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Abstract
Nitric oxide (NO) is an important regulator of a variety of biological functions, and also has a role
in the pathogenesis of cellular injury. It had been generally accepted that NO is solely generated in
biological tissues by specific nitric oxide synthases (NOS) which metabolize arginine to citrulline
with the formation of NO. However, over the last 15 years, nitrite-mediated NO production has been
shown to be an important mechanism of NO formation in the heart and cardiovascular system. Now
numerous studies have demonstrated that nitrite can be an important source rather than simply a
product of NO in mammalian cells and tissues and can be a potential vasodilator drug for
cardiovascular diseases. There are a variety of mechanisms of nitrite reduction to NO and it is now
appreciated that this process, while enhanced under hypoxic conditions, also occurs under normoxia.
Several methods, including electron paramagnetic resonance, chemiluminescence NO analyzer, and
NO-electrode have been utilized to measure, quantitate, and image nitrite-mediated NO formation.
Results reveal that nitrite-dependent NO generation plays critical physiological and pathological
roles, and is controlled by oxygen tension, pH, reducing substrates and nitrite levels. In this
manuscript, we review the mechanisms of nitrite–mediated NO formation and the effects of oxygen
on this process with a focus on how this occurs in the heart and vessels.
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Introduction
Nitric oxide (NO) is a free radical endogenously produced in biological tissues and is an
important regulator of numerous biological functions [1-4]. NO can also cause cellular injury
via reaction with superoxide to form the potent oxidant peroxynitrite [5-7]. Although nitric
oxide synthases (NOSs) have been generally considered to be the primary source of NO in
biological systems, in 1995 we observed that prominent NO formation from nitrite occurs in
heart tissues under conditions of intracellular acidosis [8]. A number of methods, including
electron paramagnetic resonance, chemiluminescence NO analyzer, and NO-electrode were
utilized to measure, quantitate, and image nitrite mediated NO formation. Now numerous
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studies have demonstrated that nitrite can be an important source rather than simply a product
of NO in mammalian cells and tissues [8-24]. Results reveal that nitrite-dependent NO
generation plays critical physiological and pathological roles, and is controlled by oxygen
tension, pH, reducing substrates and nitrite levels. Nitrite is currently undergoing or planned
for clinical trials as a vasodilator drug in patients with cardiovascular diseases such as ischemic
stress, sickle cell disease, coronary artery disease, and pulmonary hypertension. Therefore
fundamental understanding of the mechanisms of nitrite-dependent NO formation in the
cardiovascular system is of great importance. In this manuscript, we review the mechanisms
of nitrite–mediated NO formation and the effects of oxygen on this process with a focus on
how this occurs in the heart and vessels.

1. Evidence for NO formation from nitrite in the heart
In the cardiovascular system, traditionally it was thought that NO is only produced in
endothelial cells by endothelial nitric oxide synthase (eNOS) and then passively diffuses to
either smooth muscle cells where it activates soluble guanylyl cyclase (sGC) or to the blood
where it is mainly consumed by hemoglobin (Hb). However, in 1995, we first observed that
nitrite can also be a prominent source of NO in heart tissues under conditions of ischemia with
intracellular acidosis [8]. In the presence of isotopically labeled 15NO2

−, NO production
from 15N-nitrite in anoxic heart tissue was measured by EPR spectroscopy with the spin trap
iron N-methyl-D-glucamine dithiocarbamate (Fe2+-MGD). 15NO gives rise to a characteristic
doublet 15NO-Fe2+-MGD spectrum, rather than the triplet observed with natural
abundance 14NO, enabling direct and selective detection of nitrite-derived NO formation.
Hearts were labeled with 1 mM 15NO2

− for 1 minute of normal perfusion or 1 minute of
perfusion prior to the onset of ischemia. In the normally perfused control hearts, 15NO2

− did
not result in significant NO formation (Fig.1A, left). In hearts which were labeled and then
subjected to 30 min of ischemia; however, marked NO formation was observed with the
appearance of a very large doublet signal (Fig. 1B, left). In matched experiments performed
with addition of natural abundance 14NO2

−, large NO triplet signals were seen (Fig. 1C, left).
While the observed signal was similar to that in the absence of added nitrite, the intensity of
this signal was much higher. These experiments demonstrated that nitrite is reduced to NO in
the ischemic heart.

Experiments were also performed measuring nitrosyl-heme formation in ischemic heart tissue
from hearts labeled with 1 mM 15NO2

−. A prominent doublet nitrosyl-heme signal was seen
due to the formation and binding of 15NO2

− to these proteins, further confirming that NO is
generated from nitrite in heart tissue subjected to long periods of ischemia (Fig. 1B, right).
With 14NO2

− a similar magnitude triplet NO signal was observed (Fig. 1A, right).

The rate of reduction of nitrite to NO is pH dependent. During myocardial ischemia, marked
intracellular acidosis occurs, and pH values can fall to levels of 6.0 or below [21]. The low pH
along with a highly reduced state under hypoxia could cause the rapid reduction of nitrite to
NO. This process was shown to occur following myocardial ischemia as in the clinical setting
of heart attack and it was extrapolated that nitrite disproportionation and reduction would be
a generalized phenomena in any tissue under conditions of ischemia or shock, where poor
perfusion and accompanying acidosis occur [8,21].

2. Methods of measuring, quantitating and imaging nitrite mediated NO formation
NO is paramagnetic and binds with high affinity to the water-soluble spin trap, Fe2+-MGD,
forming a mononitrosyl iron complex with characteristic triplet spectrum at g=2.04 with
hyperfine splitting aN=12.8. From the intensity of the observed spectrum, quantitative
measurement of NO generation can be performed [8,21]. As noted above, this technique has
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been applied to measure nitrite-mediated NO generation and with 15N labeled nitrite it can be
used to isotope trace the process of nitrite-mediated NO formation [16-18,25-30].

The advantage of electrochemical NO sensors is their ability to directly detect NO
concentration in solution or in biological samples with high sensitivity and a detection limit of
a few nanomolar [31,32]. This advantage allows NO electrodes to be an excellent tool for
studying NO reaction kinetics, especially in biological samples. NO electrode studies were
used to investigate enzyme catalyzed nitrite reduction as from XO and this method avoids any
possible perturbation as might be caused by the presence of a trap [16-18]. The electrochemical
detector continuously records the current through the working electrode, which is proportional
to the NO concentration in the solution.

The real-time rate of the NO production can be measured using a chemiluminescence NO
analyzer. In the analyzer, NO is reacted with ozone forming excited-state NO2, which emits
light [33]. Mixing of reagents and separation of NO from the reaction mixture can be done at
controlled temperature in a glass-purging vessel equipped with heating jacket. The release of
NO is quantified by analysis of the digitally recorded signal from the photo-multiplier tube.
Since the NO analyzer registers the flux of NO in the purging gas mixture it measures the rate
of NO production from the system [33]. The rates of NO formation derived from Xanthine
oxidoreductase (XOR), aldehyde oxidase (AO), cytochrome P450, rat tissues, and blood have
been measured using the NO analyzer [16-18,26,34-36].

With the development of EPR imaging (EPRI) methods and low frequency EPR
instrumentation, it has become possible to spatially map the presence, quantity, and location
of free radicals and paramagnetic species in both in vivo and ex vivo biological tissues [37,
38]. With the use of 15N nitrite, spatial mapping of nitrite-derived NO was performed in the
ischemic heart [39]. A series of rat hearts were loaded with Fe2+-MGD and 14N or 15N nitrite
and subjected to global no flow ischemia. After 60 minutes, three-dimensional projection data
were acquired and image reconstruction performed. Figure 2A shows 3D images obtained in
these hearts. Both the 14N- and 15N-labeled hearts exhibited similar images of NO distribution.
The 15NO image, however, was somewhat sharper due to enhanced sensitivity and better
resolution of the hyperfine doublet structure. The images clearly show that NO is formed
throughout the left ventricular (LV) myocardium. The NO image enabled visualization of the
external shape of the epicardium, right ventricular (RV) myocardium and internal endocardial
surface of the LV and LV chamber. The concentrations of NO in the RV, however, were much
lower with levels only 20–25% of those seen in the LV wall. To understand the spatially
resolved time course of NO generation in the ischemic heart, EPRI of NO formation was
performed as a function of ischemic duration. A series of images were performed every 5 min
during ischemia for a total period of 60 minutes. Representative slices of longitudinal and
transverse cuts through the LV are shown in Figure 2B. It was observed that the NO
concentration derived from nitrite gradually increases as a function of the duration of ischemia
throughout the LV myocardium. Whole body EPR imaging of NO formation and trapping by
heme proteins has also been reported [38].

3. Pathways involved: enzyme dependent or independent
Several mechanisms for the reduction of nitrite to NO have been identified by us and others
including non-enzymatic disproportionation at low pH [40], enzyme-independent reduction
[8,21], enzymatic conversion by XOR [16-18,36] and AO [26], reduction by cytochrome C
[41,42], P450 [35], and reduction by deoxyhemoglobin or myoglobin [9-14].

NO formation can occur by the simple process of nitrite disproportionation or enzyme-
independent chemical reduction under acidic conditions. Benjamin and colleagues reported in
1994 that acidification of nitrite releases NO in the stomach [43]. Also, in 1994, Lundberg et
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al. reported measuring high levels of NO expelled in air from the stomach of humans [44]. We
observed that nitrite is present in the tissue in micromolar concentrations and is converted to
NO under the acidic and highly reduced conditions that occur during ischemia. Under ischemia,
pH can go down to values as low as 5.5. NO formation rate from nitrite disproportionation is
predicted to be 4–100 pM/s. This may result in 15–360 nM NO increase during 60 minutes of
ischemia [21]. Thus, with long periods of tissue ischemia progressing to necrosis this
mechanism of NO formation can be an important source of NO generation [8,21].

XOR is a molybdenum enzyme that plays a variety of important roles in normal physiology
and disease. In mammals, XOR exists in two interconvertible forms, xanthine dehydrogenase
(XDH) and XO, while XO prefers oxygen as electron acceptor, XDH prefers NAD+ that it
converts to NADH. Both forms of XOR can serve as nitrite reductase to produce NO [16-18]
[36]. In our previous investigation, the mechanism, magnitude, and physiological importance
of XO-mediated nitrite generation was characterized [16-18]. In addition to its molybdenum,
XO also has FAD binding site and iron sulfur centers. XO has different site-specific electron
donors. Xanthine and 2,3-dihydroxybenz-aldehyde (DBA) serve as electron donor to XO by
binding to the molybdenum site, the site at which XO-mediated nitrite reduction occurs [16].
However, NADH reduces XO at the FAD-site of the enzyme, which is the site that also reduces
oxygen. XO reduces nitrite to NO at the molybdenum site of the enzyme with xanthine, NADH
or aldehyde substrates serving to provide the necessary reducing equivalents [16-18]. To
measure nitrite-mediated NO generation under anaerobic conditions, EPR studies were
performed. The typical types of XO reducing substrates, including NADH, 2,3-dihydroxybenz-
aldehyde (DBA), and xanthine, were found to function as electron donors for XO-catalyzed
nitrite reduction and triggered large amounts of NO generation. Kinetic studies of XO-
catalyzed nitrite reduction demonstrated that each of the typical reducing substrates support
nitrite reduction to NO and each of these reactions followed Michaelis-Menten kinetics. For
each of these reducing substrates, the rate of XO-mediated NO formation was also determined
as a function of nitrite concentration. Again, typical Michaelis-Menten kinetics was observed.
The Km, Kcat, and Vmax values were obtained by fitting the Michaelis-Menten equations (Fig.
3). From these kinetic data, and known enzyme and substrate levels in the tissues, the magnitude
of XO-mediated NO formation rates could be predicted along with determination of the
quantitative importance of this NO generation pathway in biological systems.

In addition to XO, our recent studies indicate that another molybdenum enzyme AO can also
be a source of NO in the tissues [26]. AO is a cytosolic enzyme that plays an important role in
the biotransformation of drugs and xenobiotics (21). Both XO and AO are present in the liver
but they are also broadly distributed in other tissues, such as lung, blood vessels, heart and
kidney [45-49]. The amino acid sequence 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 clusters, a flavin cofactor, and a molybdopterin cofactor (22, 23). As investigated
under anaerobic conditions using the NO analyzer, prior to the addition of AO, no detectable
NO generation was seen from nitrite (100 μM) in the presence of NADH (500 μM). However,
after addition of AO (0.01 mg/ml) or XO (0.04 mg/ml), prominent NO generation was triggered
(Fig 4A, B). These results further confirm that the molybdenum enzymes AO and XO function
as potent nitrite reductases.

4. Modulation by oxygen
Our previous investigation reveals that XO-mediated NO formation from nitrite is sensitively
controlled by oxygen tension [18]. For XO there are different site-specific electron donors.
Xanthine and DBA bind and donate electrons at the molybdenum site, where XO-mediated
nitrite reduction also occurs [16]. NADH, however, reduces XO at its FAD-site, where oxygen
reduction occurs. Xanthine and DBA were found to be more effective electron donors than

Zweier et al. Page 4

Nitric Oxide. Author manuscript; available in PMC 2011 February 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



NADH for anaerobic XO-mediated nitrite reduction [16]. However, substrate preference and
control under aerobic conditions is quite different. With xanthine or DBA that provide electrons
to the molybdenum site of XO, the NO production rate follows Michaelis-Menten kinetics and
oxygen serves as a competitive inhibitor. Lineweaver-Burk plots characterized the shift of
Km value by oxygen and demonstrate that oxygen is a competitive inhibitor of nitrite reduction
(Fig. 5A,B). However, with FAD site-binding substrate NADH as electron donor, aerobic NO
generation rates from nitrite do not follow Michaelis-Menten kinetics (Fig. 6). Aerobic NO
production was maintained at more than 70% of anaerobic levels and binding of NADH to the
FAD site appeared to prevent oxygen binding.

With NADH as reducing substrate, the possible XO-mediated NO generation may occur
through two possible processes as shown below:

In process I, with FAD site free, oxygen and nitrite both are able to accept electrons from
reduced XO. In process II, oxygen reduction is totally blocked by the binding of NADH at the
FAD site; meanwhile at the molybdenum site, XO-mediated nitrite reduction is unaffected.
Under aerobic conditions with NADH as reducing substrate, less than 30% of nitrite reductase
activity of XO is inhibited, which suggests that most nitrite reduction happens while the FAD-
site is occupied with NADH. NADH, which is the least effective reducing substrate under
anaerobic conditions, was the most potent reducing substrate in the presence of oxygen.

Of note, XO reduces oxygen to superoxide and hydrogen peroxide and it is thought to be one
of the key enzymes responsible for reactive oxygen species in the cardiovascular system [45,
50-53]. XO can act as a powerful nitrite reductase under ischemic conditions, but also a source
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of the NO scavenger superoxide under aerobic conditions. With administration of nitrite, XO
can be a source of both NO and superoxide, and the products and functions of XO are sensitively
controlled by oxygen tension, reducing substrates, and pH. This may explain the observation
of lack of inhibition by oxypurinol to nitrite induced intravascular vasodilation [58], while
other studies reveal that XO is the major enzyme-reducing nitrite to NO [59-61]. From the
reported enzyme concentrations, kinetic data, reducing substrates levels, in the heart,
molybdenum enzyme XO and AO-mediated NO generation from physiological amounts of
nitrite can approach or excess that of the maximal NO generation from constitutive NOS,
estimated to be 1.5 nM/s [8,54], This nitrite-derived NO production from XO and AO in tissues
could serve as an alternative source of NO under ischemic conditions in which NO production
from NOS is impaired.

5. Conversion of nitrite to NO in the vessel wall
Nitrite and nitrate in the body can come from the NO synthase (NOS) pathway endogenously
and from diet exogenously. Nitrite in the blood is converted to nitrate by reacting with oxy-
hemoglobin. Nitrite level detected in blood is normally 1 μM or less. However, the nitrite levels
in the tissues are much higher. It has been shown that in the heart nitrite levels can reach above
10 μM [8]. It was shown that under hypoxic condition, 10 μM nitrite can cause a large
vasodilation (>40%) in rabbit aortic rings [55]. Infusion or dietary supplementation with nitrite
or nitrate at physiological levels to healthy volunteers reveal significant vasodilation of the
forearm circulation [56] and a significant decrease in blood pressure [57], indicating that nitrite
and nitrate reduction in the body is physiologically relevant and is involved in regulation of
blood pressure. Under pathological or pharmacological conditions, nitrite concentrations in the
tissues can increase to much higher levels. Since NOS pathway requires oxygen as substrate
and the non-enzyme pathway converting nitrite/nitrate into NO is much more effective as
oxygen concentration decreases, this NOS-independent pathway can be used as a back-up
system for NOS-dependent NO formation to ensure sufficient NO formation when oxygen
supply is limited [24,58,59]. All these research results suggest the potential physiological,
pathological, and pharmacological importance of nitrite-dependent NO generation. However,
the mechanism of nitrite biotransformation in the tissues remains unclear.

To determine the mechanisms by which nitrite is converted to NO, studies were performed in
the rat model measuring the effects of nitrite on in vivo hemodynamics and in vitro
vasorelaxation in isolated aorta under aerobic conditions. Nitrite was infused slowly over 1–3
min as a concentrated 200 mM stock dissolved in PBS, pH 7.4, to the left jugular vein of rats
achieve the final concentration from 10 μM to 2 mM calculated according to the body weight
and circulating blood volume [60]. With administration of nitrite to anesthetized rats, it was
demonstrated that 10 μM levels of nitrite in the blood stream appreciably reduced systolic and
diastolic blood pressure. With increase of nitrite concentration from 10 μM to 2 mM, blood
pressure decreased in a dose-dependent manner [60], implying that nitrite or a nitrite-derived
species is the vasodilator (Fig. 7).

To determine if the vasodilator is nitrite or a nitrite-derived species, the effect of nitrite on the
tension of rat aortic rings was measured in organ chamber experiments. It was observed that
nitrite induced aortic dilation in a dose-dependent manner when nitrite concentration is greater
than 10 μM and reached full relaxation (∼100%) with a nitrite concentration of 2 mM (Fig. 8).
The nitrite induced vasodilation was inhibited by 20 μM oxyHb, a NO scavenger. This indicates
that the nitrite-derived NO, rather than nitrite itself, is the species responsible for the nitrite
induced vasodilation. It has been demonstrated that Hb in RBCs can convert nitrite to NO and
this conversion is more efficient under hypoxic conditions [61]. However, in our experiments,
the nitrite-induced vasodilation occurs in the absence of RBCs, suggesting that RBCs are not
involved in the vasodilation under our experimental conditions. Since the nitrite-induced aortic
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dilation occurs in the absence of RBCs, the conversion of nitrite to NO must be carried out in
the aortic wall. Several lines of evidence have shown that nitrite can be also converted to NO
by XOR, mitochondrial electron transport chain, cytochrome P450 or NOS in tissues [16,35,
36,62,63]. Thus, it was unclear what proteins are responsible for the conversion of nitrite into
NO in the vascular wall. Therefore further experiments were designed to study the nitrite-
induced vasodilation and determine if measurable NO is generated from nitrite in the vascular
wall, and what proteins are involved in the vascular conversion of nitrite to NO.

6. Measurement of nitric oxide generation from nitrite in the vessel wall
NO electrodes and EPR techniques were used to further confirm NO generation from nitrite
in the vascular wall [60]. To detect the nitrite-derived NO in the vascular wall, a segment of
aortic wall was placed on the bottom of a chamber containing tissue buffer at 37 °C with the
endothelial side of the aortic wall facing upward. When NO is generated from nitrite in the
aortic wall, the generated NO can diffuse out of the aortic wall and into the solution. Thus, in
the solution phase, NO concentration is highest at the endothelial surface and decreases to zero
in the bulk solution away from the endothelial surface. Therefore, the NO electrode was placed
near the endothelial surface. After 500 μM nitrite was added into the chamber, it was observed
that NO concentration at the endothelial surface slowly increased and reached a plateau (Fig.
9). To test if the detected NO was generated from nitrite, EPR spectroscopy study was
performed. Since 14N and 15N NO will cause triplet and doublet EPR signals respectively
[8], we added 14N or 15N nitrite to the aorta. If the generated NO is derived from nitrite, we
would observe triplet or doublet EPR signals, respectively. Our experimental results were
consistent with this prediction (Fig. 10), indicating that the detected NO was converted from
nitrite in the vascular wall.

7. Heme proteins are responsible for the conversion of nitrite to NO in the vessel wall
Different inhibitors have been used to determine the possible pathways converting nitrite to
NO [60]. It was observed that oxypurinol, rotenone, myxothiazol, 17-Octadecynoic acid (17-
ODYA) and L-Nitro-Arginine Methyl Ester (L-NAME) did not have any significant effect on
the aortic dilation response to nitrite, suggesting respectively that XOR, mitochondrial electron
transport chain, cytochrome P450 or NOS are not the main mechanism for the conversion of
nitrite to NO. In contrast, the nitrite-induced aortic dilation was abolished by 10 μM 1H-[1,2,
4]oxadiazolo-[4,3-a]quinoxalin-1-one (ODQ). It is known that ODQ is a potent inhibitor of
sGC [64,65]. ODQ is also an oxidant to heme proteins [60,66]. Thus, inhibition of vasodilation
by ODQ may be caused by blocking the NO-sGC-cGMP pathway and/or blocking the
conversion of nitrite to NO through vascular heme proteins.

To test if the rate of NO generation from nitrite was changed in the presence of ODQ, we placed
a NO electrode near the endothelial surface to detect NO generation from nitrite by the aortic
wall in the presence of 500 μM nitrite. After 50 μM ODQ was added into the solution, we
observed that NO concentration at the endothelial surface rapidly fell to zero (Fig. 9),
suggesting that NO generation from nitrite is inhibited. After the inhibition, the relatively high
NO concentration at the endothelial surface rapidly diffuses into the surrounding solution so
that NO concentration at the endothelial surface rapidly decreases and approaches to zero, the
NO concentration in the bulk solution. The above experimental results strongly suggest that
vascular heme proteins convert nitrite to NO in the vascular wall. Our experimental results
show that nitrite evokes dose-dependent vasorelaxation of the rat aorta and causes a dose-
dependent decrease in blood pressure under aerobic conditions. Both functional and analytical
studies show that the vasorelaxant effect of nitrite is mediated by NO formation through sGC
or other heme proteins inhibited by ODQ. These findings provide strong evidence that a ferrous
heme protein in aortic smooth muscle is involved in nitrite induced NO production under
aerobic conditions. From this work it remains unclear as to the identity of this heme protein.

Zweier et al. Page 7

Nitric Oxide. Author manuscript; available in PMC 2011 February 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Both hemoglobin (Hb) and myoglobin (Mb) have been proposed to function as nitrite
reductases but are not present in significant levels in the vessel wall. Cytoglobin, however, is
ubiquitous in many tissues including vessels and remains a likely candidate for this heme-
protein based nitrite reduction. Of note we have observed that Cytoglobin is oxidized by ODQ
[60].

Similar to Hb, Mb acts either as an NO-scavenger under oxygenated conditions or as a nitrite-
reductase under conditions of hypoxia and ischemia [58,67]. Mb must be at least partially
deoxygenated to act as nitrite-reductase, and when the oxygen level falls below the P50 of Mb
this would be potentiated. However, it has been previously proposed that the regulatory role
of Mb is based on the ability of oxygenated Mb to react with and scavenge NO [68].
Experiments demonstrated that NO is more effective in the regulation of coronary tone and
myocardial contractility in hearts from Mb-/- mice. Ongoing work continues to evaluate the
role of sGC, Cytoglobin, P450, Cytochrome C or other heme proteins in this process.

8. Conclusions
Over the last 15 years, nitrite-mediated NO production has been shown to be an important
mechanism of NO formation in the heart and cardiovascular system. It occurs via a variety of
mechanisms the relative importance of which are influenced by the oxygen tension, redox state,
pH, and tissue type or location. Several techniques including chemiluminescence NO analyzer,
NO electrode, and EPR spectroscopy and spin trapping along with isotope tracer studies have
been used to specifically measure and image nitrite-mediated NO formation. These techniques
along with functional correlation and the use of specific inhibitors has enabled mapping the
pathways of nitrite-mediated NO formation in normoxic and hypoxic tissues as well as the
effects of nitrite therapy. Questions remain regarding the specific pathways of nitrite reduction
under aerobic conditions and their relative importance in cardiovascular physiology and
disease. In view of the emerging role of nitrite based therapeutics, further investigation will be
needed to better understand these processes and how to optimize the therapeutic benefits of
nitrite therapy while minimizing any potential adverse effects.
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Fig 1.
EPR spectra of NO formation in the heart from nitrite. Hearts were prelabeled with 1
mM 15N or 14N nitrite. The left panel shows spectra from hearts with Fe-MGD; A, before
ischemia; B, 30 min of ischemia with 15N-nitrite; C, 30 min ischemia with 14N-nitrite. The
right panel shows nitosyl-heme formation; A, with 14N-nitrite; B, with 15N-nitrite.
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Fig. 2.
A. shows three-dimensional EPR images (25×25×25 mm3) of nitrite-derived NO formation in
the isolated rat heart. The heart was loaded with Fe-MGD and either 14N or 15N nitrite and
then subjected to no-flow ischemia. The images of NO bound to Fe-MGD are shown as sliced
3D views. B. Imaging of the time course of NO formation from nitrite in the ischemic heart.
Rat hearts were loaded with 15N nitrite and imaging of the 15NO bound to Fe-MGD performed.
A series of longitudinal (top panel) and transverse (bottom panel) slices are shown from the
3D spatial images as a function of ischemic duration.
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Fig. 3.
Kinetics of NO generation from XO as a function of reducing substrate or nitrite concentration.
A shows the effect of [NADH] on the rate of NO generation from 0.04 mg/ml XO and 1.0 mM
nitrite. B shows the effect of [xanthine] on the rate of NO generation from 0.02 mg/ml XO and
1.0 mM nitrite. C shows the effect of [2,3-dithdroxybenz-aldehyde] on the rate of NO
generation from 0.02 mg/ml XO and 1.0 mM nitrite. D shows the rate of NO generation by
0.04 mg/ml XO and 1.0 mM NADH in the presence of 0.2-4 mM nitrite. E shows the rate of
NO generation by 0.02 mg/ml XO, 5 μM xanthine in the presence of 5 μM-2.5 mM nitrite. F
shows the rate of NO generation by 0.02 mg/ml XO, 40 μM 2,3-dithdroxybenz-aldehyde in
the presence of 0.5 mM-5 mM nitrite. For each of these graphs, the corresponding fits (solid
lines) Km, Vmax, and Kcat data were obtained using the Michaelis-Menten equation. Adopted
from [35].
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Fig. 4.
Measurement of NO generation from isolated enzyme-mediated nitrite reduction.
Measurements were performed using a chemiluminescence NO analyzer under anaerobic
conditions at 37 °C in 5 ml of PBS. The arrow shows the time at which AO, XO, or ferrous
hemoglobin was added. NO generations are shown from nitrite (100 μM), NADH (500 μM),
and AO (0.01 mg/ml) (trace A); nitrite (100 μM), NADH (500 μM), and XO (0.04 mg/ml)
(trace B). Reproduced from [26].
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Fig. 5.
Lineweaver-Burk analysis of NO generation by XO as a function of nitrite concentration at
different oxygen tensions. Reciprocal plot, 1/velocity versus 1/[nitrite]. A, 0.02 mg/ml XO,
0.02 mM xanthine in the presence of 400 units/ml SOD and 4–60 mM nitrite. B, 0.02 mg/ml
XO and 0.5 mM DBA in the presence of 400 units/ml SOD and 2–64 mM nitrite. Oxygen
concentrations of 214, 102, 51, and 20 μM, respectively, were achieved with purging of the
sample solutions at 37 °C with 21, 10, 5, or 2% oxygen. Reproduced from [18].
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Fig. 6.
XO-mediated NO generation from nitrite with NADH as reducing substrate under anaerobic
or aerobic conditions. Initial rates of NO generation were measured by chemiluminescence
NO analyzer. A, the effects of nitrite concentration on the rate of NO generation from 0.02 mg/
ml XO and 1 mM NADH in the presence of 0.02–4 mM nitrite and 400 units/ml SOD purged
with argon. B, as in A, but purged with air. Reproduced from [18].
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Fig. 7.
Concentration-dependent effects of nitrite on the blood pressure (BP) and heart rate of
anesthetized rats with normal body temperature (37°C). Curve a: heart rate; curve b: systolic
BP; curve c: diastolic BP. Ordinate BP and heart rate are expressed as percentage baseline that
was assigned as 100%.
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Fig. 8.
Effects of nitrite on the relaxation of isolated rat aorta precontracted with phenylephrine (10
μM) under aerobic conditions (pH 7.4, 37°C). Relaxant effects expressed as the percentage
relaxation from the maximal phenylephrine contraction.
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Fig. 9.
Effects of ODQ on nitrite-converted NO from aortic rings under aerobic conditions (pH 7.4,
37°C). A piece of aortic wall was placed on the bottom of a chamber. A Clark-type NO electrode
was put near the surface of the aortic wall. NO generation was detected by the NO electrode
after 500 μM nitrite was added to the chamber. The detected NO was abolished by 10 μM
ODQ. Arrows show the time at which different drugs were added.
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Fig. 10.
Representative electron paramagnetic resonance (EPR) spectra for NO-Fe2+-DETC complex
formed from isolated rat aorta in the presence of added nitrite or NO at 77 K. EPR measurements
were performed using a Bruker ER 300 spectrometer operating at X-band, 9.77 GHz. Aorta
were incubated in PBS with 0.5% BSA, nitrite (500 μM), ammonium-iron(II) sulfate(1 mM),
and diethyldithiocarbamate (DETC) (2 mM), pH 7.4 at 37°C with the following: A: NO (15
μM); B: 14N nitrite (500 μM); C: 15N nitrite (500 μM); D: high temperature (100°C, 8 min)
and 14N nitrite (500 μM); and E: ODQ (20 μM) and 14N nitrite (500 μM). F: background effects
for 14N nitrite (500 μM) without aorta. Each spectrum is representative of at least 5 independent
experiments. Please note that the A is presented at 1:10 magnitude of all others. Reproduced
from [60].
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