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Recent studies have shown that nitrite is an important storage
form and source of NO in biological systems. Controversy
remains, however, regarding whether NO formation from
nitrite occurs primarily in tissues or in blood. Questions also
remain regarding the mechanism, magnitude, and contribu-
tions of several alternative pathways of nitrite-dependent NO
generation in biological systems. To characterize the mecha-
nism and magnitude of NO generation from nitrite, electron
paramagnetic resonance spectroscopy, chemiluminescence NO
analyzer, and immunoassays of cGMP formation were per-
formed. The addition of nitrite triggered a large amount of NO
generation in tissues such as heart and liver, but only trace NO
production in blood. Carbon monoxide increased NO release
from blood, suggesting that hemoglobin acts to scavenge NO
not to generate it. Administration of the xanthine oxidase (XO)
inhibitor oxypurinol or aldehyde oxidase (AO) inhibitor ralox-
ifene significantly decreased NO generation from nitrite in
heart or liver. NO formation rates increased dramatically with
decreasing pH or with decreased oxygen tension. Isolated
enzyme studies further confirm that XO and AO, but not hemo-
globin, are critical nitrite reductases. Overall, NO generation
from nitrite mainly occurs in tissues not in the blood, with XO
and AO playing critical roles in nitrite reduction, and this proc-
ess is regulated by pH, oxygen tension, nitrite, and reducing sub-
strate concentrations.

Nitric oxide is a free radical produced in biological tissues
that exerts a large number of critical regulatory functions and
also plays an important role in the pathogenesis of cellular
injury (1). In addition to NO generation from specific NO syn-
thases (NOSs),? it is now clear that nitrite can also be an impor-
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tant source of NO, particularly under acidic conditions (2).
However, the mechanism of nitrite reduction in biological sys-
tems remains highly controversial. Furthermore, it is unknown
whether NO formation from nitrite occurs primarily in tissues
or in blood. Questions remain regarding the mechanism, mag-
nitude, and contributions of the several proposed pathways of
nitrite-dependent NO generation in biological systems.

Recent studies reported a novel role for hemoglobin as a
nitrite reductase reducing nitrite to NO and eliciting vasodila-
tion. Based on these studies, erythrocytes were proposed to be
the major intravascular site of nitrite reduction and storage
(3—8). However, it is well known that hemoglobin is an
extremely effective NO scavenger (9, 10). The mechanism by
which NO escapes trapping by the high concentrations of
hemoglobin in the blood remains a mystery with resultant con-
troversy regarding the relative importance of nitrite reduction
in blood and tissues. Therefore there is a great need to elucidate
the relative importance and molecular mechanisms of NO for-
mation from nitrite in blood and tissues.

Initially nitrite was considered as a product of NO metabo-
lism, not a source of NO, in tissues. In 1995, we observed that
nitrite can be a prominent source of NO in biological tissues
under conditions of intracellular acidosis, as occur following
the onset of ischemia with a lack of tissue perfusion (2). Several
alternative pathways of nitrite-dependent NO generation have
been observed occurring in biological systems. NO formation
can occur by the simple process of nitrite disproportionation (2,
11-14). Several enzymatic systems have been reported to be
involved in nitrite reduction with NO generation in biological
systems. Xanthine oxidase (XO) has a similar structure to bac-
terial nitrite reductase (15). XO reduces nitrite to NO at the
molybdenum site of the enzyme with xanthine, NADH, or alde-
hyde substrates serving to provide the requisite reducing equiv-
alents (16—20). This NOS-independent NO production could
serve as a source of NO under ischemic conditions where NO
production from NOS is significantly impaired (17-19). Alde-
hyde oxidase (AO) is a cytosolic enzyme that plays an important
role in the biotransformation of drugs and xenobiotics (21). The
amino acid sequences of AO and XO are remarkably similar,
with ~86% homology, and they belong to the same family of
molybdenum-containing proteins with two iron-sulfur clus-
ters, a flavin cofactor, and a molybdopterin cofactor (22, 23).

p-glucamine dithiocarbamate; EPR, electron paramagnetic resonance;
PBS, phosphate-buffered saline.
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However, no prior research has been done to investigate
whether AO has the similar ability to catalyze nitrite reduction
to NO. Furthermore, the mechanism, magnitude, and quanti-
tative importance of AO-mediated nitrite reduction in biolog-
ical systems has not been studied. In addition to the molybde-
num enzymes XO and AO, ubiquinone/cytochrome bcl
complex of the mitochondrial electron chain also has been
identified as a site where nitrite is reduced (24, 25). Nitrite can
also accept electrons from cytochrome P-450 (CP) of liver
microsomes (26, 27). In the presence of excessive nitrite, signif-
icant NO generation from CP was detected, suggesting that
CP-mediated nitrite reduction can be a source of NO (28). It is
now certain that there are multiple pathways of NO generation
from nitrite in biological systems, but questions remain con-
cerning the localization, magnitude, mechanism, and biological
significance of these NOS-independent sources of NO under
physiological or pathological conditions.

To characterize the mechanism and magnitude of NO gen-
eration from nitrite in tissues and blood, electron paramagnetic
resonance (EPR) spectroscopy, chemiluminescence NO ana-
lyzer, NO electrode, and immunoassays of cGMP formation
were performed. These studies demonstrate that NO is gener-
ated largely from nitrite reduction in tissues not in the blood.
Hemoglobin in red cells is observed to function as a trap rather
than a functional source of NO. The molybdenum enzymes XO
and AO are shown to be important sources of nitrite-derived
NO in tissues with this nitrite-dependent NO generation regu-
lated by pH, oxygen tension, nitrite, and reducing substrate
concentrations.

EXPERIMENTAL PROCEDURES

Materials—XO, NADH, sodium nitrite, bovine hemoglobin,
oxypurinol, dithiothreitol, raloxifene chloride, clotrimazole,
rotenone, antifoam, and N°-methyl-L-arginine were obtained
from Sigma-Aldrich. Soluble guanylyl cyclase (sGC) was
obtained from Alexis Biochemical Corporation (San Diego,
CA). Direct cGMP assay kit was obtained from Assay Designs,
Inc. (Ann Arbor, MI), and cGMP production was quantified by
immunoassay according to the protocol provided by the com-
pany. N-Methyl-D-glucamine dithiocarbamate (MGD) was
synthesized using carbon disulfide and N-methyl-p-glucamine
(29, 30). Ferrous ammonium sulfate was purchased from
Aldrich (99.997%). [*°N]Nitrite was obtained from Cambridge
Isotope Laboratories, Inc. Dulbecco’s phosphate-buffered
saline (PBS) was obtained from Invitrogen. Millipore ultra free
centrifugal filter (nominal molecular weight limit, 10,000) was
obtained from Fisher.

Rat Tissues and Blood Preparation—Male Sprague-Dawley
rats (250-300 g) were heparinized with 500 units of heparin
and anesthetized with intraperitoneal pentobarbital at a dose of
30-35 mg/kg. Rat blood was obtained from the abdominal
aorta using a 10-ml syringe containing 0.1 ml of heparin. The
livers, hearts, and aorta rings were excised and washed with PBS
to remove any residual blood and then minced into small pieces
(~0.01 g/piece). This minced tissue was then rinsed again with
PBS to assure wash out of any remaining RBCs. The reaction
mixture was placed in a purging vessel with 50 ul of antifoam to
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prevent foaming during the gentle purging and maintained at
37 °C.

Hemoglobin Preparation—Oxyhemoglobin was obtained
from hemoglobin (2 mm) with the addition of excess sodium
dithionate, followed by separation on a Sephadex G-25 column
(31). Deoxyhemoglobin was obtained from oxyhemoglobin
with the purging of argon.

EPR Spectroscopy—EPR measurements were performed
using a Bruker EMX spectrometer with an HS resonator oper-
ating at X-band. The measurements were performed at ambi-
ent temperature with a modulation frequency of 100 kHz, mod-
ulation amplitude of 2.5 G, and microwave power of 20
milliwatt. ">NO generated from the reaction solution was
purged out using argon to a vessel that contained 5 ml of the
Fe®>"-MGD spin trap solution, as previously described (19).
This set-up was designed to isolate the reaction solution from
the spin trap and thus avoid any possible perturbation caused
by Fe**-MGD complexes on the reaction system. Fe**-MGD
complexes were prepared by adding solid ferrous ammonium
sulfate and MGD (molar ratio, 1:5) to the deoxygenated (argon-
purged) solution with a final concentration of 2 mm in iron.
Quantitation of NO formation and trapping were performed by
double integration of observed EPR signal in comparison with
that from a similar aqueous NO-iron-MGD standard (19).

Chemiluminescence Measurements—The rate of the NO
production was measured using a Sievers 270B nitric oxide ana-
lyzer interfaced through a DT2821 A to D board to a PC. In the
analyzer, NO is reacted with ozone forming excited state NO,,
which emits light. Mixing of reagents and separation of NO
from the reaction mixture were done at controlled temperature
in a glass purging vessel equipped with heating jacket. The
release of NO was quantified by analysis of the digitally
recorded signal from the photomultiplier tube using specially
designed data acquisition and analysis software developed in
our laboratory. After an initial 30 s of equilibration of the flow
from the purging vessel to the detector, the signal provides the
rate of NO formation over time (32). Calibration of the magni-
tude of NO production was determined from the integral of the
signal over time compared with that from nitrite concentration
standards (14, 18).

Compared with measurements performed in argon, the
efficiency of NO measurement in air or 10, 5, or 2% oxygen/
nitrogen, was 91.9, 92.5, 96.3, or 98.6%, respectively, The
results showed that the chemiluminescence linearly
increased with NO generation when purging with any of
these gas mixtures (y* > 99%) (19).

Purification of AO from Rat Liver—Liver AO was purified as
we recently reported (33). AO activity was determined by the
oxidation of AO substrate; one unit of enzyme activity was
defined as the amount of enzyme required to oxidize 1 wmol of
substrate 4-(dimethylamino) cinnamaldehyde/min at 30°C
(33).

Immunoassay of Guanylyl Cyclase Activity—Activation of
soluble sGC was investigated by employing enzyme-linked
immunoassay. After incubation of tissues pieces (0.2 g/ml) with
10 M nitrite and with 1 ml of reaction buffer (10 ng of sGC, 5
mMm EDTA, 2 mm MgCl,, and 1 mm GTP in 1 ml of PBS) at 37 °C
under anaerobic conditions, the tissues in the samples were
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removed using Millipore filter (centrifuged 2000 X g, 10 min, at
4. °C). Comparative study in blood instead of tissues was per-
formed by incubation of nitrite (10 um) with 10 ng of sGC, 2 mm
MgCl,, and 1 mm GTP in 1 ml of blood. The measurements of
c¢GMP in the solution were performed using direct cGMP assay
kit by immunoassay according to the manufacturer’s product
protocol. The standard curve was obtained with known
amounts of cGMP.

Statistical Analysis—The values are expressed as the means
of at least three repeated measurements and reported = S.D.,
unless noted otherwise. The statistical significance of differ-
ence was evaluated by Student’s ¢ test. A p value of 0.05 or less
was considered to indicate statistical significance.

RESULTS

NO Generation from Tissues, Blood, and Hemoglobin—To
investigate the mechanism and magnitude of NO generation
from nitrite in tissues and blood, EPR spectroscopy was applied
to directly measure NO generation under anaerobic conditions.
Rat tissue or blood was subjected to hypoxia in the presence of
isotopically labeled nitrite. Rat tissue (liver, heart, or vessels)
was isolated and cut into pieces (~0.01 g) suspended in PBS and
purged with argon. NO production from [**N]nitrite in anoxic
tissue or blood was measured by EPR spectroscopy. **>NO gen-
erated was purged from the reaction vessel using argon to a
secondary vessel containing the spin trap Fe*"-MGD. '*NO is
paramagnetic and binds with high affinity to the water-soluble
spin trap Fe**-MGD forming the mononitrosyl iron complex
that exhibits a characteristic doublet **NO-Fe**-MGD spec-
trum, rather than the triplet observed with natural abundance
NO, enabling direct and selective detection of nitrite-derived
NO formation. From the intensity of the observed spectrum,
quantitative measurement of NO generation can be performed
(2, 34, 35).

With 5 ml of rat blood in the reaction vessel, without the
addition of nitrite, no NO generation was detected (Fig. 14).
Following the addition of 100 uM nitrite, still no signal was seen.
Even with addition of 500 uMm nitrite, only a trace NO signal
appeared after 30 min (Fig. 1B). After gently purging the blood
with CO gas for 2 min, followed by the addition of nitrite (500
uM), the trapped NO signal was more than 2-fold higher than
that without prepurging of CO (Fig. 1C). This experiment indi-
cated that with binding of CO to hemoglobin, which blocks its
heme group, significantly increased NO release was detected
from blood. In contrast to the very low level of NO production
in blood, high level production was seen from the tissues stud-
ied. When 1 g of minced aortic ring, heart, or liver was sus-
pended in 5 ml of PBS (pH 7.0), the addition of nitrite (100 um)
triggered marked NO generation over 30 min (Fig. 1, D-F).
Over 30 min, the NO generation was greater in liver (211 = 34
nM), heart (132 = 21 nm), or aorta (82 = 11 nm) than in blood
(5 = 1 nmwithout CO, or 15 * 2 nm in the presence of CO, both
with 5-fold higher nitrite levels than in the tissue studies).

To further quantitate the rates of NO generation from
nitrite, studies were performed using a chemiluminescence NO
analyzer. NO was purged from the solution by argon and then
reacted with ozone in the analyzer to form excited state NO,,
which emits light. For the purging vessel and flows used, it takes
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FIGURE 1. EPR measurement of NO generated from nitrite under anaero-
bic conditions. A, ['°N]nitrite (500 um). B, blood (5 ml) and ['°N]nitrite (500
um). C, blood (5 ml) pretreated with CO and ['°N]nitrite (500 um). D, aorta ring
(1 g of tissue), and ['*N]nitrite (100 um) in 5 ml of PBS, pH 7.0, at 37 °C. E, heart
(1 g oftissue) and ['°N]nitrite (100 um) in 5 ml of PBS, pH 7.0, at 37 °C. F, liver (1
g of tissue) and nitrite (100 um) in 5 ml of PBS, pH 7.0, at 37 °C. The reactions
were performed in the reaction vessel with NO continuously purged using
argon from the reaction vessel into a trap vessel containing 5 ml of 2 mm
(MGD),-Fe*". The samples were taken from the trap vessel after 30 min, and
the spectra of the (MGD),-Fe?"-">NO adducts formed are shown.

3405 3505

about 30 s for NO to reach the detector. Only after this 30-s
delay is the signal recorded by the detector proportional to the
rate of NO generation in the reaction chamber. This method
provides direct measurement of the rate of NO generation as a
function of time. With the addition of nitrite (100 um), promi-
nent NO formation was seen from 1 g of minced liver, heart, or
aortic ring in 5 ml of PBS (pH 7.0) (Fig. 24, traces a—c). How-
ever, in the presence of 5 ml of blood, with the addition of 100
UM nitrite, no significant NO generation was seen. With a
5-fold higher nitrite concentration (500 um) added to 5 ml of
blood under anaerobic conditions, still only trace amount of
NO generation was seen (Fig. 2B, trace b). Further studies were
performed using blood (5 ml) pretreated with carbon monox-
ide. After gentle purging with CO gas for 2 min, the addition of
nitrite (500 uMm) triggered greatly increased NO release from the
blood (Fig. 2B, trace a).
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FIGURE 2. Measurement of the rate of NO generation from nitrite in liver, heart, aorta, and blood, under
anaerobic conditions. A, measurements were performed using a chemiluminescence NO analyzer under
anaerobic conditions at 37 °Cin 5 ml of PBS, pH 7.0. Trace a shows the rate of NO generation by liver (1 g of
tissue), and nitrite (100 wm). Trace b shows the rate of NO generation by heart (1 g of tissue) and nitrite (100 m).
Trace c shows the rate of NO generation by aorta (1 g of tissue) and nitrite (100 um). Trace d shows the rate of NO
generation by 5 ml of blood and nitrite (100 um). B, trace a shows the rate of NO generation from 5 ml of blood
pretreated with CO (purging with CO gas for 2 min), in the presence of nitrite (500 um). Trace b shows the rate
of NO generation from 5 ml of blood and nitrite (500 um).
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FIGURE 3. Hemoglobin reaction with nitrite. A shows the electron paramagnetic resonance spectrum of
nitrosylhemoglobin formed from nitrite-mediated hemoglobin oxidation under anaerobic conditions. 200 um
deoxyHb and 200 um nitrite were mixed under anaerobic conditions for 15 min and frozen in liquid nitrogen.
EPR measurements were performed using a Bruker EMX spectrometer with HS resonator operating at X-band.
The spectrum was recorded at 77 Kwith a microwave frequency of 9.165 GHz using 20 mw of microwave power
and modulation amplitude of 3.98 G. B shows the rates of NO generation from a hemoglobin (200 um) reaction
with 200 uMm nitrite (trace a) or 10 mm nitrite (trace b) measured by chemiluminescence NO analyzer under

moglobin (200 um) and nitrite (200
uM) were mixed under anaerobic
conditions for 15 min and then fro-
zen in liquid nitrogen. The forma-
tion of nitrosylhemoglobin was
observed by EPR spectroscopy at
77 K (Fig. 3). However, with purging
no NO release was detected by EPR
spin trapping, or chemilumines-
cence NO analyzer, under either
anaerobic conditions or different
oxygen tensions (purging with
argon, air, or 2, 5, or 10% oxygen;
data not shown). Similarly with NO
electrode (17), no NO release was
detected from deoxyhemoglobin
(200 um) and nitrite (200 uMm). Even
with higher nitrite concentrations
of 1 mM, no significant NO release
was detected. Only with the pres-
ence of large excess amounts of
nitrite (10 mM) was NO release
observed from hemoglobin (200
uMm) (Fig. 3B, trace b). In contrast to
reports that deoxyhemoglobin can
reduce nitrite to NO and that eryth-
rocytes are the major source of
nitrite reduction in blood (3—8), we
observed no release of NO from
blood unless there was a large excess
of nitrite.

Kinetics of Nitrite-dependent NO
Generation—To further character-
ize the mechanism and magnitude
of nitrite-dependent NO formation,

anaerobic conditions as described in the legend to Fig. 2.
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FIGURE 4. Kinetics of NO generation as a function of nitrite concentration in
liver, heart, and blood. The maximum rates of nitrite production were meas-
ured by chemiluminescence NO analyzer under anaerobic conditions as
described in the legend to Fig. 2. A shows the nitrite concentration dependence
of the rate of NO generation over a large concentration range from liver (linea, 19
of tissue) or heart (line b, 1 g of tissue) in 5 ml of PBS or from 5 ml of blood (line c),
all at 37 °C. B shows an expanded graph for the lower concentration range of
physiological or pathophysiological levels of nitrite (0.01-0.1 mm). For liver (line a)
and heart (line b), linear dependence of NO generation rate versus nitrite concen-
tration was observed, with linear regression y* > 0.99.

To further characterize hemoglobin-mediated nitrite reduc-

tion and quantitate NO release in this process, low temperature
EPR studies of isolated hemoglobin were performed. Deoxyhe-
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kinetic studies of the effects of
nitrite concentration on the magni-
tude of NO generation were performed. The rate of NO forma-
tion derived from nitrite reduction was measured under anaer-
obic conditions using the NO analyzer. Following the addition
of nitrite (0.01 mm-4 mm), prominent generation of NO was
detected from 1 g of minced liver (Fig. 4, A, line a, and B, line a)
or heart (Fig. 4, A, line b, and B, line b) in 5 ml of PBS (pH 7.0).
The rate of NO formation increased linearly with the increase
in nitrite concentration at physiological or pathophysiological
levels (10 uM—100 um). In contrast to this, the NO generation
measured in blood was over 50-fold lower (Fig. 44, line c).
Effects of Oxygen on NO Generation from Nitrite—In mam-
malian organs under normoxic conditions, the O, concentra-
tion ranges from 10 to <0.5%, with values of ~14% in arterial
blood and <4% in the myocardium (36). During mild hypoxia,
myocardial O, levels drop to ~1-2% or lower (13, 37, 38). To
determine whether nitrite can be reduced to form NO in tissues
and to ascertain the effects of oxygen tension in this process,
NO chemiluminescence studies were performed. NO forma-
tion from rat liver, heart, and blood was measured with contin-
uous purging of air or 10, 5, or 2% oxygen, corresponding to
oxygen concentrations in solution at 37 °C of 214, 102, 51, and
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FIGURE 5. NO generation from nitrite in tissues or blood at different oxy-
gen tensions. A shows the NO formation rates from liver (1 g of tissue) with
nitrite (100 um) and N®-methyl-L-arginine (5 mm) in 5 ml of PBS. B shows the
NO formation rates from heart (1 g of tissue) with nitrite (100 um) and N®-
methyl-L-arginine (5 mm) in 5 ml of PBS. C shows the NO formation rates from
5 ml of blood with nitrite (500 um) and N®-methyl-L-arginine (5 mm). The
oxygen concentrations of 214, 102, 51, 20, and 0 um, respectively, were
achieved with purging of the sample solution at 37 °C with 21, 10, 5, or 2%
oxygen or argon.

20 uM, respectively. The NOS inhibitor N®-methyl-L-arginine
(5 mm) was added to prevent any possible NO generation from
L-arginine. It was observed that the rate of NO generation
decreased with the increase of pO, either in the liver (Fig. 54),
heart (Fig. 5B), or blood (Fig. 5C). Again, NO generation from
blood was much less than that produced in tissues even in the
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TABLE 1

Effect of pH on NO generation from nitrite reduction

NO generation rate
pH 6.0 pH7.0

pH5.0 pH 8.0

nms 14

Liver + nitrite (20 uM) 2.71 = 0.21 1.60 = 0.19 0.14 = 0.02 0.08 * 0.01
Heart + Nitrite (20 uM) 2.59 +0.19 1.46 = 0.16 0.11 = 0.02 0.07 = 0.01

“ Maximal NO generation rates were measured by chemiluminescence NO analyzer
as described in Fig. 2. The measurements were performed with 1 g of liver or heart
in the presence of nitrite (20 um) under anaerobic conditions at 37 °C. The values
shown are the means = S.D.
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FIGURE 6. Effect of enzymatic inhibitors on NO formation from nitrite. Left
bars, liver (1 g of tissue) in 5 ml of PBS at 37 °C. Right bars, heart (1 g of tissue)
in 5ml of PBS at 37 °C. Bars A, with nitrite (100 um); bars B, with nitrite (100 um)
and rotenone (5 um); bars C, with nitrite (100 um) and clotrimazole (10 um);
bars D, with nitrite (100 um) and oxypurinol (100 um); bars E, with nitrite (100
M) and raloxifene (50 nm); bars F, with nitrite (100 um), oxypurinol (100 wm),
and raloxifene (50 nm); bars G, with 1 g of tissues preheated at 95 °C for 5 min
followed by incubation with nitrite (100 um) in 5 ml of PBS, under anaerobic
conditions at 37 °C. The values shown are the means = S.E. *, defines signifi-
cant inhibition, p < 0.05, compared with their respective control bars (A) for
either liver or heart tissue measurements.

presence of a five times higher amount of nitrite in blood than
in tissues. Thus, NO generation from nitrite can be a source of
NO in tissues under conditions of tissue normoxia, and it is
further increased with mild hypoxia.

Effects of pH on Nitrite-dependent NO Generation—Under
ischemic conditions, marked intracellular acidosis occurs, and
pH values in tissues, such as the heart, can fall to levels of 6.0 or
below. To assess NO generation from nitrite under different
physiological or pathological conditions and to further charac-
terize the mechanism of nitrite reduction, experiments were
performed to measure the effect of pH on the magnitude of NO
generation from nitrite in liver and heart. As shown in Table 1,
it was observed that under acidic conditions increased NO gen-
eration occurs. In contrast, under alkaline conditions, promi-
nent inhibition was seen.

Specific Inhibitor Studies—T o investigate the contribution of
XO, AO, cytochrome P-450, and mitochondrial Complex I to
the NO generation from nitrite, studies were performed using
specific inhibitors. Either the XO-specific inhibitor oxypurinol
(100 um), AO-specific inhibitor raloxifene chloride (50 nm), CP
inhibitor clotrimazole (1 uM), or complex I inhibitor rotenone
(10 uMm) was added and incubated with rat liver or heart. After 5
min of incubation, nitrite was added, and subsequent NO gen-
eration rates were detected using the chemiluminescence NO
analyzer. The presence of rotenone or clotrimazole did not sig-
nificantly inhibit NO generation from nitrite (Fig. 6, B and C).
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FIGURE 7. Measurement of NO generation from isolated enzyme-medi-
ated nitrite reduction. Measurements were performed using a chemilumi-
nescence NO analyzer under anaerobic conditions at 37 °Ciin 5 ml of PBS. The
arrow shows the time at which AO, XO, or ferrous hemoglobin was added. NO
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In contrast, the XO inhibitor oxypurinol decreased NO gener-
ation rate in liver from 0.75 £ 0.04 to 0.49 * 0.03 nm/s with
~34% inhibition and decreased NO generation rate in the heart
from 0.47 = 0.04 to 0.33 = 0.03 nMm/s with ~30% inhibition. In
the presence of the AO inhibitor raloxifene NO generation rate
in liver decreased to 0.46 * 0.04 nm/s with ~38% inhibition,
and NO generation rate in heart decreased to 0.28 = 0.03 nm/s
with ~35% inhibition (Fig. 6, D or E). When the AO inhibitor
raloxifene and XO inhibitor oxypurinol were both adminis-
tered, NO generation decreased to 0.18 * 0.02 nm/s with ~76%
inhibition in liver and decreased to 0.16 = 0.02 nm/s in heart
with ~66% inhibition (Fig. 6F). Thus, the molybdenum
enzymes XO and AO were the major enzymes that catalyzed
NO generation from nitrite. When the tissue was denatured at
95 °C for 5 min, still ~15-20% of the NO generation remained,
and this is may be due to nonenzymatic processes of nitrite
reduction (Fig. 6G).

Isolated Enzyme Measurements of Nitrite Reduction to NO—
From the use of specific inhibitors, XO and AO appear to play a
critical role in nitrite reduction to NO in tissues. To further
confirm the existence of the XO and AO-catalyzed NO gener-
ation, further studies on purified AO or XO were performed to
investigate the magnitude and mechanism of their nitrite
reduction. Comparative measurements of the rate of NO for-
mation derived from AO, XO, or ferrous hemoglobin-mediated
nitrite reduction were performed under anaerobic conditions
using the NO analyzer. Prior to the addition of AO, no detect-
able NO generation was seen from nitrite (100 um) in the pres-
ence of NADH (500 um). However, after the addition of AO
(0.01 mg/ml) or XO (0.04 mg/ml), prominent NO generation
was triggered (Fig. 7, A and B). However, no NO signal was
detected with the addition of even large amounts of ferrous
hemoglobin (5 mg/ml) (Fig. 7C). These results further confirm
that the molybdenum enzymes AO and XO function as potent
nitrite reductases, whereas hemoglobin does not.

Effect of Nitrite Reduction on sGC Activity—To determine the
effect of nitrite reduction on sGC activation, enzyme-linked
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FIGURE 8. Soluble guanylyl cyclase activation as a measure of nitrite-me-
diated NO formation. sGC activation was determined from the measure-
ments of cGMP formation. The reactions were performed in PBS (1 ml) with
EDTA (5 mm), MgCl, (2 mm), sGC (10 ng), and GTP (1 mm). A, nitrite (10 um) and
liver (0.2 g of tissue) in reaction buffer; B, nitrite (10 um); and heart (0.2 g of
tissue) in reaction buffer; C, nitrite (10 um) and aorta (0.2 g of tissue) in reaction
buffer; D, nitrite (100 um) with 10 ng of sGC, 2 mm MgCl,,and 1 mm GTPin 1 ml
of blood was incubated for 10 min under anaerobic conditions.

immunoassays were performed to measure cGMP formation.
After incubation of nitrite (10 um) with 0.2 g of minced rat liver,
heart, or aorta in the reaction buffer (10 ng of sGC, 5 mM EDTA,
2 mMm MgCl,, and 1 mm GTP in 1 ml of PBS) under anaerobic
conditions for 10 min, measurements of the formation of the
sGC product cGMP were performed in the presence and
absence of nitrite. Comparative studies in blood to those in
tissues were performed by incubation of nitrite (100 um, 10-fold
higher levels) with 10 ng of sGC, 2 mm MgCl,, and 1 mm GTP in
1 ml of blood. Increased cGMP was detected, suggesting that
sGC was activated by nitrite in either rat liver (Fig. 84), heart
(Fig. 8B), or aorta (Fig. 8C). However, even with 10-fold higher
levels of nitrite, cGMP production was much lower in blood
than that seen from the tissues (Fig. 8D). In the presence of
nitrite, a much larger increase of cGMP production was
detected in liver (0.33 = 0.05 um), heart (0.26 * 0.06 um), and
aorta (0.25 £ 0.04) than that detected in blood (0.06 = 0.02 uMm).
With 100 uM nitrite in the reaction buffer in the absence of
tissue or with 100 uMm nitrite in blood, no significant cGMP
formation was detected. These results confirm that nitrite
reduction and NO generation primarily takes place in the tis-
sues not in blood.

DISCUSSION

In recent years, numerous studies have demonstrated that
nitrite can be an important source rather than just a product of
NO (2-38, 13, 15, 17-19, 24, 25, 39, 40). To characterize the
magnitude and mechanism of NO formation from nitrite in
tissues and blood, we performed a series of studies using EPR
spectroscopy, chemiluminescence NO analyzer, and immuno-
assay to measure the magnitude of NO generation and the acti-
vation of sGC. It was observed that the addition of nitrite (100
uM) triggered a large amount of NO production from rat liver
(~0.7 nMm/s), heart (~0.5 nm/s), and aorta (~0.3 nm/s) but no
detectable production from blood (Figs. 1, D-F, and 2A4). Even
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with 5-fold higher concentration of nitrite, only a trace amount
of NO was released from blood with a rate of ~0.005 nm/s (Figs.
1, Band C, and 2B).

Hemoglobin-mediated nitrite reduction under anaerobic
conditions was first reported in 1981 (41).

ki
H* + NO, — HONO

kz
Hb + HONO — MetHb + NO + OH~

ks
Hb + NO — Hb — NO

REACTIONS 1-3

Recent studies have suggested a critical function for hemoglo-
bin and the erythrocyte in nitrite reduction and subsequent NO
release in the vascular compartment eliciting vasodilation
(3—8). However, controversy remains regarding the mecha-
nism and magnitude by which NO escapes trapping by hemo-
globin (deoxy or oxy) in the red blood cells (9).

In the current study, direct monitoring of NO release by EPR
spectroscopy and chemiluminescence NO analyzer techniques
demonstrated that nitrite can be a source of NO in the blood
and tissues. However, in contrast to the large amounts of NO
formed in tissues by nitrite reduction, only a much smaller
amount of NO production was detected in blood even in the
presence of five times higher nitrite (Figs. 1, A and B, and 2B).
Carbon monoxide pretreatment of the blood increased subse-
quent NO formation and release, suggesting that hemoglobin is
not the source of NO formation in blood and acts as a potent
NO scavenger (Figs. 1B and 2B). Using isolated hemoglobin
instead of blood, our EPR spectroscopy studies revealed the
formation of nitrosylhemoglobin from the reaction of deoxyhe-
moglobin with nitrite (Fig. 3), but no NO release was detected
even with high nitrite concentrations well above physiological
levels, 2—20 wm). Only with nitrite levels almost 1000-fold
above the physiological range and well above the hemoglobin
concentration could NO release be detected. These data and
the effects of CO in enhancing NO generation suggest that NO
formation in blood occurs from hemoglobin-independent pro-
cesses. In fact, hemoglobin appears to play a negative role by
trapping NO production in the blood instead of functioning as
an important NO-generating enzyme. Thus, erythrocytes are
not the major source of NO generated and released from nitrite
reduction.

Furthermore, we observe over a range of different oxygen
tensions that NO generation rates are much faster in tissues
compared with those in blood. Even with 5-fold higher
nitrite levels the rate of NO production was 100-200-fold
lower in blood than in tissues (Fig. 5). Thus, nitrite reduction
in tissues rather than in blood appears to play the major role
in NO generation.

Rather than acting as a source of NO generation, our results
clearly showed that hemoglobin acts as a trap under physiolog-
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ical conditions where the levels of nitrite are less than the levels
of hemoglobin. However, under conditions where nitrite levels
exceed those of the heme centers of hemoglobin, nitrite can be
reduced to NO and effectively released (42, 43). With excess
nitrite all ferrous-hemoglobin is converted to methemoglobin,
and NO dissociates from the weak association with the ferric
heme as seen when purging with argon (equation 2). However,
under physiological or even pathological conditions, nitrite
concentrations are far less than those of hemoglobin inside red
blood cells. Therefore, inside red blood cells, it is unlikely that
significant amounts of NO can escape trapping by hemoglobin
and mediate vasodilation (9, 44).

NO can be formed by the simple process of nitrite dispropor-
tionation, which is significantly accelerated under the acidic
conditions that occur during ischemia (2, 14).

ky
2H* + 3NO; —> 2NO + NO; + H,0

REACTION 4

Analysis of the reactions of nitrite disproportionation shows that
at physiological or pathological concentration of nitrite (less than
100 M), the net reaction is second order in nitrite (14). But in the
current study, the measured kinetics of nitrite-dependent NO for-
mation showed that NO generation from tissues linearly increased
(v* > 99%) over the range of physiological or pathological concen-
trations of nitrite (10—100 uM nitrite) (Fig. 4B). Thus, the main
source of NO generation comes from nitrite reduction rather than
disproportionation.

ks
e” + 2H" + NO;, — NO + H,0

REACTION 5

The calculated rates of nitrite-dependent NO generation also
support the hypothesis that NO generation comes mainly from
nitrite reduction rather than disproportionation. Substitution
of the pH 7 and nitrite 10 uM concentration values that occur in
normal tissues predicts that the rate of NO production from
nitrite disproportionation would be ~0.05 pm/s (14). However,
a much faster NO generation rate from nitrite was detected in
the tissues. According to our data, with 10 uM nitrite, the NO
generation rate is 73.2 or 46.8 pMm/s in liver and heart (Fig. 4).
NO generation from nitrite reduction occurs continuously in
the tissues and blood under normal physiological conditions.
Under ischemic conditions, marked intracellular acidosis
occurs, and pH values in tissues, such as the heart, can fall to
levels of 6.0 or below (2). Our data showed that tissue NO gen-
eration from nitrite increased about 12-fold as the pH
decreased from 7.0 to 6.0 (Table 1). Thus, the NO formation
rate in vivo under ischemic conditions with pH of 6.0, from 10
uM nitrite, would be predicted to be ~880 pm/s in liver and
~560 pM/s heart, respectively, approaching that of the maximal
tissue NO production from constitutive NOS of ~1 nm/s (45).
Thus, acidosis greatly facilitates nitrite-mediated NO forma-
tion and release in these tissues. This NO production from
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TABLE 2

Correlation of tissue and blood XOR, AO, and Hb concentrations with
nitrite-mediated NO generation

Liver” Heart” Blood
XOR 76 ugl/g ww 7.2 ug/g ww trace amount
AO 60 ug/g ww 5.1 pg/g ww trace amount
Hb NA? NA ~0.158 g/ml
NO generation® 0.75 0.47 0.005

“ The units shown for XOR and AO are ug of enzyme/g of tissue wet weight (ww).
? NA, not applicable.
¢ The units shown are nm s . 100 uM nitrite in tissues, 500 uM nitrite in blood.

nitrite could serve as an alternative source of NO under ische-
mic conditions in which NO production from NOS is impaired.

We observe that NO generation from nitrite reduction
occurs under aerobic conditions as well as under anaerobic
conditions. However, oxygen tension greatly modulated nitrite-
dependent NO generation with decreases in oxygen levels,
greatly enhancing this NO generation process (Fig. 5). The
oxygen-dependent decrease of NO release can be explained by
a decrease in reducing substrates or increase in NO trapping by
superoxide formed under aerobic conditions.

Several alternative pathways for NO generation from nitrite
reduction have been observed. Previous isolated enzyme stud-
ies have shown that ubiquinone/cytochrome bcl complex of
mitochondrial electron chain and CP of liver microsomes are
able to reduce nitrite with NO formation (24 —28). Studies with
specific inhibitors revealed that this pathway only plays a minor
role in the nitrite reduction process in the tissues (Fig. 6, B and
C). For the molybdenum enzymes XO or AO, specific inhibitors
showed prominent inhibition of nitrite reduction in the tissues
with approximately 30 —40% decrease in NO formation rate for
each of these enzymes, respectively, and >65-70% decrease
with inhibition of both (Fig. 6, D and E). This reveals that AO
and XO provide the major nitrite reductase activity in these
tissues under hypoxic conditions and play a critical role in
nitrite-derived NO formation. Of note, the NO generation rate
increased linearly with physiological or pathological concentra-
tion of nitrite (Fig. 4B), thus the K, value of nitrite for the
enzyme is much higher than the physiological or pathological
concentrations of nitrite studied. Following heat denaturation
of the proteins in the tissues, there still remained ~15-20% of
the NO formation, suggesting the presence of nonenzymatic
nitrite reduction and NO formation (Fig. 6G).

Our isolated enzyme measurements of nitrite reduction to
NO confirmed that AO and XO are both effective nitrite reduc-
tases with NADH as electron donor (Fig. 7, A and B). Of note,
the observed rate of NO generation decreased over time. This
may be caused by feedback inhibition of NO on XO and AO (46,
47) or inactivation of these enzymes in the process of gas purg-
ing. We have previously shown for XO that xanthine is also a
highly effective substrate for nitrite reduction (17). Both xan-
thine oxidoreductase (XOR) and AQO are present in the liver but
are also broadly distributed in other tissues, such as lung, blood
vessels, heart, and kidney (34, 48 -51).

We and others have previously reported the tissue activity of
XOR and AO (33, 34, 52, 53). From these reports, the tissue
concentrations of these enzymes can be estimated and corre-
lated with the nitrite-mediated NO generation observed in
these tissues as shown in Table 2. Of note, it has been previously
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demonstrated that not only are XO and AO present in these
tissues, but under ischemic conditions high levels of their sub-
strates occur including xanthine, which increases to 10—-100
uM levels in the heart, and NADH, which rises to 0.5-1 mm
levels (54). In the liver, these substrates are also present (55),
and their levels rise during ischemia but to a lesser extent for a
given ischemic duration. According to the enzymatic studies in
Fig. 7, and levels of XO and AO in Table 2, under anaerobic
conditions with 0.5 mm NADH as reducing substrate, AO-me-
diated NO production from 100 uM nitrite would be estimated
to be about 0.75 nM/s in heart, whereas that from XO in heart
would be 0.14 nMm/s. However, for XOR its substrate xanthine is
also present at levels of >10 uMm, so based on prior reports
XOR-mediated NO production from 100 uMm nitrite with xan-
thine because substrate would be estimated to be in the range of
0.7-1.4 nm/s (17). These estimated NO generation rates are
higher than the NO generation detected in heart tissue of 0.47
nM/s, and this is likely because of NO scavenging in the tissues
by heme centers and other reactions as well as possible inhibi-
tion of these enzymes by NO, peroxynitrite, or other factors. In
liver based on the higher AO and XOR levels, even higher NO
production from nitrite would be expected, and this was
observed, although a greater proportion of tissue NO scaveng-
ing or enzyme inhibition appears to occur. Under ischemic con-
ditions the accumulation of high substrate levels primes these
enzymes to support increased NO production from nitrite.
Although the levels of these enzymes are below um and the
hemoglobin concentration in the blood is ~2.5 mu, the rate of
NO production from nitrite in tissues is over 100-fold higher
than that in blood (Table 2).

Hemoglobin-mediated NO generation does not depend sim-
ply on its concentration. It is well known that hemoglobin is an
extremely effective NO scavenger (9, 10). With the administra-
tion of nitrite, NO can be generated by dissociation from the
MetHb-NO complex, but simultaneously NO can be consumed
by ferrous-hemoglobin. According to Reactions 2 and 3, the
steady state NO concentration in the reaction mixture depends
on the ratio of hemoglobin and MetHb-NO, not on the total
concentration of hemoglobin. Our results verified that hemo-
globin traps more NO than it releases, unless the nitrite con-
centration rises well above that of the hemoglobin (Fig. 3B).

Opverall, our studies demonstrate that the tissues rather than
blood erythrocytes or hemoglobin play critical roles in hypoxic
NO production from nitrite. We observe that this nitrite-de-
rived NO is primarily generated from nitrite reduction by the
molybdenum enzymes XOR and AO. Furthermore, the process
of NO generation from nitrite reduction in tissues is regulated
by pH, oxygen tension, nitrite, and reducing substrate concen-
trations, as is characteristic of these enzymes. This nitrite-de-
rived NO production from XOR and AO in tissues could serve
as an alternative source of NO under ischemic conditions in
which NO production from NOS is impaired.
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