of UA with NO were performed by bubbling the ice-
cold mixtures with NO for 10, 30, or 90 seconds (2 mL/minute). The reaction mixtures were
allowed to incubate at room temperature for 3 minutes, at which time they were placed back
on ice. Aliquots of each reaction mixture were transferred to vials for LC-MS analysis.

Reaction of UA with NO in the Presence of Antioxidants [Reactions 4–8]
UA was added to potassium phosphate buffer containing EDTA under the same conditions as
outlined above. One molar equivalent of antioxidant [ascorbate (ASC), tetrahydrobiopterin
(BH4), glutathione (GSH), cysteine (CYS), or tyrosine (TYR)] was then added to the reaction
mixtures and vortexed for 10 seconds. Reactions were purged with argon, placed on ice, and
then reacted with NO as outlined above. For the determination of protection of UA by various
antioxidants 30 seconds bubbling time was used and the remaining UA was quantitated by LC-
MS in the SRM mode.

Reaction of UA with NO in Human Plasma and Aortic Endothelial Cell (HAEC) Lysates
[Reactions 9 and 10]

Reactions of NO with 15N2-UA human plasma or cell lysates were performed in a similar
fashion to the reactions outlined above with the following exceptions: 15N2-UA (0.3–10 mM)
was added to a mixture of human plasma or HAEC lysate in PBS (1:3 volumetric ratio). EDTA
(final concentration 0.10 mM) was added to this mixture. In a typical reaction, these mixtures
were then purged with argon, and bubbled with NO as above for 90 seconds (investigated at
30-, 60-, 90- 180-, and 360-second bubbling times). The reaction mixture was deproteinized
with 3 ml of 10% trichloroacetic acid before LC-MS analysis. All other reaction conditions
were the same as those outlined above.

Analyses of Reaction Mixtures
The reaction mixtures were analyzed by LC-MS in the fullscan (both positive and negative),
MS/MS (tandem mass spectrometry) and SRM (single reaction monitoring) modes using APCI
(atmospheric pressure chemical ionization) method. In addition, some samples also were
further analyzed using the ESI (electrospray ionization) method. UA concentrations were
determined by SRM mode using APCI method in the negative mode (reactions monitored for
UA were m/z 166.9→95.9 at 25 V and 166.9→123.9 at 25 V and for 15N2-UA were m/z
168.9→96.9 at 25 V and 168.9→124.9 at 25 V). 6-AU, allantoin and triuret were quantified
in the APCI positive mode using their respective SRM ions. The LC-MS/MS analyses of the
reaction mixtures were carried out with an Agilent 1100 LC system and a ThermoFinnigan
TSQ 7000 triple-quadrupole mass spectrometer equipped with APCI interface operated in
positive-ion mode. LC analyses were performed in a gradient elution mode using Phenomenex
Luna 5μ C18 100A (150 mm × 4.6 mm) column. The mobile phase used included ammonium
acetate/acetic acid and methanol gradient or formic acid/methanol gradient. The mobile phase
flow was 0.6 mL min−1, and the injection volume was 20 μL.

Results and Discussion
We investigated the direct reaction of NO (bubbled as NO gas[21,22]) with UA and labeled
1,3-15N2-uric acid (15N2-UA) under anaerobic conditions in several different media, including
human plasma and endothelial cell lysates that mimic the physiological environment. The
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anaerobic conditions were selected to ensure that we are studying the direct reactions of NO
with UA and not those of further oxidized N2O3 or NO2 (oxygen readily oxidizes NO[23]).
The pH (7.4 and 9.0) or the concentration of buffer (0.10 and 0.30 mM), did not alter the product
of the reaction. Typically, potassium phosphate was used as the buffer with the concentration
of UA ranging from 0.3 mM (physiological level[6]) to 10 mM. In the range investigated, the
concentration of UA had no effect on the products formed. The reaction scheme for the study
is illustrated in Figure 1. The reactions have been performed in aqueous buffer (reaction 1); in
aqueous buffer in the presence of an oxidant (peroxynitrite and H2O2) (reactions 2 and 3); in
aqueous buffer in the presence of selected biologically important antioxidants (ASC, GSH,
CYS, TYR, and BH4) (reactions 4 to 8); and in human plasma (reaction 9) or human aortic
endothelial cell (HAEC) lysates (reaction 10). Also, the reaction between lithium urate (better
solubility at physiological pH) and NO, as well as the reaction between 9-methyluric acid and
NO has been studied in the media described in reactions 1 to 3. The ratios of UA to peroxynitrite
or to hydrogen peroxide (reactions 2 and 3), and UA:antioxidant (reactions 4 to 8) used were
1:1 molar ratios. In a typical case, the reactions were conducted in triplicate by bubbling NO
for 10, 30, or 90 seconds (2 mL/minute flow rate) through an ice-cold solution (cold increases
NO solubility in water and reduces the amount that escapes during bubbling), followed by
incubation at room temperature for 3 min. We also investigated reaction 1 at −20, 0, 25, and
60°C and the same product was formed at various temperatures. The optimum time for NO
bubbling through the reaction media was determined to be 30 seconds (90 seconds for plasma
and cell lysates) at which time UA reaction goes to completion, as reflected by the
disappearance of the UA peak in the LC/MS analysis.

Close examination of products derived from the reaction of UA with NO, by means of liquid
chromatography-mass spectrometry (LC-MS), revealed that the dominant end-product has a
molecular mass of 127 u and a chromatographic retention time of about 6 minute (Figure 2A).
In the positive-ion mode, the signal of the protonated product (ion [127 + H]+) with m/z 128
was the predominant ion (Figure 2B). The reaction product left in reaction mixture was stable
for at least a month at ambient temperature. When reactions (short time bubbling of NO) that
contained unreacted UA were allowed to stand at ambient temperature, no further reaction
occurred, suggesting that NO was completely consumed in the reaction, and that no additional
NO became available from the medium or from further reaction of reaction products (for
example, from reactions in which NO acted as a catalyst).

Labeled 15N2-UA reacted with NO and generated a product with a molecular mass 129 u (ion
[129 + H]+ with m/z 130) (Figure 2C and 2D). This result clearly suggests that the detected
end-product incorporated both 15N atoms from the six-membered ring of the purine skeleton
of UA. The examinations of the experimental data and that of molecular models allowed us to
determine the molecular formula as C4H5O2N3 for the compound with the mass 127 u (or
C4H5O2N1 15N2 for the compound with the mass 129 u) and the structure of the compound as
an aminouracil. Aminouracil has two positional isomers: 5-aminouracil (5-AU) and 6-
aminouracil (6-AU). To unambiguously distinguish one isomer from the other, commercially
available samples of both isomers were subjected to tandem mass spectrometry, under
collision-induced dissociation (CID) conditions at collision energies ranging from 15 to 40 eV.
Fragmentation patterns of the aminouracils were found to be isomer-specific. Only one
fragment ion with m/z 111 was common in the CID mass spectra of both aminouracils. Other
detected fragment ions were different for the two isomers, and thus can be considered as
diagnostic ions for isomer recognition. The main fragmentation patterns of protonated 5-AU
are as follows: [127 + H]+ (m/z 128) → [128−NH3]+ (m/z 111) → [111−CO]+ (m/z 83) → [83
−CO]+ (m/z 55). The main fragmentation patterns of protonated 6-AU are presented in Figure
3.
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The MS/MS data generated by the analyses of the end-products of the reactions of UA with
NO (reactions 1 to 10) were found to be identical with those recorded for standard 6-AU (Figure
3). Furthermore, the fragmentation generated from the reaction product of 1,3-15N2-UA with
NO is perfectly described by the same scheme (Figure 3). Consequently, the presented data
confirm that UA can react directly with NO producing 6-AU. The reactions (reactions 1 to 3)
of NO with 9-methyluric acid produced N-methylaminouracil with a molecular mass 141 u,
demonstrating that the N9–Me fragment has been preserved in the end-product. This confirms
that the nitrogen-9 (Figure 1) atom in the purine skeleton of UA becomes the amino-group
nitrogen in 6-AU.

The reactions of UA with NO in the presence of peroxynitrite or hydrogen peroxide also
generated 6-AU in a rapid, selective reaction in which UA preferentially reacted with the NO
rather than the oxidants already in solution. Under the described reaction conditions, Li urate
behaved similarly to UA.

The reactions of NO with 15N2-UA in human plasma and endothelial cell (HAEC) lysates
produced only labeled 6-AU. Figure 4 illustrates the identification of labeled 6-AU from plasma
reactions of 15N2-UA with NO. The formation of 6-AU in human plasma (representing
extracellular compartment), as well as in human cell lysates (representing intracellular
compartment) underscores the biological significance of this reaction and the measurement of
6-AU in human biological samples provides a means of determining the extent of the direct
reaction of NO with UA in these biological systems.

Preliminary in vivo studies were also conducted by investigating rats infused with 15N2-UA,
as well as by the analyses of urine samples from hypertension and preeclamptia patients for
UA and its metabolites. These studies indicated the in vivo formation of 6-AU. Although we
have not detected thus far, it is possible that intermediates from the reaction of UA with NO
in vivo could be diverted to other products or that 6-AU is further metabolized. This does not
alter the important fact that NO can be rapidly depleted by the direct reaction with UA. Further
studies to characterize these potential pathways are on going. The control studies of NO
reactions with UA metabolites allantoin and triuret demonstrated that neither allantoin nor
triuret reacted with NO to produce 6-AU.

We also investigated the reactions of UA (and Li urate) with NO (30-second bubbling of NO)
in the presence of the following antioxidants: ASC, BH4, GSH, CYS, and TYR (1:1:1 molar
ratio of UA to antioxidant to NO). The concentrations of UA remaining were determined by
LC-MS as a measure of the extent of protection of UA by a given antioxidant. Among the
antioxidants tested, one equivalent of GSH affords the best protection of UA from the reaction
with NO. Thus, under conditions of low oxidative stress and high GSH availability it is possible
for GSH to partially block the UA-NO reaction. Conversely, under conditions of oxidative
stress, the direct reaction of NO with UA could be a significant source of NO depletion and
endothelial dysfunction.

While this work was in progress (we had discovered the reaction of NO with UA in July 2005;
see Figure 5), Suzuki[24] reported the formation of nitrosated UA from the reaction of UA
with NO. Suzuki's studies were conducted under aerobic conditions and under these conditions
the main nitrosating species is thought to be N2O3 and not NO.[21] We conducted our studies
(except the in vivo studies) under anaerobic conditions to ensure that we are studying the direct
reactions of NO with UA. LC-MS analyses of our reaction products with APCI and ESI sources
in the positive and negative modes did not reveal the presence of nitrosated UA. It is possible
that the compound reported by Suzuki[24] is a labile intermediate (the author reported a half
life of 2.2 minutes in phosphate buffer) of the reaction of N2O3 (or other oxidized NO species
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such as NO2) and not that of the reaction of NO with UA. In contrast, we have identified stable
6-aminouracil from the reaction of NO with UA.

The clinical significance of the finding that uric acid can react with nitric oxide to form 6-
aminouracil remains to be established. However, it could provide a mechanism for how uric
acid may inhibit endothelial function under conditions of oxidative stress in which intracellular
glutathione is depleted. It may also provide a logical explanation for why UA can function as
an antioxidant to block the effects of exogenous peroxynitrite to uncouple endothelial NO
synthase[18] yet in the presence of high concentrations of UA favor the reduction of
intracellular NO levels.[16] It also provides an explanation for why UA infusions into healthy
individuals (likely with good intracellular glutathione stores) do not cause endothelial
dysfunction acutely.[25] Finally, it could explain the recent report[26] that allopurinol
improves endothelial function by blocking oxidative stress rather than by lowering serum UA
concentrations. In this case, by blocking oxidative stress, the allopurinol could be restoring
intracellular glutathione stores back to a healthy level. This increased concentration of
intracellular glutathione would reduce the scavenging of NO by UA independent of serum UA
concentrations. It is important to recognize that UA may also have other mechanisms by which
it participates in the induction of endothelial dysfunction. However, given the preferential
scavenging of NO by UA, even in the presence of peroxynitrite, this potentially could be a
significant pathway. The stable end-product, 6-AU, may serve as a marker for detecting the
direct reaction of NO with UA in vivo and its contribution to endothelial dysfunction under
conditions of oxidative stress. Clearly, more studies are needed to address the importance of
this reaction under pathophysiological conditions.
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FIGURE 1.
Summary of the reaction of NO with uric acid (UA) and labeled UA. The reactions 1 to 8 were
conducted as a pair with labeled and unlabeled uric acid to aid in the mass spectrometry analysis
and identification of products. The effect of multiple pHs (7.4 and 9.0) and temperatures (−20,
0, 25, and 60°C) were also investigated and did not alter the formation of 6-aminouracil as the
product. Reactions 1 to 3 were also conducted with 9-methyluric acid. In addition, reactions 1
to 8 were also conducted with the more soluble lithium urate (physiological pH only). The
quantifications were carried out with LC-MS/MS. In all the experiments reported, the NO
bubbling was optimized (from preliminary studies) for the completion of the reaction of UA.
Therefore, 100% or very close to 100% of UA is consumed in a given reaction. The optimum
time for NO bubbling through the reaction media was determined to be 30 seconds (90 seconds
for plasma and cell lysates) at which time UA reaction goes to completion, as reflected by the
disappearance of the UA peak in the LC/MS analysis. The exceptions to the optimization of
bubbling time were where the antioxidants were employed, in which case 30-second bubbling
time was used irrespective of the extent of the reaction.

Gersch et al. Page 8

Nucleosides Nucleotides Nucleic Acids. Author manuscript; available in PMC 2009 June 24.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



FIGURE 2.
LC-MS analyses of the products of the reaction of UA (panels A and B) and labeled UA
(15N2-UA; panels C and D). Panels A and C show the LC-MS trace (total ion current) and
panels B and D show the corresponding mass spectra. The peak at 6.04 minutes in panels A
and B are identical to commercially available 6-aminouracil. The formation of M+1 of 130
from 15N2-UA, clearly suggests that the detected end-product incorporated both labeled 15N
atoms from the six-membered ring of the purine skeleton of UA.
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FIGURE 3.
Main fragmentation patterns of protonated 6-aminouracils under CID conditions. (Notes: 6-
AU represents standard 6-aminouracil; 1 represents compound produced from UA; 2 produced
from labeled 1,3-15N2-UA; 3 produced from 9-methyluric acid; asterisk represents 15N atom
(for labeled compound 2); R = H for 6-AU, 1 and 2; and R = CH3 for compound 3.).
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FIGURE 4.
LC-MS/MS identification of 15N labeled 6-aminouracil (6-AU) (retention Time = 5.55
minutes) from plasma reactions of 15N2-UA with NO. The three panels show the total ion
chromatograms (TIC) of three specific SRMs of the labeled 6-AU. The presence of all three
labeled SRMs in the plasma reaction product is confirmatory of the formation of labeled 6-AU
from 15N2-UA and NO.
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FIGURE 5.
LC-MS analysis of the products from the reaction of uric acid (panels A and B) with NO. The
figure contains the original date stamp of the analysis to support the discovery claim. Panel A
shows the LC-MS trace (total ion current) and panel B shows the corresponding mass spectra
(M+1 ion = 128). The peak at 6.04 minutes in panel A is identical to the commercially available
6-aminouracil. In addition, two small unidentified peaks (at 4.88 and 5.25 minutes) were
present in the LC-MS trace.
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