
Xanthine Oxidoreductase-Catalyzed Reduction of Nitrite to Nitric
Oxide: Insights Regarding Where, When and How

Nadiezhda Cantu-Medellin and Eric E. Kelley
University of Pittsburgh Department of Anesthesiology and Vascular Medicine Institute

Abstract
Numerous inflammatory disorders are associated with elevated levels of xanthine oxidoreductase
(XOR) and allied enhancement of reactive species formation contributory to systemic pathology.
Despite a long standing association between increased XOR activity and negative clinical
outcomes, recent reports describe a paradigm shift where XOR mediates beneficial actions by
catalyzing the reduction of NO2

− to •NO. While provocative, these observations contradict reports
of improved outcomes in similar models upon XOR inhibition as well as reports revealing strict
anoxia as a requisite for XOR-mediated •NO formation. To garner a more clear understanding of
conditions necessary for in vivo XOR-catalyzed •NO production, this review critically analyzes
the impact of O2 tension, pH, substrate concentrations, glycoaminoglycan docking and inhibition
strategies on the nitrite reductase activity of XOR and reveals a hypoxic milieu where this process
may be operative. As such, information herein serves to link recent reports in which XOR activity
has been identified as mediating the beneficial outcomes resulting from nitrite supplementation to
a microenviromental setting where XOR can serve as substantial source of •NO.
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Introduction
Two landmark discoveries placed xanthine oxidoreductase (XOR) at the forefront of free
radical biology; 1) XOR was the first demonstration of the biological formation of
superoxide (O2

•−) and 2) XOR serves as a central source of reactive oxygen species (ROS)
in tissue ischemia-reperfusion injury (1, 2). As the redox field progressed, several additional
enzymatic and non-enzymatic sources of free radicals and reactive species have been
identified yet, to date, XOR remains the most pharmacologically targetable incentivizing
extensive exploration of inhibition strategies to address disease processes where oxidative
stress is contributory.

Xanthine oxidoreductase is a complex molybdoflavin protein that catalyzes the terminal two
reactions in purine degradation (hypoxanthine → xanthine → uric acid) in primates. In
humans, XOR is ubiquitously expressed with the splanchnic system displaying the highest
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specific activity (3). Hypoxia as well as several inflammatory cytokines (TNF-α, IL-1β,
IFN-γ), induce XOR expression in tissues and vascular endothelial cells where can be
released to the circulation (3, 4). The enzyme is a homodimer of ~300 kD with each subunit
consisting of four redox centers: a molybdenum cofactor (Mo-co), one FAD site and two Fe/
S clusters. The Mo-co is comprised of a pterin derivative with a cyclized dithiolene side
chain and one Mo atom which is pentacoordinated with the dithiolene, two oxygen atoms
and a sulfur atom. The Mo-co is the site of purine oxidation while NAD+ and O2 reduction
occurs at the FAD. The two Fe/S clusters provide the conduit for electron flux between the
Mo-co and the FAD. These Fe/S clusters are both of the ferredoxin type, but are not
identical and thus independently distinguishable by their electron paramagnetic resonance
spectra (5-7). The enzyme is transcribed as a single gene product in the xanthine
dehydrogenase (XDH) form, and as such cellular XOR exists primarily as XDH where
substrate-derived electrons reduce NAD+ to NADH, Fig. 1A. However, during
inflammatory conditions, reversible oxidation of critical cysteine residues (535 and 992)
and/or limited proteolysis converts XDH to xanthine oxidase (XO) (8). In the oxidase form,
affinity for NAD+ at the FAD is greatly decreased while affinity for oxygen is enhanced
resulting in univalent and divalent electron transfer to O2 generating O2

•− and hydrogen
peroxide (H2O2), respectively, Fig. 1B (9). However, the relative quantities of O2

•− and
H2O2 derived from XO are dependent upon O2 tension. For example, at pH 7.4 and 95% O2,
XO generates ~68% O2

•− and ~32% H2O2 whereas at 1% O2, XO forms ~90% H2O2 and
only ~10% O2

•− (10). Thus, under conditions such as ischemia and/or hypoxia, where both
O2 and pH are lowered, H2O2 formation is favored suggesting that XOR may participate in
the numerous signaling cascades where H2O2 has been implicated (11, 12). Therefore, when
situated at critical sites in the tissue and vasculature, XO can serve as an abundant source of
ROS mediating alterations in vascular function, by reducing •NO bioavailability via direct
reaction with O2

•−(•NO + O2
•− → ONOO−) or indirectly, by mediating redox-dependent cell

signaling reactions (13, 14). While the post-translational conversion of XDH to XO has
become synonymous with the conversion from a “good” housekeeping enzyme to a “bad”
ROS-producing enzyme, it is important to recognize that under certain circumstances XDH
can also reduce O2 and generate ROS. Although NAD+ is the preferred electron acceptor for
XDH, when levels of this substrate are low, XDH will utilize O2 (15). Such conditions
include ischemia or hypoxia either localized, regional or systemic where O2-dependent
alterations in cellular respiration lead to decreased mitochondrial NADH oxidation and thus
significant decreases in levels of NAD+ (16). Therefore, care should be taken not to
exclusively associate XDH as the form of XOR that does not produce ROS, especially under
conditions as described above.

For decades, the dogma in the redox field has been that inflammation/hypoxia-induced
elevation of XO activity equates to elevated XO-derived ROS generation and ultimately to
poor clinical outcomes. However, recent reports have forced a reevaluation of this premise
by demonstrating a nitrite (NO2

−) reductase function for XOR (1 e− reduction of NO2
−

to •NO) and thus suggesting XOR to be a source of beneficial •NO. For example, under
strictly anoxic conditions, using xanthine or NADH as reducing substrates, XO catalyzes the
reduction of NO2

− to NO• (17-19). The Mo-co has been identified as the site of NO2
−

reduction where xanthine directly reduces the cofactor (Fig. 1C); alternatively, NADH
indirectly provides reducing equivalents via electron donation at the FAD with subsequent
retrograde flow to the Mo-co, Fig. 1D (20). In addition to biochemical studies, several
reports have demonstrated diminution or ablation of NO2

−-mediated beneficial effects upon
co-treatment with the pyrazalopyrimidine-based XOR inhibitor allo/oxypurinol, suggesting
XOR involvement. For example, inhibition of XOR activity has diminished protective
effects of NO2

− treatment in animal models of intimal hyperplasia following vessel injury
(21), acute lung injury as well as ventilator-induced pulmonary pathology (22, 23),
ischemia/reperfusion (I/R)-induced damage in lung transplantation (24), pulmonary
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hypertension (25), myocardial infarction (26) and renal (27), cardiac (28) and liver (29) I/R
injury. It has also been suggested that NO2

− concentrations and subsequent •NO levels may
be enhanced in an XOR-dependent manner by treatment with nitrate (NO3

−) where XOR
serves first as a NO3

− reductase (NO3
− + 1e− → NO2

−) and ultimately a NO2
− reductase

(NO2
− + 1e− → •NO) (30). In these experiments treatment of germ-free mice, void of

bacterial NO3
− reductases, resulted in elevation of plasma NO2

− levels that were not
observed when mice received co-treatment with allopurinol and thus are consistent with
previous biochemical reports demonstrating NO3

− reductase activity for XOR (18). In the
aggregate, there now exists a new body of evidence suggesting a protective role for XOR
under hypoxic and inflammatory conditions in the presence of elevated levels of NO2

−.

This concept is provocative and exciting as it serves to shift the paradigm regarding the role
of XOR-derived reactive species from deleterious to protective. Yet, the evidence for XOR-
mediated •NO formation, especially in vivo, remains significantly underdeveloped for the
following reasons: 1) all reports to date have relied upon inhibition of XOR with allo/
oxypurinol, an inhibitor known to have off target effects on alternative purine catabolism
pathways including those affecting adenosine (31, 32) or 2) by systemic molybdopterin
enzyme inactivation upon dietary supplementation with sodium tungstate (NaW), a process
that mediates the replacement of the active site Mo with W rendering XOR as well as
aldehyde oxidase (AO) and sulfite oxidase (SO) inactive; interestingly, both AO and SO
demonstrate NO2

− reductase activity (see: Other Molybdopterin-Based Nitrite Reductases),
3) in vitro demonstration of •NO formation from XOR and NO2

− has required anoxic
conditions and extremely high concentrations of NO2

− which are both incompatible with
either normal or pathophysiology and 4) the absence of XOR−/− or XOR+/− murine models
viable past six weeks of age and/or available tissue-specific XOR conditional knockouts (33,
34). The following sections will critically address these issues and provide new insight to the
role of XOR in mediating beneficial actions of NO2

−.

Substrates and pH
Under strict anoxic conditions purified XO (potassium phosphate buffer pH 7.4) catalyzes
the 1 e− reduction of NO2

− to NO• when electrons are provided by xanthine or NADH, Fig.
1C & 1D (17-19). The Mo-co in XO has been identified as the site of NO2

− reduction (Km =
2.5 μM) where xanthine (Km = 6.5 μM) directly reduces the cofactor; alternatively, NADH
(Km = 121.7 μM) can indirectly provide reducing equivalents via electron donation at the
FAD (9, 19). The Km for NO2

− at the Mo-co is ~2.5 mM when using xanthine or NADH as
the electron donor whereas normal tissue NO2

− levels are greater than an order of magnitude
lower than this value (~0.3 μM) (35). In animal models of hypoxia NO2

− levels in tissue
have been reported to decrease (35). Therefore, attainment of NO2

− concentrations that
would provide ½ maximal rates of NO• production would necessitate: 1) a substantial
amount of NO2

− be derived from product decomposition of activated NOS, 2) dietary or
pharmacological intake and/or 3) possible bacterial contributions (35). In these studies of
systemic hypoxia, tissue levels of NO2

− decrease yet, nitrate levels increase from a range of
30-40 μM to 120-150 μM depending upon the tissue. This increase in nitrate (NO3

−) cannot
be overlooked as reports from as early as 1962 have demonstrated XOR-dependent, xanthine
and NADH-driven reduction of organic NO3

− to NO2
− and then to •NO (18, 36-38). In

addition, a series of studies have implicated oral bacteria as important bioactivators of NO3
−

by reducing it to NO2
−. For example, when healthy volunteer’s consumed NaNO3

− (10mg/
kg) in drinking water their plasma and saliva levels of NO2

− were significantly elevated
whereas those pretreated with chlorhexidine-containing antibacterial mouthwash
demonstrated no change in salivary NO3

− levels but substantive diminution of detectable
NO2

− both in the saliva and plasma suggesting a key role for oral bacterial NO3
− reductases

(39). Similar effects were seen when healthy volunteers were subjected to a mouthwash
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regimen in the absence of supplemental NO2
− and monitored for plasma nitrite levels and

blood pressure (40). In this study mouthwash-mediated reduction in oral bacterial NO3
−

reductase capacity lead to a demonstrable decrease in plasma NO2
− as well as blood

pressure strongly suggesting that accumulation of NO3
− in the salivary gland and its

subsequent reduction to NO2
− may play a pivotal role in the NO3

− → NO2
− → •NO

pathway.

Kinetic analysis from XOR-driven NO3
− reduction produces Km values ranging from

330-500 μM for glycerol trinitrate (GTN) to 32 mM for inorganic nitrate (NaNO3) (18, 36,
37). Again, this raises the question to what biologically significant degree can nitrate
mediate •NO production from XOR given the kinetic hurdle that must be overcome? On the
other hand, the Km for xanthine at the Mo-co is 6.5 μM and levels of xanthine above 20 μM
are reported to induce substrate-dependent inhibition of NO2

− reduction (Ki = 55 μM) under
anoxia (19). The suggested mechanism for this inhibition is competition where xanthine
binding to the oxidized Mo-co blocks access to NO2

−. This observation becomes critically
important when considering inflammatory/ischemic conditions can result in combined
plasma concentrations of hypoxanthine + xanthine ranging from 50-100 μM, levels that
would exceed the Ki of 55 μM (41-44). Therefore, one could speculate that a clinical
approach based on XOR-mediated •NO generation by enhancement of circulating NO2

− and/
or NO3

− would most likely be buttressed with an adjuvant to reduce ischemia/hypoxia-
mediated elevation of hypoxanthine. For example, substantive inhibition of adenosine
deaminase (adenosine → inosine) and/or purine nucleoside phosphorylase (inosine →
hypoxanthine) may serve to ensure hypoxanthine and xanthine levels are maintained at
levels below those that would significantly inhibit the NO2

− reductase activity of XOR.

On the other hand, it can be hypothesized that NADH, not hypoxanthine/xanthine, may be
the major source of electrons necessary to reduce the Mo-co and drive hypoxic NO2

−

reduction. Under ischemia or hypoxia, O2-dependent alterations in cellular respiration lead
to decreased mitochondrial NADH oxidation and thus significant elevation of NADH levels
(16). This enhancement of NADH concentration may serve to efficiently reduce the Mo-co
via retrograde electron flow from the FAD in XDH as well as XO; albeit less effectively for
the latter. For example, the affinity for NADH at the FAD is substantially greater for XDH
(Km = 6.7 μM) than for XO (Km = 121.7 μM) (9, 15, 45). Yet, the overall impact of NADH-
dependent retrograde electron loading of XOR may also be reflected in the resultant effect
on xanthine. The affinity of xanthine for the Mo-co is dependent on the Mo-co being
oxidized. However, conditions where significant contributions to enzyme reduction were
being supported by NADH would lead to more time for the Mo-co assuming the reduced
state and thus more accessible to NO2

−. In fact, when XO-catalyzed NO2
− reduction

experiments were conducted under 21% O2 conditions, the presence of excessive amounts of
NADH (0.5-4 mM) produced •NO formation rates ~70% of those observed under anoxic
conditions (46). This scenario of NADH-driven nitrite reduction may therefore serve to
counteract the potential substrate-dependent inhibitory effects of ischemia/hypoxia-induced
elevation of hypoxanthine/xanthine levels. It would also greatly affect the capacity of O2 to
inhibit this process (see: Oxygen Tension).

Another crucial factor that must be considered when examining the mechanics of XOR-
dependent NO2

− reduction is pH. Hypoxanthine and xanthine oxidation at the Mo-co is a
base-catalyzed process with a pH optimum of 8.9 and as such most kinetic studies of XOR
have utilized this pH for calculating Km values. The reduction of NO2

− at the Mo-co is an
acid-catalyzed process with a pH optimum of (6-6.5) (17). Considering in vivo
microenvironments encountered during hypoxic inflammatory conditions demonstrate pH’s
that fall below 6.9, it is reasonable to anticipate that the capacity of XOR to catalyze •NO
formation would be enhanced by slowing the xanthine oxidation process and accelerating
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NO2
− reduction. This was indeed the case as a significant pH-dependent increase in the rate

of XO-catalyzed NO2
− reduction was observed when pH was lowered (8.0→7.4→6.0→5.0)

using either NADH or xanthine as reducing substrates (46). The impact of these
observations may be greater than anticipated when considering that acidic pH also leads to
decrease in eNOS catalytic activity and resultant diminution of •NO formation; a setting
where alternative sources of •NO would be beneficial (47).

Oxygen Tension
Nitrite reductase activity of XO is extremely oxygen sensitive. Several studies have clearly
demonstrated XOR-dependent reduction of NO2

− to •NO. However, to date and to our
knowledge, only two reports indicate operative XO-catalyzed •NO production from NO2

− in
the presence of O2 from purified XO in buffered solution (17, 46). In one case, experiments
revealed measureable •NO formation via ozone-enhanced chemiluminescence detection
using NADH as a reducing substrate under conditions of 1.5% O2 and 100 μM NO2

− (17).
In another report, the effect of various O2 tensions on XO-mediated NO2

− reduction were
explored by electron paramagnetic resonance (EPR) spin trapping using iron-MGD (N-
(Dithiocarbamoyl)-N-methyl-D-glucamine (MGD2-Fe2+)) to measure •NO generation;
however, successful •NO detection required the presence of high concentrations of
superoxide dismutase (SOD) (400 U/ml) as well as copious amounts of NO2

− (2-60 mM)
using either xanthine or dihydroxybenzaldehyde (DBA) for reducing substrate (46). It was
hypothesized that the presence of SOD prevented diminution of the •NO signal by rapid
reaction with O2

•−, a process also explored in another report demonstrating O=NOO−

formation from reaction of XO with xanthine and NO2
− (48). However, amperometric •NO

detection studies in our laboratory conducted in a closed system where both O2 and •NO
were simultaneously monitored showed no observable •NO production from purified XO
until all O2 was consumed when using xanthine as reducing substrate (49). These
experiments also revealed that the presence of SOD did not confer the capacity to
observe •NO formation under oxygenated conditions (2% O2) suggesting O2

•− was not
interfering with the ability to detect •NO. However, similar to previous reports, blockade of
O2-FAD reaction by treatment with diphenyleneiodium (DPI) did enable detectable •NO
formation in the presence of up to 21% O2 (17, 46). Inconsistencies between these studies
regarding the extent of O2-mediated effects on XOR-catalyzed •NO formation may be
explained, in part, by misinterpretations derived from degradation of the XOR protein
during vigorous purging in the flow-through reaction chamber of the chemiluminescent
system, the range of NO2

− concentrations used (100 μM-20 mM) and/or the variable
sensitivity between the different •NO detection methods. For example, enhanced
chemiluminescence provides low nM sensitivity whereas EPR spin trapping requires nearly
0.5-1.0 μM for successful assessment. Nonetheless, the various reports do converge at the
same conclusion: O2-mediated withdrawal of electrons at the FAD serves to oxidize the Mo-
co and inhibit NO2

− reduction, Fig. 1C. Furthermore, it can be estimated that rates of
production observed under ideal conditions (purified enzyme or tissue homogenate in buffer
using xanthine, DBA or NADH as reducing substrates) are in the range of 0.5-2.0 nmoles
s−1 mg−1; values similar to those reported for eNOS. This being said, the capacity of XO to
produce biologically significant levels of •NO from NO2

− in vivo will necessitate shifting
preference towards NO2

− at the Mo-co from not only acidic pH, elevated NO2
− and NADH

levels, but substantive hypoxia; most likely O2 concentrations that are lower than the Km for
O2 at the FAD cofactor of XO (~27 μM or ~2% O2).

XOR-Vascular Glycosaminoglycan Interactions
While understanding the substrate concentrations, pH and O2 tensions necessary to favor
XOR-mediated NO2

− reduction over oxidant production is crucial, additional factors may
exist that further facilitate this process. For example, binding and immobilization of XO on
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the luminal surface of vascular endothelial cells induces alterations in XO kinetics that effect
substrate affinity as well as the species of oxidant being produced; kinetic alterations that
may also impact NO2

− reductase activity.

In both animal models and clinical studies of cardiovascular disease, intravenous
administration of heparin results in increased plasma XO activity, suggesting XO is bound
to the vascular endothelium (50-52). During inflammatory/hypoxic conditions XDH
expression is induced resulting elevation of XDH protein abundance and subsequent release
into the circulation where it is rapidly (< 1 min) converted to XO and sequestered by
negatively charged glycosaminoglycans (GAGs) on the surface of vascular endothelial cells
(51, 53). While XO exhibits a net negative charge at physiological pH, cationic amino acid
motifs on the surface of the protein result in high affinity for GAGs (Kd = 6 nM) (51, 54,
55). This sequestration of XO by GAGs: 1) substantially amplifies local XO concentration,
2) diminishes rotational and translational mobility and 3) alters XO kinetic properties. For
example, due to a decrease in substrate binding affinity, GAG association of XO increases
the Km for xanthine 3-fold (6.5 → 21.2 μM) and increases the Ki for allo/oxypurinol by 5-
fold (85 → 451 nM) when compared to XO in free in solution (56). In addition, binding of
XO to GAGs reduces O2

•− production by 34% thus favoring divalent electron transfer to O2
(H2O2 formation) (56). These observations were similar to those obtained when XO was
bound to the milk fat globule membrane where immobilization of the enzyme in this setting
induced a 2-fold increase in the Km for xanthine while enhancing affinity for NADH by
decreasing the Km 3-fold at the FAD (41). Combined, immobilization-induced diminution of
affinity for xanthine, enhanced affinity for NADH and substantive reduction in the amount
of O2

•− being produced would be favorable for NO2
− reduction to bioavailable •NO. It is

also important to note that a GAG-mediated increase the Ki for allo/oxypurinol has crucial
implications for pharmacological intervention studies designed to determine the extent of
XO involvement upon treatment with NO2

− (see: Inhibitors and XOR Knockouts).

Inhibitors and XOR Knockouts
As noted previously, XOR−/− and XOR+/− mice experience alterations in nutrient absorption
and elevated plasma hypoxanthine levels resulting in death from kidney failure before six
weeks of age (33, 34). This absence of viable global XOR knockouts as well as the current
lack of available tissue-specific conditional knockouts has relegated the use of
pharmacologic means to conduct proof of principle experimentation regarding contributory
roles of XOR in mediating NO2

− reduction. To date, in vitro and in vivo studies have
utilized application of allo/oxypurinol or NaW to determine the extent of XOR-mediated
contributions to salutary actions resulting from NO2

− treatment. This approach has produced
results suggestive of an operative NO2

− reductase activity for XOR yet, there exist several
pitfalls that must be considered. For example, binding of XO to endothelial GAGs confers
resistance to inhibition by allo/oxypurinol. A closer look at this issue demonstrates that
treatment with allo/oxypurinol at levels (100-400 μM) far above those tolerated clinically
(30-90 μM) results in only ~80% inhibition when XO is bound to GAGs, Fig. 2 (56, 57).
This level of inhibition, while sufficient to reduce symptoms of gout by lowering plasma
uric acid levels, is not optimal for validating roles for XO. In addition, allopurinol is known
to mediate off-target effects on alternative purine catabolic pathways that may also
contribute to misinterpretation of results (31). Likewise, global XOR knockdown by dietary
supplementation with NaW is also wrought with significant off-target implications.
Enhancement of circulating W levels results in replacement of the active site Mo in XOR
with W rendering it inactive for reactions at the Mo-co (58). However, this is not specific to
XOR as W replacement of Mo in other molybdopterin-based enzymes such as aldehyde
oxidase (AO) and sulfite oxidase (SO) will also occur. This is important as both of these
enzymes have been reported to demonstrate nitrite reductase activity (see: Other
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Molybdopterin-Based Nitrite Reductases) and thus their inactivation could contribute to
observable decreases in NO2

− reduction making it difficult to specifically assign
contributions to XOR.

These limitations on XO inhibition/inactivation with allo/oxypurinol and NaW affirm the
need for a more specific and potent inhibition strategy. To this end, we have identified the
XOR-specific inhibitor febuxostat as it demonstrates: 1) over 3 orders of magnitude greater
potency than allopurinol (Ki = 0.9 nM vs. 1.6 μM), 2) is not affected by XOR-vascular GAG
association and 3) does not alter other purine catabolism pathways (31, 57). Evidence of
febuxostat’s superior capacity to inhibit endothelial cell-bound XO is demonstrated in Fig.
2. In this experiment, febuxostat completely inhibits endothelial cell-bound XO-derived
O2

•− formation at concentrations (25-50 nM) well below the reported plasma Cmax (15 μM)
for the clinic whereas levels of allopurinol (200 μM) twice those tolerated clinically do not
achieve complete inhibition (31, 32, 59). These findings clearly demonstrate the potential
benefit of using febuxostat in experiments designed to examine XOR-dependence of
outcomes generated by NO2

− treatment.

Taken together, both the use of febuxostat and the development of tissue-specific XOR
conditional knockout models will serve to greatly enhance our capacity to elucidate the
relative extent of XOR-mediated •NO formation from NO2

− and differentiate XOR-
mediated effects from those attributable to alternative NO2

− reductase processes including
other molybdopterin-containing enzymes.

Other Molybdopterin-Based Nitrite Reductases
Humans enzymes containing molybdopterin cofactors include XOR, AO, SO and the newly
discovered mitochondrial amidoxime reducing component or mARC (60-62). With the role
of XOR’s Mo-co in NO2

− reduction during inflammatory/hypoxic conditions gaining
relevance, contributions from these other molybdopterin enzymes must not be overlooked.
This is exemplified by reports suggesting NO2

− reductase activity for both AO and SO and
as such necessitating their critical evaluation.

Aldehyde Oxidase—Aldehyde oxidase is a cytosolic enzyme that shares approximately
86% sequence homology with XOR. AO is a homodimer (~300 kD) with each monomer
containing a Mo-co, 2 2Fe/2S centers and a flavin cofactor (FAD). Distribution of AO in
mammals shows the highest specific activity in liver; however it is also present in lung,
spleen, brain, heart, testes and the eye (60, 63). At the Mo-co AO catalyzes the oxidation of
variety of aldehydes and aromatic heterocyclic compounds, including several pharmacologic
agents, while reducing O2 to O2

•− and H2O2 at the FAD (60, 63). Regarding substrates and
products, AO differs significantly from XOR by demonstrating promiscuity at the Mo-co
and incapacity to function as a dehydrogenase (NAD+ → NADH) at the FAD. However, AO
can efficiently catalyze the oxidation of NADH (Km = 11 μM) at the FAD to produce O2

•−

and H2O2 (63) suggesting that under low O2 tensions NADH may provide electrons for
retrograde flow to the Mo-co in a similar manner as seen with XO, Fig. 1D. It is also
important to note that, to date, there exist no AO-specific inhibitors and thus in vitro
inhibition of AO relies on utilizing compounds with albeit substantive AO inhibitory
characteristics (β-estriadol, phenotiazines and raloxifene) but, with significant off-target
actions making them less than optimal for in vivo use (64). In addition, the XOR inhibitor
allopurinol displays cross-reactivity with AO which further complicates efforts to
specifically block AO and/or XOR in model systems (64). Furthermore, there are no
antibodies currently available to distinguish between XOR and AO, which again leads to
ambiguity regarding immunohistochemical analysis of tissues and forces investigators to
rely on activity assays (e.g. uric acid formation from XOR vs. dimethylamino-
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cinnamaldehyde (DMAC) oxidation for AO) to validate their conclusions. From the
information presented above, it is clear that care must be taken to distinguish between
actions of XOR and AO as several factors converge to confound interpretation of results.
However, unpublished data in our laboratory indicates no reaction between the XOR
inhibitor febuxostat and AO suggesting this inhibition approach as a promising new tool for
selectively distinguishing catalytic activity of AO from XOR.

With extensive similarity to XOR, it is not surprising that AO has been identified as a NO2
−

reductase. Both in studies using purified enzyme and in ex vivo tissue analysis, AO
demonstrates the capacity to catalyze the 1 e- reduction of NO2

− to •NO (65, 66). Studies
involving purified AO at physiological pH have shown efficient anaerobic •NO production
using either DMAC or NADH as reducing substrate and producing a Km value for NO2

−

similar to that of XOR (~3 mM) (65). This process was also optimal under slightly acid
conditions (between pH 6.0-7.4) using either NADH or DMAC for reducing substrate.
Nitrite reduction by AO is significantly oxygen sensitive (Ki = 3.8 μM or <0.5% O2) when
providing electrons at the Mo-co with DMAC whereas when the Mo-co is reduced by
retrograde flow from reaction of NADH at the FAD, AO-catalyzed •NO formation rates are
maintained at nearly 50% of the anoxic conditions at O2 tensions up to 21% and in the
presence of 400 U/ml SOD (65). These data are suggestive that conditions in which nitrite
reductase activity of AO will be functional are similar to those for XOR including lower pH,
hypoxia and elevated levels of NADH.

Sulfite Oxidase—In humans, SO catalyzes the reduction of sulfite to sulfate in the final
step of sulfur-containing amino acid catabolism. SO is localized in the intermembrane space
of mitochondria with the highest specific activity found in liver, kidney and heart but it is
also detectable in spleen, brain, and skeletal muscle (67). Structurally quite different than
AO and XOR, SO is a 110 kDa homodimer with each monomer containing an N-terminal
b5-type cytochrome heme domain, a central Mo-co domain and a C-terminal dimerization
domain (68). In light of these structural differences, SO has recently been identified as a
NO2

− reductase (62). In these studies the Mo-co of SO catalyzes the reduction of NO2
−

to •NO using sulfite as a reducing substrate under anoxic conditions and slightly acid pH
(6.5). However, more extensive investigation is necessary to determine the physiological
significance and the relative impact of SO-derived •NO from NO2

− when compared to AO
and XOR.

Summary—While it is accepted that tissue production of •NO is primarily dependent on
the enzymatic conversion of arginine to citrulline by nitric oxide synthases (NOS), recent
studies suggest alternative sources and mechanisms of •NO production may be operative
including enzymatic activity of hemoglobin and myoglobin, especially at lower pH’s and O2
tensions typical of ischemic/inflammatory conditions (69-71). However, neither the source
of the reducing equivalents used to drive these reactions nor the reductive process(es) have
been fully elucidated. Likewise, consideration of XOR as a significant source of •NO during
ischemic/hypoxic conditions seems incongruent with numerous studies reporting treatment
with allopurinol reducing symptoms and rescuing functional endpoints in similar disease
models. If XOR-mediated •NO production is beneficially significant, then it would seem
logical that inhibition of this process would produce less than desirable outcomes. However,
several recent reports indicate that this is not the case leaving the field again, a bit unclear.
Herein, we have discussed several key factors (acidic pH, elevated levels of NADH,
hypoxia, GAG immobilization-induced kinetic alterations) that contribute to a
microenvironmental setting where XOR-mediated NO2

− reduction may be relevant. As
tissue O2 concentrations decrease these factors coalesce to create a milieu where the Mo-co
assumes a more reduced state Mo(IV) whereas under normal physiologic conditions and O2
tensions, electrons are rapidly removed from the system and thus the Mo-co assumes a more
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oxidized state Mo(VI), Fig. 3. As O2 levels decrease, approaching and falling below the Km
for O2 at the FAD (~27 μM or ~1.5% O2), XOR can shift from a more oxidized to more
reduced state Mo(IV). It is also under these same hypoxic conditions (~1.5% O2) that O2
would become limiting as a requisite substrate for nitric oxide synthase necessitating
alternative sources become operative. For example, the Km for O2 with eNOS is 23 μM; a
value strikingly close to the Km value of 27 μM for O2 and XO (72). It is therefore logical to
hypothesize that hypoxia switches XO from oxidant to •NO production. When this does
occur, it could also be hypothesized that enhancement of NO2

− reaction at the Mo-co would
result in further diminution of ROS generation as electrons would be removed from the
system and thus unavailable for O2 reduction at the FAD. Hence, this “O2 switch” for XO
could result in twice the benefit where deleterious ROS production is critically diminished
while beneficial •NO is being generated. The clinical relevance of this concept would, of
course, be critically dependent on significant elevation of circulating NO2

− via
pharmacologic/dietary supplementation combined with concomitant reduction of
hypoxanthine levels. However plausible this newly proposed function for XOR may seem,
the mechanistic details that underpin key aspects of where, when and how much •NO can be
attained via XOR-catalyzed NO2

− reduction remain unclear affirming the need for more
detailed studies designed to define the biological relevance as well as identify the
therapeutic potential. But suffice it to say, if the resultant effects of XOR-mediated reactive
species formation were all deleterious, then it would not have survived the evolutionary
process.
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Highlights

Xanthine oxidoreductase (XOR) catalyzes •NO formation from NO2
− under anoxia.

Inhibition of XOR diminishes beneficial outcomes mediated by NO2
− treatment.

However, inhibition of XOR produces salutary outcomes in similar models.

The in vivo significance of XOR-derived •NO formation from NO2
− is thus unclear.

We critically review key factors that combine to “switch” XOR from oxidant to •NO
production.

Cantu-Medellin and Kelley Page 14

Nitric Oxide. Author manuscript; available in PMC 2014 November 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 1. XOR-Catalyzed Reactions
(A) For XDH, xanthine is oxidized to uric acid and electrons transferred via 2 Fe/S centers
to the FAD where NAD+ is reduced to NADH. (B) For XO, xanthine is oxidized to uric acid
and electrons are transferred to the FAD where O2 is reduced to O2

•− and H2O2. Under
normal O2 tension and pH the Mo-co would reside more often in the oxidized +6 (VI)
valence as electrons are rapidly transferred to NAD+ (A) or O2 (B) at the FAD. (C) Nitrite
(NO2

−) undergoes a 1 electron reduction to •NO at the Mo-cofactor of XO (electrons are
donated directly to Mo by xanthine). (D) NO2

− is reduced to •NO at the Mo-cofactor of XO
(electrons are supplied by NADH and transferred retrograde reducing the Mo). Under low
O2 tensions and pH the Mo-co would reside more often in the reduced +4 (IV) valence as
electrons are more slowly transferred to O2. This decrease in electron flux from the Mo-co
to the FAD is depicted in (C) as dashed arrows whereas in (D) NADH-mediated electron
donation at the FAD is out-competing O2-mediated electron withdrawal and thus the arrows
are solid and indicating flux from the FAD to the Mo.
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Figure 2. Febuxostat is superior to allo/oxypurinol at inhibiting endothelial cell-bound XO
(A) Cartoon representation of XO binding to endothelial cell GAGs. (B) BAECs were
exposed to purified XO (5 mU/ml) for 20 min at 25 °C and washed extensively to ensure
removal of unbound XO. Inhibitors (febuxostat ■, allopurinol □, and oxypurinol •) were
added at the indicated concentrations followed by xanthine (100 μM), and uric acid levels
assessed after 1 h. Values represent % control (no inhibitor) and equal the mean of at least 3
independent determinations (*p < 0.05). (C) This experiment reveals: 1) the incapacity of
allopurinol to inhibit endothelial cell GAG-bound XO at and above clinically-relevant
concentrations and 2) the superiority of febuxostat to achieve complete inhibition at
concentrations well below those attainable in the clinic. Purified XO was bound to BAEC
GAGs (as in A); the cells were then harvested by mechanical dissociation and suspended at
1 × 106 cells/ml in Krebs–HEPES EPR buffer (pH 7.4) treated with Chelex resin and
containing 25 μM deferoxamine and 5 μM DTPA to minimize contributions of adventitious
metals to the EPR signal. Cell suspensions were exposed to the indicated concentrations of
inhibitor followed by xanthine (100 μM) and immediately analyzed by EPR for extracellular
O2

•− with the cell impermeable spin probe (1-hydroxy-4-phosphono-oxy-2,2,6,6-
tetramethylpi-peridine) PPH (50 μM) to ensure the O2

•− detected was extracellular and not
from intracellular sources. To further confirm that extracellular GAG-bound XO was
responsible for the observed PP• signal, XO-loaded BAECs were briefly treated with trypsin
to remove the GAG-bound XO, washed and then exposed to xanthine (100 μM) and PPH
(50 μM). Validation that the PP• signal was mediated by reaction with O2

•− was
accomplished by exposure to SOD. Spectra represent XO-loaded cells exposed to PPH and
the following agents from top to bottom: (− xanthine); (+ xanthine); (+ xanthine and 100 U/
ml SOD); (treated with trypsin to remove extracellular XO and then exposed to xanthine); (+
xanthine and 50, 100, or 200 μM allopurinol (AP)); and (+ xanthine and 25 or 50 nM
febuxostat (Febux)). Each spectrum represents five cumulative scans over 1 min from t = 9
to t = 10 min at 37 °C and 21% O2. The spectrometer settings were as follows: field sweep
50 G, microwave frequency 9.78 GHz, microwave power 20 mW, modulation amplitude 2
G, conversion time 327 ms, time constant 655 ms, receiver gain 1 × 105. (54).
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Figure 3. Hypoxic Switch: O2 tensions convert XOR from oxidant to •NO production
Hypoxia results in the alteration of factors that may facilitate the conversion of XO from
oxidant to •NO production including decreasing tissue pH and elevating cellular levels of
NADH. Under normal physiologic conditions O2 rapidly removes electrons from XO and
thus the Mo-co resulting in a more oxidized Mo-co, Mo(VI) (left). As tissue O2
concentrations decrease additional factors (acidic pH and elevated NADH levels) combine
to create a milieu where the Mo-co assumes a more reduced state, Mo(IV) (right). Under
more reduced conditions where NADH competes with O2 for reaction at the FAD and where
lower pH reduces the rate of xanthine oxidation, NO2

− can begin to effectively compete for
electrons at the Mo-co (right).
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