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ABSTRACT: In addition to nitric oxide (NO) generation from specific NO synthases, NO is also formed
during anoxia from nitrite reduction, and xanthine oxidase (XO) catalyzes this process. While in tissues
and blood high nitrate levels are present, questions remain regarding whether nitrate is also a source of
NO and if XO-mediated nitrate reduction can be an important source of NO in biological systems. To
characterize the kinetics, magnitude, and mechanism of XO-mediated nitrate reduction under anaerobic
conditions, EPR, chemiluminescence NO-analyzer, and NO-electrode studies were performed. Typical
XO reducing substrates, xanthine, NADH, and 2,3-dihydroxybenz-aldehyde, triggered nitrate reduction
to nitrite and NO. The rate of nitrite production followed Michaelidenten kinetics, while NO generation

rates increased linearly following the accumulation of nitrite, suggesting stepwise-reduction of nitrate to
nitrite then to NO. The molybdenum-binding XO inhibitor, oxypurinol, inhibited both nitrite and NO
production, indicating that nitrate reduction occurs at the molybdenum site. At higher xanthine
concentrations, partial inhibition was seen, suggesting formation of a substrate-bound reduced enzyme
complex with xanthine blocking the molybdenum site. The pH dependence of nitrite and NO formation
indicate that XO-mediated nitrate reduction occurs via an acid-catalyzed mechanism. With conditions
occurring during ischemia, myocardial xanthine oxidoreductase and nitrate levels were determined to
generate up to 20M nitrite within 10—20 min that can be further reduced to NO with rates comparable

to those of maximally activated NOS. Thus, XOR catalyzed nitrate reduction to nitrite and NO occurs
and can be an important source of NO production in ischemic tissues.

Nitric oxide is a free radical that exerts a large number of independent generation of NO from nitrite occurs in ischemic
important regulatory biological functions and also plays an tissues such as the heart, demonstrating that nitrite can be a
important role in the pathogenesis of cellular injury. NO  source rather than a product of NO particularly under acidic
synthesis was discovered in macrophages, endothelial cellsconditions (0—12). Recently it has been reported that XO
and neuronal cells14). A group of enzymes were catalyzes reduction of nitrite to NO under hypoxic conditions
identified, nitric oxide synthases (NOSs), which metabolize (13—15) and the magnitude and kinetics of this process have
arginine to citrulline with the formation of NO5( 6). been characterized @). While it is clear that nitrite can be
Although NOS had been generally considered to be the an important source of NO in cells and tissues, it has been
primary source of NO in biological systems, there have also assumed that nitrate is an inert end product that cannot be a
been reports that NOS-independent NO generation occurssource of NO in mammalian cells.

from nitiite or nitrate in various ways. Benjamin and  ynihine oxidase (XO) is a ubiquitous enzyme in mam-

colleagues reported in 1994 that acidification of nitrite malian cells that plays a variety of important roles in normal

r(TIeases NOd in the st_om?](_:lﬂr)](lln 1|994f, Lundberglgl %t .al. . physiology and disease. XO has a critical role in purine and

?rc?r% ;ﬁgogfgmgﬁa;ur:ﬂ%ar:g)( :nvdess'ugsé\lqiei);ﬁ/einelglsr}]?alr pyrimidine catabolism, catalyzing the oxidation of hypo-

they reported that NO is derived from nitrate in infected urir,le xanthine to xanthme; and xanihine to uric auql. Italso reduces

(9). Previous studies have also demonstrated that NOS_oxygen to super(_mde and _hyd_rogen pero>§|d_e and is a key
' enzyme responsible for oxidative cellular injury7§. XO

has been shown to have a central role in the process of injury
R * COffﬁSlPOtr_ltd'tn94<‘;lgtC\?f- tqggﬁfs 110é3 | Dagls F(')e:gsgclélig% ) that occurs upon reoxygenation of hypoxic cells and tissues
esearcn insttute, €es venue, Columbous, - . - FE : : :
E-mail: zweier-1@medctr.osu.edu. (1_8_ 20). It has structural S|m|Ia_r|ty to bacterial nltrate_or
1 Abbreviations: XO, xanthine oxidase; XOR, xanthine oxidoreduc- Nitrite reductase 13). Early studies showed that xanthine
tase; XDH, xanthine dehydrogenase; X, xanthine; NADH, nicotinamide oxidoreductase (XOR) has the ability to catalyze the reduc-

adenine dinucleotide; DBA, 2,3-dihydroxybenzaldehyde; NO, nitric tjqn of nitrate to nitrite under anaerobic conditior&l{
oxide; MGD, N-methyl-D-glucamine dithiocarbamate; EPR, electron 24). Thi Id b ticularly i tant si itrat
paramagnetic resonance; DPI, diphenyleneiodonium chloride; FAD, ). This cou € partucularly important since nitrates are

flavin—adenine dinucleotide; Mo, molybdenum. ubiquitous in biological tissues and are normally present at
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high levels reaching millimolar concentrations following with heating jacket. An icewater cooling condenser was
inflammation or treatment with NO-donating vasodilator attached to the top of the vessel to reduce the outflow of
drugs @5). Recent work further suggested that XO is capable vapors during purging. Additionally, an ice-cooled chemical
of catalyzing the reduction of nitrate to NO under hypoxic trap filled with 1.0 M NaOH was placed between the purging
conditions in the presence of NADH4), but a number of  vessel and NO analyzer. The release of NO was quantified
important questions have remained regarding the mechanismbpy analysis of the digitally recorded signal from the photo-
substrate specificity, and the magnitude of this process in multiplier tube using specially designed data acquisition and
biological systems. Fundamental questions remain regardinganalysis software developed in our laboratory.
the kinetics of this process and its biological importance.  The chemiluminescence assay for measurement of nitrite
To characterize this XO-catalyzed nitrate reduction path- in the solution utilizes the reduction of nitrite to NO under
way, along with its mechanism, substrate dependence, ancconditions of acidic pH in the presence of the reducing agent
guantitative importance in biological systems, electron Kl. Calibration of the magnitude of nitrite and NO production
paramagnetic resonance (EPR) spectroscopy, chemilumineswas determined from the integral of the signal over time
cence NO analyzer, and NO electrode studies were per-compared to that from nitrite concentration standards added
formed. The rate of nitrite production followed Michaetis to glacial acetic acid containing 1% K12).
Menten kinetics with xanthine, NADH or 2,3-dihydroxy- Electrochemical Measuremenilectrochemical measure-
benzaldehyde serving as the reducing substrates, while NOments of NO generation from XO were carried out arg7
generation rate increased linearly with the increase of nitrite in a deaerated electrochemical vial using a CHI 832
formed from nitrate indicating stepwise reduction to nitrite electrochemical detector with a Faraday Cage (CH Instru-
and then to NO. Nitrate reduction to nitrite as well as nitrite ments, Inc., Cordova, IN) and WPI NO electrode (World
reduction to NO occurred at the molybdenum site. Khe Precision Instruments, Sarasota, FL). To remove oxygen, the
values for nitrate, NADH, and xanthine were determined reaction solutions and the measurement chambers were
enabling prediction of the magnitude of nitrite and NO purged with argon for 15 min before each experiment. The
formation with delineation of the quantitative importance of electrochemical detector continuously recorded the current

this process in biological systems. through the working electrode, which is proportional to the
NO concentration in the solution. The sensor was calibrated
MATERIALS AND METHODS before and after experiments with known concentrations of

NO, using NO equilibrated solutions.

Materials Xanthine oxidase from buttermilk (xanthine: . i ;
EPR Trapping of NO in Heart Tissudlale Sprague

oxygen oxidoreductase; EC1.1.3.22), xanthine, oxypurinol, ; _ .
diphenyleneiodonium chloride (DPI), “Mitro-L-arginine, ~ Dawley rats (256-300 g) were heparinzed with 500 units
sodium nitrate, sodium nitrite3-nicotinamide adenine di- of heparin and anesthetized with mtraperltoneal_pentobarbltal
nucleotide §-NADH), and 2,3-dihydroxybenz-aldehyde (DBA) ~ &t @ dose of 3635 mg/kg. The hearts were excised and cut
were obtained from Sigma\-Methyl-o-glucamine dithio- into small pieces+0.01 g/piece), and then rinsed with HBSS
carbamate (MGD) was synthesized using carbon disulfide solution to wash away blood and intrinsic nitrite/nitrate. This
and N-methylo-glucamine, as described previougl§y. heart tissue, totaling 1 g, suspended in 3*¢BSS was

Ferrous ammonium sulfate was purchased from Aldrich Purged with argon and incubated wittN nitrate (ImM)
Chemical Co (99.997%}N-nitrate was obtained by Cam- and Fe-MGD, 2 mM in Fe prepared as above. The reaction

bridge Isotope Laboratories, Inc. Hank's Balanced Salt Mixture was maintained at 37 C in a glass-purging vessel
Solution (HBSS) and Dulbecco’s Phosphate Buffered Saline equipped with heating jacket. After incubation, the solution
(PBS) were obtained from Gibco Life Technologies. was cooled on ice and transferred to a flat cell, and EPR

spectra were measured as described above.
EPR SpectroscopyEPR measurements were performed istical vsi |
using a Bruker ER 300 spectrometer operating at X-band. Statistical AnalysisvValues are expressed as measD
Measurements were performed in a flat cell using a,TGM of at least three repeated measurements and statistical

microwave cavity at ambient temperature with a modulation Significance of difference was evaluated by students t-test.
frequency of 100 kHz, modulation amplitude of 2.5 G, A P\_/glue of 0.05 or less was considered to indicate statistical
microwave power of 20 mW. NO formation was measured Significance.
by spin trapping using the ferrous iron complex\afnethyl- RESULTS
D-glucamine dithiocarbamate (MGD), F&GD, which
forms a stable, water-soluble mononitrosyl adduct, (M&D) XO-Mediated NO Generation from NitratBlO is para-
Fet—NO, that exhibits a characteristic triplet EPR spectrum magnetic and binds with high affinity to the water-soluble
atg = 2.04 anday = 12.8. Solid ferrous ammonium sulfate  spin trap, F& —MGD, forming a mononitrosyl iron complex
and MGD (molar ratio 1:5) were added to the deoxygenated with characteristic triplet spectrum@t= 2.04 with hyperfine
(argon-purged) solution with a final concentration 2 mM in  splitting ay = 12.8. From the intensity of the observed
iron (12). spectrum, quantitative measurement of NO generation can
Chemiluminescence Measuremeriibe rate of the NO be performed(0, 11). This technique was applied to measure
production was measured using a Sievers 270B nitric oxide nitrate-mediated NO generation under anaerobic conditions.
analyzer interfaced through a DT2821 A to D board to a In the absence of nitrate, no signal was seen from mixtures
PC. In the analyzer, NO is reacted with ozone forming of XO (0.1 mg/mL) and its reducing substrate xanthine (0.1
excited-state N@ which emits light. Mixing of reagents and  mM) (Figure 1 A). In the absence of XO, nitrate (10 mM)
separation of NO from the reaction mixture were done at and xanthine (10&M) also did not give rise to any signal
controlled temperature in a glass-purging vessel equipped(Figure 1 B). Similarly, in the absence of the enzyme, no
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FiGure 2: Electrochemical measurement of NO generation from
) ) XO and nitrate. The time course of NO generation was measured
3380 3430 3480 using an electrochemical NO sensor under anaerobic conditions at

Magnetic Field (Gauss) 37°Cin PBS, pH 7.4, from 1.0 mM nitrate and XO (0.04 mg/mL)
FicuRe 1: EPR measurement of NO generation from XO and N the presence of (A) 2,3-dihydroxybenzaldehyde (0.5 mM), (B)
nitrate. Spectra are shown of the (MGBF&—NO adduct formed ~ Xanthine (5QuM), and (C) NADH (2.0 mM).
in solutions of 2 mM (MGD)—Fe*" complex in PBS buffer (pH . .
7.4) with (A) 0.1 mg/mL XO and 10@M xanthine, (B) 10 mM NO was purged from the solution with argon gas. It has been
nitrate and 10QM xanthine, (C) 10 mM nitrate, 0.1 mg/mL XO,  shown that rate of NO generation by XO-catalyzed nitrite

and 5 mM NADH, (D) 10 mM nitrate, 0.1 mg/mL XO, and 100  reduction follows classical MichaelisVienten kinetics 16).

#M xanthine, or (E) 10 mM nitrate, 0.1 mg/mL XO, and 0.5 MM |y contrast, XO-mediated NO generation rates from nitrate
2,3-dihydroxybenzaldehyde. Spectra-& were obtained after . ' functi f i ith th bstrates DBA
incubation fa 4 h at 37°C under anaerobic conditions, while D~ 'NC¢r€ase as a tunction ot ime wi € substrates
and E were after only 2 h. (Figure 3A), xanthine (Figure 3B), or NADH (Figure 3C).

In all cases, unusual self-accelerating behavior was observed.
signal was seen from nitrite and NADH or DBA (data not With DBA (0.5 mM), XO (0.04 mg/mL) triggered NO
shown). However, upon mixing of nitrate, XO and its generation that increased linearly as a function of time, and
reducing substrates NADH (5 mM) or xanthine (1001), the slope of NO generation rates increased as a function of
or DBA (0.5 mM), a large NO signal was seen (Figure nitrate concentration (Figure 3A). In the presence of:lD
1C,D,E). Thus, all of the typical types of XO reducing xanthine (Figure 3B) or 2.0 mM NADH (Figure 3C), linearly
substrates, including NADH, 2,3-dihydroxybenz-aldehyde increasing rates of NO generation were initially observed
(DBA), and xanthine, acted as electron donors for XO- following addition of XO, and the rate of NO generation
catalyzed nitrate reduction and triggered NO generation underalso increased as a function of nitrate concentration. Of note,
anaerobic conditions. We observed, however, that nitrate a much higher rate of XO-mediated NO generation was seen
reduction was much slower and required a much longer time with DBA or xanthine than with NADH.

(xanthine and DBA, 2 h; NADH, 4 h) to generate an Kinetics of XO-Catalyzed Nitrite Generation by Nitrate
observed NO signal than the previously characterized procesfReductionEarly studies have shown that XOR has the ability
of nitrite reduction {6). In addition, at least 10-fold higher  to catalyze the reduction of nitrate to nitrite under anaerobic
nitrate concentrations were required to produce an NO signalconditions 21—24). To investigate the mechanism of XOR
of comparable intensity to that formed by XO-catalyzed catalyzed nitrite generation from nitrate as well as its
nitrite reduction 16). substrate specificity and the role of nitrite production in the

To further confirm the existence of XO-catalyzed NO process of NO generation, the rate of nitrite formation derived
generation and avoid any possible perturbation caused byfrom XO catalyzed nitrate reduction was measured under
the spin trap, studies were performed using a specific anaerobic conditions. In the presence of 1.0 mM nitrate and
electrochemical NO sensor. Prior to the addition of XO, no reducing substrates DBA (0.5 mM), X (1), or NADH
detectable NO generation was seen from nitrate (1.0 mM) (2.0 mM), after addition of XO, 0.1 mL of the reaction
in the presence of DBA (0.5 mM), xanthine (%M), or mixture was sampled every minute, and its nitrite concentra-
NADH (2.0 mM). However, after addition of XO (0.04 mg/ tion was determined by NO analyzer with reduction of nitrite
mL), NO generation was triggered from DBA, xanthine, or to NO using 1% KI under acidic conditions. In these
NADH (Figure 2A—C). The magnitude and rate of NO experiments, a large amount of nitrite generation was
generation in the presence of DBA (Figure 2A) or xanthine triggered by DBA, xanthine, or NADH (Figure 4). The linear
(Figure 2B) was considerably higher than that with NADH increase in nitrite concentrations in the reaction mixture
(Figure 2C). Thus, both EPR spin trapping and NO electrode demonstrated that nitrite generation rates were almost
studies demonstrated that XO could generate NO in the constant, contrary to the linearly rising NO generation rates
presence of substrates that reduce the enzyme. observed in Figure 3.

The measurement of NO generation by electrochemical The rates of nitrite generation can be determined from the
method was used to determine the NO accumulation in theratio of nitrite concentration to reaction time. The concentra-
liquid phase. However, it is inevitable that some NO can tion dependences of nitrite production on reducing substrates
escape to the atmosphere during the experiment. To quanDBA or NADH were first determined in the presence of a
titate the rate of XO-mediated NO generation, further studies fixed nitrate concentration of 1.0 mM. DBA or NADH acted
were performed using a chemiluminescence NO analyzer.as electron donors to support XO-catalyzed nitrate reduction,
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FiGUre 4: Time course of nitrite production from XO-catalyzed
nitrate reduction. The reaction mixture was sampled 0.1 mL every
minute, and nitrite concentration was measured by NO analyzer
with nitrite reduction to NO using 1% KI under acidic conditions.
Measurements were performed in the presence of (A) 0.5 mM 2,3-
b dihydroxybenzaldehyde, 0.04 mg/ml XO, and 1 mM nitrate, (B)
10 uM xanthine, 0.04 mg/mL XO, and 1.0 mM nitrate, and (C)
2.0 mM NADH, 0.1 mg/mL XO, and 1.0 mM nitrate. The points
show the measured experimental values, and the line shows the
linear regression fit of the data points with correlation coefficient
y? > 0.95.
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C Inhibitive Effect of High Xanthine Lels on NO Genera-
tion. It has been reported that excess xanthinéqo «M)
31 can exert inhibition of XO catalytic function due to binding
b of xanthine to reduced forms of the enzyme generated in
the steady-state process of XO-catalyzed oxygen reduction.
This kind of substrate-bound reduced XO complex inhibits
intramolecular electron transport from the molybdenum

o
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11 center to FAD 27, 28). Our previous study also showed that

c at higher xanthine concentrations, partial inhibition of XO-

0 / catalyzed NO generation from nitrite reduction occurs,
0 50 100 150 200 250 300 suggesting the formation of a substrate-bound reduced

Time (seconds) enzyme _complex with xgnthme bIog:kmg the molybdenum
site. In view of the questions regarding the role and potency

FiGURE 3: Time course of NO generation from XO-catalyzed nitrate  of xanthine as a reducing substrate for the process of XO-

reduction. Measurements were performed using a Chem”um'nes'mediated nitrate reduction to nitrite, NO analyzer studies

cence NO analyzer under anaerobic conditions at@7n PBS, L S
pH 7.4. Time courses of NO generation were measured from the Were performed to detect XO-catalyzed nitrite generation in

following: (A) 0.5 mM 2,3-dihydroxybenz-aldehyde, and 0.04 mg/ the presence of 0-11.0 mM nitrate. Measuring the average
mkAXQt intthe(Bp)relsoenK/le of (33_1.0 m'c\jfl,o(%)405 f/n’\/ll_ f;\(fgi (C)t?]-25 rate of nitrite generation over five minutes, a process of
mM nitrate; uM xanthine and 0.04 mg/m in the fhalati e ; ; ;
presence of (a) 2.0 mM, (b) 1.0 mM, and (c) 0.5 mM nitrate; (C) Eianr:hlne Stlmutlatte_d I’lltl’lfte getrl:_eratl%n Wads S_ee_rf1_ n ,\[Nh'd]
2.0 mM NADH and 0.1 mg/mL XO in the presence of (a) 10.0 ''9N€r concentrations of xanthin€ showed significant con
mM, (b) 5.0 mM, and (c) 1.0 mM nitrate. centration-dependent inhibition of nitrite formation (Figure
6). Maximum rates of nitrite generation of 0.96, 0.19, 0.26,
and each of these reactions followed MichaelNgéenten 0.44, and 0.48 nmol$ mg™* were observed for 0.1, 0.2,
kinetics with correlation coefficient? >99% (Figure 5A,B). 0.4, 0.8, and 1.0 mM nitrate, respectively, at xanthine
For each reducing substrate, the apparent valués,a&nd concentrations ranging from 5 to 20M. With further
Vmax Were determined by fitting the data to the Michaelis  increase in xanthine levels, progressive inhibition was seen,
Menten equation, and the values for each reducing substrateconsistent with concentration-dependent inhibition (Figure
are shown inside each curve. For each of these reducing6). From fitting of the data in Figure &; was calculated to
substrates, the rate of XO-mediated nitrite formation was also be 80uM. These results suggest that a xanthine-reduced XO
determined as a function of nitrate concentration (Figure 5 complex is formed and inhibits XO-catalyzed nitrate reduc-
C, D). Again, typical MichaelisMenten kinetics were  tion by binding to reduced forms of the enzyme, in turn
observed (correlation coefficienf > 99%) as a function  blocking the binding of nitrate to the molybdenum site.
of nitrate concentration, and the apparéptandVmax values Effects of pH on XO-Catalyzed NO Generatidnder
are shown inside each curve. From this kinetic data, it is ischemic conditions, marked intracellular acidosis occurs, and
possible to predict the magnitude of XO-catalyzed nitrite pH values in tissues, such as the heart, can fall to levels of
formation as a function of nitrate and reducing substrate 6.0 or below {1). To assess the NO formation under different
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Ficure 5: Kinetics of XO-mediated nitrite generation as a function of reducing substrate or nitrate concentration. The initial rates of nitrite
production were measured from the slope of the graph of nitrite concentration versus time. Panel A shows the effect of 2,3-
dihydroxybenzaldehyde (DBA) on the rate of nitrite generation from 0.04 mg/mL XO and 1.0 mM nitrate. Panel B shows the effect of

NADH on the rate of nitrite generation from 0.04 mg/mL XO and 1 mM nitrate. Panel C shows the rate of nitrite generation by 0.04

mg/mL XO, 0.5 mM 2,3-dihydroxybenzaldehyde in the presence of 00D mM nitrate. Panel D shows the rate of nitrite generation by

0.1 mg/mL XO and 2.0 mM NADH in the presence of 830 mM nitrate. For each of these graphs, the corresponding fitting (solid lines),

Km andVnax data were obtained using the Michaelienten equation.

generation. As shown in Figure 7, for each of the substrates
xanthine, NADH, and 2,3-dihydroxybenzaldehyde, it was
observed that maximum XO-catalyzed nitrite and NO
generation occur at pH 5. When the pH was decreased to 4
or increased above 5, a prominent decrease in the rate of
nitrite and NO formation was observed.
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: ;:g m:: Determination of the Mechanism and Reaction Site of

0.2 4 Nitrite Reduction.The effects of site-specific inhibition of
0.4 mM XO were studied to investigate the reaction sites involved
0.1 0.2mM in the process of the XO-catalyzed nitrate reduction with
—%0.1 mM different reducing substrates. Oxypurinol binds to the
0.0 . r T T T molybdenum site of XO. It was observed that oxypurinol
0 20 40 60 80 100 inhibited XO-catalyzed nitrate reduction, regardless of the
Xanthine Concentration (uM) type of reducing substrate present. Near total inhibition of

FIGURE 6:  Inhibition of XO-mediated nitrite generation by high  Nitrite generation was seen in the presence of either xanthine
xanthine concentrations. Rates of nitrite generation as a function or NADH (Figure 8). Because oxypurinol inhibits substrate
of xanthine concentration were measured by chemiluminescencepinding at the molybdenum site of the enzyme, this suggests
NO analyzer with 0.1, 0.2, 0.4, 0.8, or 1.0 mM nitrate and 0.04 . P . -
mg/mL of XO. Maximum rate of NO generation was seen with that nitrate binds tq th? rgdgced molybdenum Slte.' DPI, which
low xanthine concentrations followed by progressive inhibition at acts at the FAD site, inhibited XO-dependent nitrate reduc-
high substrate levels. The points show the measured experimentation only when NADH was used as the reducing substrate,
values with SD bars, and the line shows the fit of the data to the and it did not inhibit nitrite generation when xanthine was
rate equation with competitive inhibition, eq 9. A good fit was ;5o (Figure 8). This suggests that NADH donated electrons
observed with correlation coefficiepf > 0.97.

to FAD, and then electrons are transported back to reduce
physiological or pathological conditions and to further the molybdenum that, in turn, reduces nitrate to nitrite. When
characterize the mechanism of XO-catalyzed nitrate reduc-xanthine or aldehydes are the electron donors, both XO
tion, experiments were performed to measure the effect of reduction (by xanthine or aldehydes) and oxidation (by
different pH values on the magnitude of nitrite and NO nitrate) take place at the molybdenum site, so that only
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Ficure 7: Effect of pH on nitrite and NO generation rate. Mean

rates of nitrite generation 5 min after incubation were determined . . . . .
by chemiluminescence NO analyzer as described in Figure 5.finsed to prevent foaming of blood in the tissue during the
Measurements in panel A were performed with 1.0 mM nitrate, purging and to minimize the intrinsic nitrite/nitrate. NO

0.04 mg/mL of XO in the presence of 0.5 mM 2,3-dihydroxyben- production from *N-nitrate in anoxic heart tissue was

zaldehyde. Panel B shows the data for 1.0 mM nitrate, 0.04 mg/ . e
mL XO in the presence of 10M xanthine, while panel C shows ~measured by EPR spectroscopNO gives a characteristic

that for 1.0 mM nitrate, 0.04 mg/mL XO in the presence of 2.0 doublet!>NO—Fe**—MGD spectrum, rather than the triplet
mM NADH. observed with natural abundant®lO, enabling direct and
selective detection of nitrate-derived NO formation. In the
absence of added nitrate, no significant signal was seen from

XO-Mediated NO Generation from Nitrate in Heart Tissue. N€art tissue (Figure 9 A). However, upon addition®t—
To determine if nitrate can be reduced to form NO in hypoxic Nitrate, a large NO signal was seen (Figure 9 B). With
tissues and to ascertain the role of XO in this process, studiesddition of the XO inhibitor oxypurinol, theNO—Fe-MGD
were performed in which heart tissue was subjected to signal was quenched (Figure 9 C), while with the NOS-
hypoxia in the presence of isotopically labeled nitrate. Rat inhibitor N“-nitro-L-arginine, no inhibition was seen (Figure
heart tissue was isolated and cut into pieced( mg) 9 D). Thus, XO-mediated nitrate reduction is a prominent
suspended in HBSS and purged with argon. The tissue wassource of NO in the hypoxic tissue.

oxypurinol could inhibit XO-dependent nitrite formation-
(16).
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DISCUSSION =
(=}

In addition to the formation of NO from specific NOS ,_525 | A
enzymes, it is clear that nitrate and nitrite derived from either o
NO metabolism or dietary sources can be an important source g 20 -
of NO formation, particularly under conditions of limited 2
tissue perfusion and resulting acidosis. XO-catalyzed reduc- 815 4
tion of nitrite to NO has been recently reported, and the &
magnitude and kinetics of this XO-mediated nitrite reduction 510 1
has been determined. Under conditions occurring during no- %
flow ischemia, myocardial XO and nitrite levels were found £ 51
to be sufficient to generate NO levels comparable to those e B
produced from NO synthasé&®). However, nitrite concen- g 0

trations in plasma and urine are usually only a small fraction 0 1200 2400 3600 4800 6000 7200
(<5%) of the nitrate concentrations, and nitrite is unstable :
with rapid oxidation to nitrate in blood2@). XO-mediated Time (seconds)
nitrite generation from nitrate was first recognized in 1924 Ficure 10: Two-hour time course of NO generation from XO-
and was stuied in carly reporle 24, Recenty, Wilar  <hSNies e (Setr eauenenss s eres song 2
et[ al. reporteq m,easu”ng NO generation by XO-mediated °Cin PBS, pH 7.4. Time cour)s/es of NO generation were measured
nitrate reduction in the presence of NADE4). However,  from (A) 5.0 mM NADH and 10.0 mM nitrate in the presence of
guestions remain about the mechanism, substrate specificity0.1 mg/mL XO and (B) 5.0 mM NADH and 10.0 mM nitrate.
and the relationship of nitrite and NO generation in the
process of nitrate reduction, as well as the magnitude andof nitrite is much faster than its consumption caused by
quantitative importance of this process in biological systems. production of NO, and thus we observe a prolonged period
Therefore, we performed a series of studies using EPRof nitrite accumulation, which in turn causes gradual ac-
spectroscopy, chemiluminescence NO analyzer, and NOceleration of NO generation.
electrode techniques to measure the magnitude and kinetics Although xanthine was an efficient reducing substrate of
of nitrite and NO formation that arises from XO-mediated XO-catalyzed nitrite reduction, excessive xanthine exerted
nitrate reduction. inhibition of NO production. Furthermore, we also observed
Data obtained using each of these three methods confirmedhat the presence of excess NADHL0 mM) or DBA (>2
that XO does reduce nitrate to NO under anaerobic condi- mM) had no inhibitory effect on XO-catalyzed NO genera-
tions. It was observed that each of the typical reducing tion. Our results further prove that excessive xanthine acts
substrates xanthine, DBA, and NADH could act as electron to inhibit XO by binding to the molybdenum site of the
donors to support this XO-mediated nitrite reduction (Figures reduced enzyme, as reported previousB, (28), thus
1-3). The results of these studies, along with the inhibition blocking the binding of nitrate as well as nitrite at this
seen with oxypurinol, suggested that reduced XO was the enzyme site.
direct electron donor to nitrate, with nitrate binding and It has been reported that purine and aldehyde substrate
reduction occurring at the molybdenum site. Whereas the hydroxylation takes place via a base-catalyzed mechanism
flavin modifier, DPI, inhibited NADH-stimulated nitrite  and that these substrates must be deprotonated for hydroxy-
generation, nitrite generation stimulated by xanthine or DBA lation (15). The rate of XO reduction by purine and aldehyde
was unaffected. Thus, while xanthine or DBA directly greatly increases when the pH value is increased from 6.0
reduces the molybdenum center, NADH initially reduces the to 8.0, and this increased rate of XO reduction would be
flavin, which subsequently transfers electrons to the molyb- expected to increase the rate of nitrate reduction. However,

denum. our experiments showed that acidic conditions promote XO-
It was previously reported that the rates of NO generation catalyzed nitrate reduction to nitrite and nitrite to NO. Both
from reduction of nitrate followed MichaetisMenten kinet-  rates of nitrite and NO generation increased, as the pH was

ics, giving apparenKy, and Vimax values of 0.29 mM and  decreased from 8.0 to 5.0. This suggests that nitrate reduction
0.97 nmol mim® mg-* (14). However, in our studies with  likely takes place via an acid-catalyzed mechanism. Indeed,
NADH as substrate, we clearly observed that NO generationwe have reported that XO-mediated nitrite reduction also
rates increased linearly for as long 2 h until limited by ~ takes place via an acid-catalyzed mechanism, presumably
the consumption of the nitrate or reducing substrates (Figuredue to nitrite protonatiori). However, XO-mediated nitrate
10). Meanwhile nitrite generation rates quickly reached a reduction also takes place via an acid-catalyzed mechanism
steady state, and nitrite production followed classic Michae- despite the fact that NO is a strong acid that would not be

lis—Menten kinetics with &, value of 6.6 mM and/yax Of significantly protonated by changing pH over the range from
0.23 nmol s mg 1 in the presence of 2 mM NADH, while 8 to 5.0. This suggests that the protonation of a specific site
a Ky, value of 8.6 mM andVyax of 4.5 nmol s mg™ was of the enzyme may be responsible for facilitating the process

measured in the presence of 0.5 mM DBA (Figures 4 and of nitrate and nitrite reduction.

5). Our data suggested that in the process of XO-mediated From the studies performed, it is clear that XO can catalyze
nitrate reduction there are two consecutive steps: first, thethe process of nitrite and NO generation from nitrate under
reduction of nitrate to nitrite, and second, further reduction anaerobic or markedly hypoxic conditions similar to those
of nitrite to NO. In systems with high initial nitrate  occurring in ischemic tissues. The key questions are the
concentration and much lower levels of nitrite, production following: what is the magnitude of this process; and are
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the levels of nitrite and NO produced likely to have dependent nitrite generation rates are precisely fit by eq 7
functional significance? To address these critical questions, (correlation coefficieny? > 99%). Under conditions where

a kinetic model can be constructed that enables predictionthe accumulated nitrite concentratianM) is far below its

of the magnitude of XO-catalyzed nitrite and NO formation K, (2—3 mM) for XO, the rate of NO generation from XO
and understanding the quantitative importance of this mech-mediated nitrite reduction linearly increases with the linear
anism of nitrite and NO generation in biological systems. increase in nitrite concentration (Figure 3.) This confirms
On the basis of typical MichaelisMenten kinetics of XO that in the process of XO mediated nitrate reduction there
catalyzed nitrite generation from nitrate reduction and NO are two consecutive steps: first, the reduction of nitrate to
generation from nitrite reduction, the following equations nitrite; and second, further reduction of nitrite to NO.
would define the steps in the reaction mechanism: To consider the inhibitory effect of xanthine on nitrite

« « generation, another equation must be considered

1 2
E T+ SK-——‘_1 ExS—Et+P (2) K
Ereat X Ko EredX (8)

red

K,
,ed-Nitrate—A‘ E,x T Nitrite (2)

K3
E,.q+ Nitrates—E . L
red trate K-g Despite the effect of nitrite in the system, the total enzyme

< concentration [g can be simplified as follows:
‘Nitrite — E' .,+ NO  (3)

red

K
Erea+ Nitrite <72 E = [Eq] + [0Sl + [Ered + [EeNitrate] + [E o]

Ks 9)
:Nitrite — E,, + NO  (4) . .
The rate of nitrite generation can be expressed as follows:

red

T H H K7 ]
E' g T Nitrite ran E

where Ey is the fully oxidized enzyme, & is the two- Vi
electron reduced enzyme, and.kis the one-electron Vino, 1 = (20)
reduced enzyme. S refers to the reducing substrates of XO, ? 1+ k/IX] + [XV/k

such as xanthine, and P is the corresponding product. It

should be noted that for each xanthine oxidized, one molecule Where
of nitrate could be reduced to nitrite, or two molecules of _
nitrite could be reduced to NO. The total enzyme concentra- _ [EdINO; ]
tion, [E], can be defined as follows: mxkat+ka (101 N
- Ta—+&+ﬂm%1
=[Eod T [ExsS] + [Efed T [Eogitrate] + 34 2 Ky
[Ecnitrite] + [E' o + [E' o itrite] (5) k., + kz[ |
NO;
At the beginning of the incubation, nitrite concentration k = kiks ®
is zero; therefore, eqs 3 and 4 can be ignored and eq 5 can ks +Kk, 1 1 N
be simplified to yield eq 6: kT (g + k—)[N03 ]
3™ 2 4,
= [Eod + [Eq,S] + [Ered + [Erenitrate]  (6) K.tk
3 4 1 1 _
From egs 1, 2, and 6, the rate of nitrite generation during _ "™ 2 &4
the beginning of the incubation can be derived, and this can K (k_g + kpkg
be expressed in the form of the Michaeliglenten equation KKk
-9
_ KalElIS) | bserved th broad f physiological
INO,] —m (7 t was observed that over a broad range of physiologica
m nitrate concentrations from 0.1 to 1 mM, eq 10 provided a

good fit to the experimental data measuring the rate of nitrite
generation from XO in the presence of xanthine (Figure 6).
With a few exceptions, such as pepsin and alkaline

where terms are defined as follows:

= (NG, | hosph li i [
Koge = phosphatase, most mammalian enzymes are active only at
k gtk 1 pH values in the range-50. Studies of the pH dependence
ko, + (k2 4)[NO ] of XO-catalyzed nitrate generation showed that both nitrate
reduction to nitrite and further nitrite reduction to NO took
ko, +k place via an acid-catalyzed mechanism. In our previous study
ik, — 1 INO; ] of pH effects on XO-catalyzed NO generation by nitrite

reduction, we suggested that protonated nitrite (HN@ight
)[NO g directly bind to reduced XO. However, nitrate is not readily
k, protonated upon decreasing the pH decrease from pH 8 to
pH 5. Therefore, protonation of a functional group of XO
As can be seen in Figure 4, under conditions with high initial under acidic conditions may be the cause of the increased
nitrate concentration and reducing substrates, the nitrite activity of nitrate and nitrite reduction seen with lowering
generation quickly reaches a steady state, and substrateef the pH to 5, while the loss of activity at lower pH values

K = K,tk 1,
k3k4 +(
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is likely due to denaturation of the enzyme that would occur K., measured for nitrate was in the range ef%mM, with
under strongly acidic conditions. NADH or DBA as substrates whereas typical tissue levels
It has been previously demonstrated that the activity of of nitrate are +2 orders of magnitude below this value.
XO in the postischemic rat heart is 16.8 millunits/g of protein Similarly for nitrite, high Ky, values of about 2 mM have
(30), which corresponds to 0.013 mg of XO/g of protein or been measured.§). A number of factors that increase tissue
~3.4 uglg of cell water. The total XO and xanthine nitrate or/and nitrite levels, such as inflammatory conditions
dehydrogenase (XDH) activity, however, is 10-fold above with prior activation of constitutive or inducible NOS, dietary
this value, and it has been reported that when the enzyme issources, pharmacological sources, or bacterial sources, could
treated with dithioerythritol, conversion from the oxidase to all modulate this pathway of NO generation. This pathway
the dehydrogenase form occurs and is accompanied by aralso requires a reducing substrate, such as NADH or
increase in nitrate reductase activiBd). Nitrate concentra-  xanthine. If particularly high levels of xanthine accumulate,
tion in blood or tissues is highly variable with 2000 uM however, this pathway would be inhibited and this may serve
levels observed under normal physiological conditions and a regulatory function to prevent overproduction of NO. Thus,
is markedly increased reaching 40800 uM levels under XOR can be an important source of NOS-independent NO
pathological conditions 31). After treatment with NO- generation. Under anaerobic conditions, XO reduces nitrate
donating vasodilator drugs, nitrate levels can be further to nitrite and nitrite to NO at the molybdenum site of the
elevated reaching mM valueg5). In the ischemic heart, enzyme; with xanthine, NADH, or aldehyde substrates
xanthine levels rise from near zero to values on the order of serving to provide the requisite reducing equivalents. The
10—100 uM and nitrate levels up te-100—-500 uM (30, substrate-dependent rate relationship for anaerobic nitrate
31). At normal pH values of 7.4, the rate of XO-catalyzed reduction by XO was determined. This XO-mediated nitrate
nitrate reduction to nitrite would be as much as 1 nM/s. reduction to nitrite and NO could be a particularly important
During myocardial ischemia, marked acidosis occurs with source of NO production under anoxic conditions where the

intracellular pH rapidly falling to less than 6.0 within 10
min following the onset of global ischemid@, 32. When

function of NOS is impaired.

pH decreases to 6.0, the rate of XO-catalyzed nitrate REFERENCES
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