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URIC ACID: THE OXIDANT–ANTIOXIDANT PARADOX

Yuri Y. Sautin and Richard J. Johnson

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

� Uric acid, despite being a major antioxidant in the human plasma, both correlates and pre-
dicts development of obesity, hypertension, and cardiovascular disease, conditions associated with
oxidative stress. While one explanation for this paradox could be that a rise in uric acid represents
an attempted protective response by the host, we review the evidence that uric acid may function ei-
ther as an antioxidant (primarily in plasma) or pro-oxidant (primarily within the cell). We suggest
that it is the pro-oxidative effects of uric acid that occur in cardiovascular disease and may have a
contributory role in the pathogenesis of these conditions.

Keywords Uric acid; redox homeostasis; metabolic syndrome; cardiovascular disease

Uric acid is a final enzymatic product in the degradation of purine nucle-
osides and free bases in humans and Great Apes. The pathway of purine
catabolism in humans is shortest among vertebrates because about 8–20 mil-
lion years ago during primate evolution the activity of urate oxidase (uric-
ase, an enzyme catalyzing conversion of uric acid to allantoin) was lost in a
two-step mutation process.[1,2] In other mammals, the last enzymatic prod-
uct of purine degradation chain is allantoin, which is excreted in the urine.
Lower vertebrates (e.g., fish) have enzymes that further degrade allantoin
to allantoic acid and glyoxylic acid and finally to urea. As a consequence,
humans have to cope with relatively higher levels of uric acid in the blood
(200–400 µM) and are prone to hyperuricemia and gout.[3]

According to a hypothesis championed in the early eighties by Ames
et al.,[4] the silencing of the uricase gene with an increase in the blood level
of uric acid provided an evolutionary advantage for ancestors of Homo sapi-
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Uric Acid: An Oxidant and Anti-Oxidant 609

ens. This hypothesis was based on in vitro experiments which showed that
uric acid is a powerful scavenger of singlet oxygen, peroxyl radicals (RO.

2)
and hydroxyl radicals (.OH). Urate circulating in elevated concentrations
was proposed to be one of the major antioxidants of the plasma that pro-
tects cells from oxidative damage, thereby contributing to an increase in life
span of our species and decreasing the risk for cancer.

On the other hand, a vast literature on the epidemiology of cardiovas-
cular disease, hypertension, and metabolic syndrome overwhelmingly shows
that, at least among modern Homo sapiens, a high level of uric acid is strongly
associated and in many cases predicts development of hypertension,[5−7]

visceral obesity,[8−10] insulin resistance,[8,11,12] dyslipidemia,[8,11−13] dia-
betes type II,[11] kidney disease,[6] and cardiovascular and cerebrovascular
events.[6,14] Despite the proposed beneficial role of uric acid, hyperuricemic
patients have a higher rate of cardiovascular and all-cause mortality in com-
parison to subjects with normal levels of uric acid.[15] Although the patho-
genesis of these diseases is extremely complex and incompletely under-
stood, it is clear that oxidative stress and oxidative modifications of proteins
and lipids is, paradoxically, common for all of them.[16−20] Together with
the known ability of uric acid to become pro-oxidant under certain condi-
tions discussed below, this creates the urate oxidant-antioxidant paradox,
which, we believe, can be resolved by the analysis of the effects of uric acid
in various physicochemical circumstances, in different compartments of the
human organism and at the different levels of biological organization.

ANTIOXIDANT FUNCTION OF URIC ACID AND ITS LIMITATIONS

The ability of urate to scavenge oxygen radicals and protect the ery-
throcyte membrane from lipid oxidation was originally described by Kellogg
and Fridovich,[21] and was characterized further by Ames et al.[4] Although
these experiments defined a paradigm, they addressed effects of uric acid
under specific conditions in which exogenously added uric acid protected
cells from oxidants, which were also added exogenously to aqueous incu-
bation media. This kind of condition is undoubtedly relevant to a variety
of physiological situations when circulating uric can scavenge reactive rad-
icals released into the blood by deleterious reactions, such as autoxidation
of hemoglobin or peroxide production by macrophages.[4] However, even
in the plasma urate can prevent lipid peroxidation only as long as ascorbic
acid is present.[22]

One of the major sites where the anti-oxidant effects of uric acid have
been proposed is in the central nervous system, particularly in conditions
such as multiple sclerosis, Parkinson’s disease, and acute stroke.[23−26] While
chronic elevations in uric acid are associated with increased stroke risk,[27,28]

acute elevations in uric acid may provide some anti-oxidant protection. For
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610 Y. Y. Sautin and R. J. Johnson

example, uric acid protects cultured rat hippocampal neuronal cells from
oxidative stress,[29] and administration of uric acid 24 hours prior to middle
artery occlusion also attenuated brain injury induced by acute ischemia in
rats.[29]

Uric acid administration is also beneficial in the mouse model of ex-
perimental allergic encephalomyelitis (EAE)[25] that has been proposed to
have similarities to multiple sclerosis. In EAE uric acid was found to block
peroxynitrite (ONOO−) mediated nitrosylation of neuronal proteins and to
block the increase in the blood brain barrier resulting in less infiltration of
leukocytes.[25] Interestingly, ascorbate also blocked nitrotyrosine formation
but did not block the blood brain barrier and did not provide protection.[26]

One possibility is that the protective effects of uric acid may not be due to
direct scavenging of peroxynitrite in neurons by urate but may be due to
other effects of uric acid to block the blood brain barrier, such as by de-
creasing the level of endothelial nitric oxide, because nitric oxide inhibitors
decreased EAE severity,[30] while uric acid decreased bioavailability of nitric
oxide in endothelial cells.[31]

In addition to neurons, the administration of uric acid decreased neu-
trophil infiltration and injury of the liver during hemorrhagic shock.[32]

These findings suggest that an ability of uric acid to prevent acute ac-
tivation of proinflammatory cells in the blood by oxidants might be a
beneficial mechanism by which uric acid manifests an overall antioxidant
activity.

Considering the association of uric acid with high blood pressure and
heart disease mentioned above, an important question is whether uric acid
can provide an antioxidant protection for cells of the cardiovascular sys-
tem. Some studies suggest this possibility. In the perfused guinea pig heart,
the presence of physiologic concentrations of uric acid in the perfusate im-
proved functional responses and functional stability of the heart impaired
by the presence of oxidants.[33] Another study has identified among the
products of urate-ONOO− interaction in human plasma a compound with
an activity of an NO donor.[34] On the other hand, uric acid in vitro de-
creased NO bioavailability in bovine aortic endothelial cells[31] as well as
adipocytes.[35] It still remains to be established, though, whether these ef-
fects have physiological significance and whether urate in general provides
antioxidant protection to the heart in vivo.

Certain common components of the chemical milieu in the organism
may affect the antioxidant ability of uric acid. As mentioned above, the
presence of ascorbic acid in the plasma is required for the antioxidant effect
of uric acid.[22] In a comprehensive study, Kuzkaya et al.[36] showed that
uric acid is a unique scavenger of peroxynitrite in the extracellular space.
However, uric acid cannot scavenge superoxide (O−.

2 ), and the presence
of ascorbic acid and thiols is absolutely required for complete scavenging
of peroxynitrite. Neither of these antioxidants alone can prevent reaction
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of peroxynitrite with tetrahydrobiopterin, which leads to uncoupling of
NO synthase.[36] Other compounds, frequently present in biological fluids,
have the opposite effect and can disable uric acid as an antioxidant. The
presence of bicarbonate substantially inhibits the ability of uric acid to
prevent tyrosine nitrosylation, a crucial mechanism of the oxidative damage
of proteins in the cell.[37]

Uric acid is a powerful scavenger of carbon-centered and peroxyl
radicals in the hydrophilic environment but loses an ability to scavenge
lipophilic radicals and cannot break the radical chain propagation within
lipid membranes.[38] At the same time, peroxynitrous radicals are extremely
diffusible through the membrane,[39] and the hydrophobic environment is
also more favorable for tyrosine nitration.[40,41] Thus, these physicochemi-
cal findings could explain why the antioxidant effects of uric acid are man-
ifested only in the hydrophilic environment of biological fluids, such as
plasma.

URIC ACID AS A PRO-OXIDANT AND PROINFLAMMATORY

FACTOR

Initial experiments by Ames et al.[4] showed that when urate at physi-
ological concentration (300 µM) was exposed to singlet oxygen, it rapidly
degraded (55% in 5 minutes), and the authors suggested that the end prod-
uct of this reaction was allantoin. Subsequent studies demonstrated that the
chemistry of urate oxidation by radicals is much more complicated. Uric
acid can form free radicals in a variety of radical-forming systems[42] in-
cluding the pathophysiologically relevant interaction with peroxynitrite.[43]

Urate-derived radicals identified so far represent different degrees of degra-
dation of the urate molecule, from the urate anion, in which the radical site
is located on the five-membered ring of the purine structure,[42] to carbon-
centered radicals[36,44] such as aminocarbonyl[36,44] formed after breakdown
of the purine structure due to the ONOO− attack. At least some of these
products can be cytotoxic.[43] Urate at the concentration 500 µM ampli-
fied oxidation of LDL and liposomes by peroxynitrite[44] suggesting that
aminocarbonyl or other radicals formed from uric acid can propagate ox-
idative damage. Uric acid can also oxidize LDL in the presence of copper
ions (Cu+and Cu++) and lipid hydroperoxides.[45] The mechanism of these
reactions is complex and remains incompletely understood.[45]

Thus, uric acid can become a pro-oxidant by forming radicals in reac-
tions with other oxidants, and these radicals seem to target predominantly
lipids (LDL and membranes) rather than other cellular components. At the
same time, the hydrophobic environment created by lipids is unfavorable
for the antioxidant effects of uric acid,[38] and oxidized lipids can even con-
vert uric acid into an oxidant.[45] Given this background and association of
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612 Y. Y. Sautin and R. J. Johnson

hyperuricemia with obesity one may infer that uric acid has a direct effect
on the adipose tissue, and this effect might have a redox-dependent compo-
nent.

Well-established model of adipocytes differentiated in vitro from the
mouse embryonic fibroblast cell line 3T3-L1[46,47] were used to character-
ize the effects of uric acid. An interesting phenotypic feature of differen-
tiated adipocytes is a substantial uptake rate for urate, an expression of
the urate transporters of OAT family URAT1 and OAT4, and high basal
level of production of reactive oxygen species (ROS).[35] An increase in the
oxidant production in adipocytes is an accompanying factor and a conse-
quence of the lipid accumulation during differentiation.[17] We have found
that the inclusion of uric acid in the media during the differentiation pro-
cess or short-term incubation with differentiated adipocytes resulted in ad-
ditional generation of ROS (Figure 1A and Sautin et al.[35]). This effect was
blocked by the cell-permeable mimetic of superoxide dismutase MnTMPyP,
which is a specific superoxide scavenger demonstrating that reactive oxy-
gen intermediates induced by uric acid in adipocytes depend on superoxide
generation (Figure 1A). The effect of uric acid was attenuated by the gen-
eral antioxidant N-acetyl-cysteine as well as by apocynin and diphenylene-
iodonium (DPI), inhibitors of NADPH oxidase, while rotenone and TTFA,
blockers of the mitochondrial electron-transport chain, were without effect
(Figure 1B). Uric acid induced similar effects on ROS production in human
subcutaneous primary adipocytes (Figure 2A). The superoxide scavenger
MnTMPyP and apocynin attenuated the effect of uric acid (Figure 2B) sug-
gesting an involvement of NADPH oxidase-dependent superoxide. In sub-
sequent experiments we showed that: (1) 3T3-L1 adipocytes express several
isoforms of NADPH oxidase including NOX4 (predominant form), NOX3
and the classical phagocyte type NADPH oxidase NOX2 (gp91phox); (2)
uric acid increased the enzymatic activity of NADPH oxidase; and (3) the
mechanism of NOX activation involves translocation of regulatory subunits
p67phox and p40phox from the cytoplasm to membranes with assembly
of the active holoenzyme on the membrane.[35] On the other hand, acti-
vation of NOX4, a predominant NADPH oxidase in our adipocyte model,
generally does not require translocation of cytoplasmic subunits;[48] there-
fore, the mechanism of activation of NOX4 by uric acid remains to be
determined. These experiments demonstrate that uric acid can become a
pro-oxidant by engaging an intracellular system of superoxide generation
by NADPH oxidases. This family of enzymes represents one of the major
sources of reactive oxygen species and oxidative stress in many cell types
and tissues. Hormones, cytokines, and activators of the innate immunity re-
sponse activate different isoforms of this enzyme depending on the cell type
and the agonist. NOX catalyzes the reaction between molecular oxygen and
NADPH associated with transport of electrons across the membrane and
yields superoxide, which is converted into other oxygen radicals. All these

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
4
2
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



Uric Acid: An Oxidant and Anti-Oxidant 613

FIGURE 1 Uric acid induces production of reactive oxygen species in mouse adipocytes. Differentiated
mouse adipocytes were treated with 15 mg/ml uric acid for 30 minutes with or wirhout 25 µM Mn(II)
tetrakis(1-methyl-4-pyridyl)porphyrin (MnTMPyP), N-acetyl cysteine (10 mM), apocynin (200 µM) and
diphenylene-iodonium (DPI, 10 µM), rotenone (100 µM), and thenoyltrifluoroacetone (TTFA, 100 µM)
followed by the measurement of ROS with the ROS-specific fluorescent probe 5 (and 6)-chloromethyl-
2′,7′-dichlorodihydrofluorescein diacetate-acetyl ester (CM-H2DCFDA) as described in details in (33).
(A) Effect of uric acid is blocked by the superoxide scavenger MnTMPyP; (B) Effect of uric acid is
blocked by inhibitors of NADPH oxidase apocynin and DPI but not the inhibitors of mitochondrial
respiratory chain rotenone and TTPA. *— the effect of uric acid is significant (P < 0.05, nonparametric
U-test); &—the effect of the inhibitor is significant (P < 0.05, U-test, n = 3). (Reproduced from (33)—used
with the permission from the American Physiological Society)

ROS become involved in the redox-dependent signal transduction, immune
defense and/or oxidative damage.[49−52]

Uric acid induced an activation of protein kinase p38 in adipocytes
(Figure 3), as well as in other cell types,[53,54] and our experiments showed
that superoxide and active NADPH oxidase were required for this activation
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614 Y. Y. Sautin and R. J. Johnson

FIGURE 2 Uric acid induces production of reactive oxygen species in human subcutaneous primary
adipocytes. Treatment with uric acid and inhibitors were performed as described in Figure 1. (A) ROS-
induced fluorescence is shown in the left panels; images of the adipocytes by differential interference
contrast (DIC) are shown in the right panels. (B) The effect of uric acid is blocked by the superoxide
scavenger MnTMPyP and an inhibitor of NADPH oxidase apocynin. *— the effect of uric acid is signifi-
cant (P < 0.05, nonparametric U-test); and — the effect of the inhibitor is significant (P < 0.05, U-test,
n = 3).

because apocynin and MnTMPyP abrogated the effect (Figure 3). These
data confirm that intracellular signaling induced by uric acid in adipocytes
is, indeed, redox-dependent.

Addition of uric acid to the medium induced rapid oxidation of lipids
detected by ratiometric live imaging of the oxidized lipids with oxidation-
sensitive lipid-specific fluorescent probe C11-BODIPY 581/591 that accumu-
lates in the cellular lipids and shifts fluorescence from red to green upon
lipid peroxidation (Figure 4). The presence of MnTMPyP and apocynin
completely prevented this effect of uric acid demonstrating an involvement

FIGURE 3 Activation of p38 kinase in adipocytes in response to uric acid is mediated by NADPH
oxidase- and superoxide-dependent redox mechanism. Adipocytes were treated with 15 mg/dl uric acid
for varying periods of time with or without antioxidants or an inhibitor of NADPH oxidase. Activated
(phosphorylated p38 was detected by immunoblotting with phosphospecific (Thr180/Tyr182) p38 anti-
body and reprobed with GAPDH antibody as a control of equal protein loading/transfer. Reproduced from
(33) —used with the permission from the American Physiological Society)
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Uric Acid: An Oxidant and Anti-Oxidant 615

FIGURE 4 Uric acid induces NADPH oxidase-dependent lipid oxidation in mouse adipocytes.
Adipocytes were treated with 15 mg/ml uric acid with or without superoxide scavenger MnTMPyP and
an inhibitor of NADPH oxidase apocynin as indicated in Figure 1. Cells were loaded with the oxidation-
sensitive lipid probe C11-BODIPY581/591followed by washing cells to remove unincorporated probe. De-
tection of lipid peroxidation by live imaging was started immediately after addition of uric acid. (A)
Green fluorescence representing oxidized probe was detected every 60 seconds for 100 ms after addi-
tion uric acid. (B) Ratiometric analysis of lipid oxidation: ratio of green/red fluorescence measured
every 60 seconds is shown. The values for 12–20 different cells (mean ± SD) are shown.

of NOX-dependent superoxide. Uric acid also induced a moderate increase
in tyrosine nitrosylation of several proteins in adipocytes suggesting forma-
tion of peroxynitrite.[35] Differentiated adipocytes produce simultaneously
significant amounts of superoxide and nitric oxide,[35] which can rapidly in-
teract with each other yielding ONOO−. As discussed earlier, the hydropho-
bic environment in the adipocyte is unfavorable for antioxidant effects of
uric acid but is favorable for the diffusion of peroxynitrous radicals in the
hydrophobic phase, which, in its turn, favors tyrosine nitrosylation. How-
ever, the biological significance of the effect of uric acid to induce protein
nitrosylation remains unclear.

An important unanswered question is the upstream mechanism respon-
sible for the activation of NADPH oxidase in response to uric acid and
whether this effect is specific for adipocytes. We can speculate that this ef-
fect might be related to the recently discovered biological role of uric acid
as a molecular signal, which alerts the immune system of dying cells.[55]

This response is mediated by activation of the IL-1 receptor coupled with
the myeloid differentiation primary response protein 88 (MyD88) involved
in innate immunity.[56] This mechanism could be relevant to adipocytes
because of the functional and developmental proximity of adipocytes and
macrophages that allows conversion of one phenotype into the other.[57,58]

The pro-oxidative effect of uric acid mediated by NOX-dependent su-
peroxide and redox signaling might be important for overall balance of en-
docrine activity in adipose tissue. Oxidative stress induced by obesity is an
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616 Y. Y. Sautin and R. J. Johnson

FIGURE 5 A model for urate-induced oxidative stress in adipocytes.

important factor in shifting the balance of adipose-specific hormones and
cytokines (adipokines) from the normal phenotype facilitating insulin sen-
sitivity and maintaining vascular homeostasis towards a phenotype character-
ized by low-grade inflammation, insulin resistance, and dyslipidemia.[17,59]

The proposed mechanism, which involves urate-induced oxidative stress in
adipocytes, is summarized in Figure 5.

CONCLUSION

In conclusion, uric acid is involved in a complex reaction with several
oxidants and may have some protective effects under certain conditions.
On the other hand, uric acid cannot scavenge all radicals, with superoxide
as an example. Uric acid is an antioxidant only in the hydrophilic environ-
ment, which is probably a major limitation of the antioxidant function of
uric acid. Reactions of uric acid with oxidants may also produce other rad-
icals that might propagate radical chain reaction and oxidative damage to
cells. In addition, uric acid itself and/or downstream radicals can engage,
as a biologically active proinflammatory factor, intracellular oxidant pro-
duction via the ubiquitous NADPH oxidase-dependent pathway resulting in
redox-dependent intracellular signaling and, in some conditions, oxidative
stress. In our opinion, these considerations taken together may explain the
oxidant-antioxidant paradox.
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