
INTRODUCTION

NITRIC OXIDE IS SYNTHESIZED in vivo by the reaction of
arginine with nitric oxide synthase. The three isoforms

of nitric oxide synthase are the constitutive neuronal enzyme
(n-NOS), the constitutive endothelial enzyme (e-NOS), and
inducible enzymes (i-NOS). NO acts as a second messenger
and has been implicated in a wide range of biologic functions
(Fig. 1). In the circulation, it regulates vascular tone, inhibits
platelet aggregation, and is involved in the inhibition of
leukocyte adhesion to the vascular endothelium. NO also has
antimicrobial activity and plays an important role in neuro-
transmission (4, 25, 38).

Nitric oxide is, however, a highly reactive unstable molecule
(Fig. 1) that can be oxidized to NO+, the nitrosonium cation,
and reduced to NO�, the nitroxyl anion (30, 57). Although the
estimated half-life of NO in phosphate-buffered solutions at
pH 7.4 is 130 s (14), the physiologic half-life of NO in the pres-
ence of oxygen in aqueous solutions is of the order of seconds
(24, 38), and in the circulation, it is thought to have a half-life
of <0.1 s (58). The reaction with oxygen is a complex second-
order reaction that initially produces NO2 and N2O3, but even-
tually results in the formation of nitrite (8, 61).

NO also reacts with the superoxide anion very rapidly (k =
6.7 � 109 M�1s�1), producing peroxynitrite (ONOO�). The
superoxide radical ubiquitous in mammalian cells and consti-
tutively produced by NOS (59) is thus expected to react with
plasma NO, generating peroxynitrite (42, 55). Although per-
oxynitrite is stable in alkaline pH, peroxynitrous acid with a
pKa of 6.8 present, even at neutral pH, is a strong oxidant and
nitrating agent that is responsible for thiol and tyrosine nitra-
tion. Peroxynitrous acid is rapidly isomerized to nitrate,
whereas an adduct formed from peroxynitrite and peroxyni-
trous acid decomposes to form nitrite and oxygen. Peroxyni-
trite also reacts with CO2 (18), forming ONOOCO2

�, a
stronger nitrating agent than peroxynitrite, which decom-
poses producing CO•

3
� and •NO2..

The NO generated by e-NOS can diffuse into the smooth
muscle cells where it reacts with the heme group of guanylate
cyclase, generating cyclic guanosine monophosphate (GMP),
which is ultimately responsible for NO-induced vasodilation.
However, this NO also diffuses into the lumen. In the lumen,
the NO is taken up by platelets and red cells but will also
react with oxygen and superoxide.

It has been shown that the NO in human plasma is quantita-
tively oxidized to nitrite and nitrate (60). The reaction pro-
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ducing nitrate is associated with NO that is taken up by the
red cell and reacts with oxyhemoglobin. This reaction is
largely favored in arterial blood, where hemoglobin is almost
completely oxygenated. However, in venous blood, the for-
mation of nitrite via the formation of N2O3 is more pro-
nounced, resulting in an overall nitrite-to-nitrate ratio in
human plasma of 1:5. The N2O3 formed during the reaction
with oxygen (Fig. 1) reacts with plasma thiols, producing S-
nitrosothiols. This reaction is thought to be responsible for
the 50–100 nM S-nitrosothiols in plasma.

It has been shown that measuring the excretion rate of ni-
trate in urine reliably assesses long-lasting changes in whole-
body NO synthesis. However, even though the plasma levels
of nitrate are greater than the plasma levels of nitrite, it is the
plasma nitrite level that is sensitive to short-term changes in
endothelial NO synthesis and has been used as a measure of
e-NOS activity (26, 52).

The validity of plasma nitrate as a measure of e-NOS activ-
ity is relatively unaffected by dietary nitrite (44). Most of the
ingested nitrate is converted to nitrite in saliva. However,
under the acidic conditions in the stomach, this nitrite is con-
verted to nitrous acid and other reactive nitric oxide species,
and does not show up in the plasma as nitrite. It has thus been
shown (44) that a high level of nitrate in the diet results in a
significant sevenfold increase in nitrate, but no significant in-
crease in nitrite.

SCAVENGING OF NITRIC OXIDE 
BY THE RED CELL

NO in the red cell can directly bind to deoxygenated
chains producing the iron nitrosylhemoglobin [Hb(II)NO] or

oxidizing oxygenated chains producing nitrate and methemo-
globin that no longer binds oxygen. The nitric oxide oxidation
product, nitrite, is also taken up by the red cell (35) where it
oxidizes hemoglobin.

The early literature considered the role of red cells vis-à-
vis nitric oxide as an NO scavenger (31), and its oxidation
products producing nonfunctional methemoglobin, tightly
bound Hb(II)NO and nonfunctional nitrate. With rate con-
stants >107 M�1s�1 for the reactions of NO with both oxyhe-
moglobin and deoxyhemoglobin, the red cell readily uses up
the entire NO generated by the endothelium limiting any va-
sodilation attributed to NO and resulting in vasoconstriction.
However, recent studies indicate that the physiologic effects
of nitric oxide were attributed to a red blood cell–free zone
near the endothelium and an unstirred layer around red cells
that limit the access of the NO generated at the endothelium
to the red cell (32, 33).

THE SNOHB HYPOTHESIS

A study in 1996 (27) found that in rat blood NO is found
both on the heme and reacted with the �-93 cysteine thiol
group, an invariant residue in mammalian hemoglobins. Fur-
thermore, the ratio of the heme complex [Hb(II)NO] and the
S-nitrosated hemoglobin (SNOHb) was found to be different
in arterial and venous blood. In arterial blood, the SNOHb
was greater than heme-NO, whereas in venous blood, heme-
NO was greater than SNOHb. This observation has been sub-
sequently shown to be found also in human subjects (37).

A dynamic transfer of NO between the heme and the thiol
is the basis for the proposal whereby arterial blood binds NO
to the few unliganded heme sites and, in the R-state of pre-

FIG. 1. The multiple reactions involving nitric oxide result in a wide range of biologic functions as well as its instability.
Included are the various physiologic functions attributed to NO as well as the products formed by the oxidation and reduction of
NO and the products formed when NO react with oxygen and superoxide.
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dominantly oxygenated hemoglobin, the red cell transfers NO
from the heme to the cysteine thiol. At reduced oxygen pres-
sures in the systemic microcirculation, the hemoglobin con-
formation switches to the T-state. Under these conditions, the
linkage with the thiol is destabilized, facilitating the release
of some of this NO (19, 56) (Fig. 2).

This “SNOHb Hypothesis” has generated a great deal of
interest in a role for the red cell in transporting NO. It helps
explain a dynamic role for the red cell in controlling blood
vessel tone, with hypoxia releasing NO and causing vasodila-
tion and hyperoxia scavenging NO and constricting blood
vessels.

The reaction of NO with hemoglobin had been extensively
studied before the identification of NO as an important sec-
ondary messenger. However, the SNOHb hypothesis requires
a completely new perspective in our understanding of the re-
actions of NO with hemoglobin. The earlier studies empha-
sized the rapid reaction of NO with oxyhemoglobin and de-
oxyhemoglobin (see earlier). However, the conformationally
induced changes in the reaction of NO were for the most part
neglected, because of the very high affinity for NO, and the
reaction with the �-93 cysteine thiol was not considered.
These early studies could not explain (a) the binding of NO to

the few percent deoxygenated chains in arterial blood in the
presence of a large excess of oxyhemoglobin, (b) the release
of the very tightly bound Fe(II)NO, (c) its transfer to a thiol
on the �-chain when the sample is oxygenated, (d) the release
of this NO from the thiol when the sample is deoxygenated,
and finally (e) the transport of this NO from the red cell. The
Stamler group has done extensive studies trying to establish
the feasibility/validity of this hypothesis. This hypothesis has
also resulted in a large number of studies from other groups,
some of which are consistent with the hypothesis, but many
of these studies raise serious questions about the hypothesis
(17, 45, 54, 62–64).

The redox reaction required for the 
transfer of NO from the heme to the thiol

One of the major unresolved issues, central to this hypoth-
esis, involves the shuttling of NO within the red cell between
the heme [Hb(II)NO] and the thiol. This process involves a
redox reaction, with an electron acceptor required for the for-
mation of a nitrosothiol when NO reacts with the cysteine.

RS� + NO → RSNO + e� [1]

Although the NO can undergo oxidation, no obvious elec-
tron acceptor exists for this electron. To resolve this issue, the
coupling of the heme-iron valence change with the reaction
of NO with the thiol was suggested (34).

Insight into such a process is provided by studies involving
the reaction of NO with Hb(III). Unlike carbon monoxide and
oxygen, NO binds not only to the Fe(II) heme, but also to the
oxidized Fe(III) heme. The NO bound to Fe(III) undergoes a
redox reaction, with an electron shared between the NO and
the heme iron with properties of both Hb(III)NO and
Hb(II)NO+ . This reaction results in reductive nitrosylation,
with Hb(II) formed when the nitrosonium complex reacts with
nucleophiles. This reduced heme then readily binds NO (13,
23). We have shown that the relatively rapid formation of
SNOHb, with a first-order rate constant of 0.048 ± 0.018 per
second, coincides with the simultaneous formation of one
molecule of Hb(II)NO for each molecule of SNOHb (53). This
reaction occurs only at low NO/heme ratios in which the NO
preferentially binds to the Fe(III) of the �-chains, which have
the reactive cysteine on the other side of the heme (Fig. 3).

The simultaneous formation of Hb(II)NO and SNOHb
has been explained by an electron-transfer reaction between
the NO+ on the heme and the nearby thiol group on �-93
cysteine.

:S-Hb(III)NO ↔ :S-Hb(II)NO+ ↔ •S-Hb(II)NO [2]

Even though the thiol is on the other side of the heme 13.6
� from the heme iron, electron transfers requiring the delo-
calization of electron density over much greater distances
have been extensively studied (3, 22, 43) in proteins.

Several studies actually confirm that electron delocaliza-
tion between the heme iron and the �-93 cysteine takes place
in hemoglobin. The release of NO from SNOHb has thus been
shown to involve the transfer of an electron from the Fe(II) to
the thiol (48). A transfer of electrons between the thiol and
the heme was also demonstrated by the carbon monoxide–

FIG. 2. The SNOHb hypothesis. The initial reaction of NO
with the few deoxygenated chains in arterial blood is depicted.
This NO remains bound in the systemic circulation, but can be
transferred to a thiol when the cells are reoxygenated, forming
SNOHb. The release of NO and the transnitrosation reactions in-
volving SNOHb in the T-state formed, when oxygen is removed,
is the basis for the ultimate transfer of NO to the vasculature.
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induced reduction of metHb when Cu(II) is bound to the cys-
teine (6). The transfer of electron density from the thiol to su-
peroxide on the distal side of the heme has been established
during the autoxidation of hemoglobin (2). For the nitroso-
nium cation, a much stronger oxidizing agent than superox-
ide, the formation of a thiyl radical and NO bound to the
Hb(II) (Eq. 2) is even more likely.

The relatively low affinity (Keq = 2.6 – 4.3 � 103 M�1) of
Hb(III) for NO (29), even with an excess of hemoglobin, re-
sults in free NO when NO reacts with Hb(III). This free NO
will rapidly react with the thiyl radical substrate formed, result-
ing in the simultaneous formation of Hb(II)NO and SNOHb.

•S-Hb(II)NO + NO → NOS-Hb(II)NO [3]

This same product can be produced without a thiyl inter-
mediate by the transfer of NO+ or N2O3 to the cysteine, fol-
lowed by the binding of NO to Hb(II). However, much of the
released NO+ or N2O3 will be lost before reacting with the �-
93 cysteine group 13.6 Å away on the other side of the heme,
and the level of Hb(II)NO formed would be appreciably
greater than the level of SNOHb.

These studies explain the redox coupling between the heme
and the thiol and the formation of SNOHb. Such a process,
however, requires that the heme iron first be oxidized to act as
an electron acceptor for the thiol reaction. The enhanced rates
of autoxidation of hemoglobin reported at reduced oxygen
pressures (1) may contribute to this process. Another pathway
for increased hemoglobin oxidation is suggested by the report
that at low levels of NO in the T-state, the NO bound to the
heme in a reaction analogous to that of autoxidation produc-
ing superoxide, readily oxidizes the heme, producing NO�

(20). This reaction, which argues for dramatically altered
properties of NO bound to Fe(II) at low NO molar ratios, may
instead reflect spectral changes that occur with the formation
of pentacoordinated NO known to form when NO binds to the
�-chain in the T-state (12).

Even with increased levels of Hb(III), SNOHb requires that
the low levels of NO bind to the Fe(III) chains, which have a
much lower affinity and slower rate than the reactions involv-
ing Fe(II) heme, oxyhemoglobin, or deoxyhemoglobin.
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The reaction of NO with arterial blood

The SNOHb hypothesis requires that NO generated in the
artery react with hemoglobin without being inactivated to
form nitrate by the reaction with oxyhemoglobin. This behav-
ior requires an appreciably higher rate of formation for
Hb(II)NO than the ~107 M�1s�1 for the reaction of oxyhemo-
globin with NO (19, 21). To explain this phenomenon, it was
argued that data on the reactions of relatively high concentra-
tions of NO neglected the allosteric properties of hemoglobin,
which involve an increase in the affinity of ligands in the lig-
anded R-state. Studies involving the reactions of NO with he-
moglobin, therefore, should be performed at physiologic levels
of NO in which only one NO molecule binds to hemoglobin,
and the other three chains would have oxygen already bound.

It was further pointed out that the results obtained at high
NO are complicated by the unique properties of NO binding
to �-chains, where the proximal histidine bond is disrupted in
the T-state (15). The initial reaction of NO in the T-state in-
volves binding to the �-chain. However, when samples are
kept under hypoxic conditions (36), the NO migrates to the �-
chain, disrupting the proximal histidine and binding very
tightly. Once the NO is on the �-chain, it is no longer avail-
able for the dynamic conformationally induced shuttling be-
tween the heme and the thiol.

Allosteric interactions found for the binding of oxygen and
carbon monoxide should also be present with NO, resulting in
different equilibrium and kinetics when three of the hemoglo-
bin subunits are oxygenated (R-state) than when the entire
molecule is deoxygenated (T-state). It should, however, be
possible to mimic the physiologically relevant properties of
hemoglobin as long as NO binds to only one of the four he-
moglobin chains. It is, however, not reasonable to completely
discount results obtained at relatively low, but still nonphysi-
ologic NO concentrations. An additional difficulty is related
to the fact that it is the “on rate” for binding NO to arterial
blood that must differentiate between the oxygenated chains
and the few percentage of unliganded chains. However, be-
cause the “on rate” is already at the diffusion limit (5), the al-
losteric increase in affinity for R-state hemoglobin will pre-
dominantly decrease the “off rate,” which will not explain the
preferential binding to deoxygenated chains in the presence
of a large excess of oxygenated chains.

Allosteric transfer of NO from heme to thiol

The SNOHb hypothesis involves the transfer of the NO
bound to the heme to the thiol when the hemoglobin is oxy-
genated and the conformation is shifted from the T-state to
the R-state. We discussed earlier the redox issues associated
with this reaction. It is also necessary to appreciate that even
with the coupling between the heme and the thiol, resulting in
the formation of a thiyl radical, the actual transfer of NO
from the heme to the thiyl 13.6 Å away on the other side of
the heme is much less efficient than electron delocalization.
This reaction is also distinct from the metHb reaction where
excess NO is present to react directly with the thiyl radical
(see earlier), and no transfer of NO from the heme to the thiol
is required.

It is also necessary to recognize that the transfer requires
the release of NO from the Fe(II)heme. The ferrous heme is

FIG. 3. The addition of a stoichiometric concentration of
NO to metHb results in the rapid formation of SNOHb (�),
which coincides with the formation of an equal concentra-
tion of Hb(II)NO (�). This reactions is faster than reductive
nitrosylation and is thought to involve the binding of NO to a
thiyl radical substrate formed when NO binds to the �-chain
Fe(III) heme.
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known to have a very high affinity for NO. The allosteric fac-
tors discussed earlier predict an affinity after oxygenation (in
the R-state) that is even higher than for 6-coordinated T-state
hemoglobin. The argument that in the R-state, the nitrosated
thiol is more stable is irrelevant unless the NO can be re-
leased from the heme.

The release of NO from the thiol in the T-state

It is known that the availability of the �-93 cysteine thiol
is dependent on the quaternary conformation with greater ac-
cessibility in the oxygenated R-state than in the deoxygenated
T-state (5). We have, however, shown (see later) that even in
the absence of oxygen in the T-state, SNOHb is formed when
nitrite reacts with deoxyhemoglobin (53). Furthermore, once
formed, SNOHb has been found to be stable in both oxy-
genated samples and deoxygenated samples in the absence of
metal ions and reductants. These results are inconsistent with
a dynamic conformationally linked release of NO from
SNOHb. However, coupled to interactions involving metal
ions and/or reductants, it is feasible that NO can be released
from SNO in a conformationally linked fashion.

The final issue that is relevant to the SNOHb hypothesis as
well as the other more recent proposals (see later) for the de-
livery of NO by the red cell involves the mechanism for the
release of NO from the red cell. This issue will be discussed
later.

THE NITRITE HYPOTHESIS

The SNOHb hypothesis has completely changed our per-
spective regarding the red cell. Although earlier studies em-
phasized the red cell as a scavenger of NO and its role in
causing vasoconstriction, the SNOHb hypothesis has empha-
sized a role for the red cell in regulating and modulating vas-
cular NO levels and the ability of the red cell deliver NO to
the vasculature under hypoxic conditions when it is needed.
This hypothesis directly uses the NO produced by the endo-
thelium, and therefore must accomplish this goal by modify-
ing our prior understanding of the reactivity of hemoglobin
with NO.

A new perspective to these issues was provided by our arti-
cle (40) and subsequently further developed by Gladwin and
associates (9). Instead of the red cell picking up NO produced
by the endothelium, this hypothesis reutilizes the nitrite pro-
duced by the oxidation of the NO in the plasma. The reutiliza-
tion occurs under hypoxic conditions when hemoglobin is
partially deoxygenated and the reduction of nitrite to NO is
turned on (Fig. 4). By generating NO where it is needed, the
difficulties involved in the red cell transporting the highly re-
active NO is avoided. Plasma is known to contain ~100–600
nM nitrite (50). Even though the nitrate level in plasma is
greater than that of nitrite (60), the nitrate is an end product
that is eventually removed from the circulation by the kid-
neys, whereas the nitrite is available to be taken up by the red
cell (35).

Nitrite has been known to be slowly reduced by deoxyhe-
moglobin to NO (11). It is generally accepted that nitrite re-
duction involves an intermediate with NO+ associated with
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the Fe(II) heme (49). However, the finding that metHb and
the Hb(II)NO are the only spectral species detected during ni-
trite reduction by deoxyhemoglobin (11, 51) led to the as-
sumption that only trace levels of any intermediates formed
are present during the reaction.

Both the slow rate of reaction (2.69 M�1s�1 at pH 7) and
the formation of relatively inert Hb(II)NO seemed to rule out
any physiologic importance for this reaction. It was, however,
argued that even at this relatively slow rate the formation of
NO under hypoxic conditions where hemoglobin is partially
oxygenated could provide enough NO to influence vascular
activity. This hypothesis was supported by in vivo and in vitro
nitrite-infusion studies coupled with measurements of the
formation of Hb(II)NO and SNOHb (9, 10, 39).

The nitrite intermediate hypothesis

In the red cell under hypoxic condition, nitrite directly
reduced to NO will rapidly react with the deoxygenated
chains. A physiologic role for such a mechanism requires a
mechanism to release the NO from the cell as it is formed
(see later). This inherent difficulty in the nitrite hypothesis
was resolved in our studies, which found appreciable levels
of intermediates during nitrite reduction by deoxygenated
hemoglobin (40).

These intermediates were originally detected by comparing
the NO signal obtained using chemiluminescence to measure
the total non-thiol hemoglobin associated NO and electron
paramagnetic resonance to measure the final product,
Hb(II)NO (Fig. 5). The clear difference established the pres-
ence of relatively stable intermediates during the nitrite reduc-
tion processes. Further studies on the nitrite reaction actually
established appreciable concentrations of two intermediates
formed during nitrite reduction of deoxyhemoglobin.

The binding of nitrite to deoxyhemoglobin and
the oxygen-labile intermediate. The initial binding of
anionic nitrite to deoxyhemoglobin, which usually binds hy-
drophobic neutral molecules like oxygen, carbon monoxide,
and nitric oxide, is very weak. We thus find that by filtration
essentially all of the initial nitrite added to the deoxyhemoglo-
bin is in the eluant (Nagababu and Rifkind, unpublished re-
sults). This observation is consistent with an increase in the
rate for nitrite reduction at low pH where the nitrite is proto-
nated, forming the neutral HNO2. However, even this hydro-
philic molecule is not expected to have a high affinity. Bind-
ing of nitrite, as found for the heme-based nitrite reductase,
presumably involves interactions with histidines. Any appre-
ciable interaction of the nitrite, even before reduction takes
place, should be associated with hydrogen bonding to the dis-
tal histidine.

The distal heme pocket must be properly configured for
such an interaction. Interactions with the distal histidine,
therefore, explain the conformational restrictions associated
with the nitrite reduction. We thus find that the addition of
DPG or IHP reduces nitrite reduction (28). The reaction is
also much slower for �-chains than �-chains and finally the
reaction is faster in the R-state produced by cleaving the ter-
minal histidine and tyrosines of the �-chains with car-
boxypeptidase-A before deoxygenating the hemoglobin
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(Ramasamy, Nagababu, Mohanty, and Rifkind, unpublished
results).

The H-bonded nitrite in the ligand pocket is presumable the
initial intermediate formed that is stable only in the absence
of oxygen (Fig. 6). This complex releases NO when injected
into the purge vessel of the nitric oxide analyzer, when acetic
acid is in the purge vessel. Because the nitrite is bound to the
hemoglobin, it does not, however, react with the sulfanil-
amide in the purge vessel and is detected as NO.

The oxygen-stable intermediate. This nitrite com-
plex subsequently undergoes an electron transfer, forming
Hb(II)NO+. This species involves electron delocalization be-
tween the iron and the NO with properties of both Hb(II)NO+

and Hb(III)NO. By comparing the oxygen-stable chemilumi-
nescence signal with the electron paramagnetic resonance sig-
nal of Hb(II)NO, we have shown that there is also a build up of
this intermediate (Fig. 7).

During the reaction of nitrite with deoxygenated hemoglo-
bin chains, this intermediate slowly releases NO that reacts
with unliganded hemoglobin chains, producing Hb(II)NO.
This intermediate is identical to the intermediate associated
with reductive nitrosylation when NO reacts with metHb

FIG. 4. The Nitrite Hypothesis: The reaction of
nitrite with the deoxygenated hemoglobin chains
formed when the partial pressure of oxygen is re-
duced in the systemic circulation. This reaction
results in an intermediate with properties of
Hb(II)NO+ and Hb(III)NO. The Hb(II)NO+ can
react with GSH or produce SNOHb, whereas the
Hb(III)NO can release NO. As the blood is oxy-
genated in the lungs, some of these intermediates
decompose, limiting the build-up of reactive NO
species.

FIG. 5. The reaction of a 1:4 ratio of nitrite to heme can
be followed by chemiluminescence (�) and electron para-
magnetic resonance (EPR) (�). The EPR measures Hb(II)NO,
whereas the chemiluminescence measures all heme complexes
that can be released from the heme and reduced to NO in acidic
ferricyanide. The chemiluminescence assay does not measure
nitrosothiols and, because of the addition of sulfanilamide,
does not measure free nitrite. The greater NO measured by
chemiluminescence than by EPR establishes the presence of
heme-associated intermediate species.
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(Fig. 8) (see earlier). However, by carefully following the re-
action of metHb with stoichiometric NO (not the excess fre-
quently used), we have been able to identify an additional in-
termediate (53). The initial complex of NO with metHb gives
the well-documented visible spectrum associated with
Hb(III)NO. Whereas earlier studies attributed this spectrum
to the delocalized Hb(II)NO+ ↔ Hb(III)NO species, we find
that the Hb(III)NO spectrum disappears within 20 min, pro-
ducing a species that is not yet reduced Hb(II), but slowly re-
acts with CO to produce HbCO. It is this second species that
is believed to be the delocalized species Hb(II)NO+ ↔
Hb(III)NO, formed both during nitrite reduction and the reac-
tion of NO with metHb (Fig. 8). These results explain the dif-
ferences between the nitrite intermediate and the reported
spectral properties and kinetic properties of the Hb(III)NO
complex initially formed when NO reacts with Hb(III).

Nitrite reduction by the red cell in vivo and its
utilization during exercise. As mentioned earlier, a
number of studies (9, 10, 39) have shown that the infusion of
nitrite has vascular affects. It has also been shown that nitrite
infused in vivo will react with red cells. The question to be re-
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solved was whether, under normal conditions, plasma nitrite
reacts with red cells and whether this pool of red cell NO is
available to the vasculature. This was addressed by using our
data on the intermediates to characterize the reaction of nitrite,
in contradistinction with a direct reaction of nitric oxide. A re-
action of NO with deoxygenated hemoglobin chains thus pro-
duces Hb(II)NO, which is relatively stable, even in the pres-
ence of oxygen and can (if the level is above the electron
paramagnetic resonance (EPR) detection limit of ~µM) be de-
tected by EPR. However, the nitrite reaction produces a pool of
hemoglobin-associated NO that is not SNOHb and not
Hb(II)NO (see earlier), and at least some fraction of this NO is
oxygen labile (Fig.6). Studies of arterial and venous blood
demonstrated that this relatively labile NO species, analogous
to that formed during nitrite reduction by deoxyhemoglobin,
accounts for most of the red cell NO found in fresh blood sam-
ples (Fig. 9). Nitrite reduction by red cells thus occurs in vivo.

The buildup of this intermediate, where the NO is not bound
nearly as tightly as it is in Hb(II)NO, provides for a source of
NO in the red cell that can be released from hemoglobin to sup-
ply a potential source of bioactive NO that can affect the vascu-
lature. We have shown that this pool of NO is reduced immedi-
ately after exercise (Nagababu, Ravi, and Rifkind, unpublished
results). This finding actually suggests that the nitrite-reduced
labile NO maybe available to the vasculature during exercise
when the demand for oxygen increases.

The formation of SNOHb during nitrite reduc-
tion. As indicated earlier when discussing the formation of
SNOHb when NO reacts with metHb, the intermediate when
formed on the �-chain involves the delocalization of the elec-
tron density to the �-93 cysteine residue in addition to the iron
and the NO (Fig. 8). This delocalization stabilizes the interme-
diate and further slows the release of NO and its inactivation
with the formation of the final products Hb(II)NO and metHb.

This observation is particularly relevant to nitrite reduction
because the nitrite reduction process favors the �-chain (see
earlier).

As discussed earlier with respect to the metHb reaction,
this delocalization of the electron density to the thiyl facili-
tates a reaction in which the intermediate can react with any
nonbound NO to produce SNOHb. During the nitrite-
reduction process, no excess NO is available. We nevertheless
observe a slow formation of SNOHb, which is attributed to
the transfer of NO from the heme to the thiol (Fig. 10).

This same reaction can produce SNOHb in vivo, although a
possible direct reaction of this thiyl radical with any NO that
gets into the red cell also must be considered. The intermedi-
ate thus provides a pool of NO that can be either directly re-
leased as NO or transferred to the thiol producing SNOHb.
The nitrite intermediate hypothesis thus provides an indepen-
dent pathway for the formation of SNOHb and the putative
bioactivity associated with the SNOHb hypothesis. At the
same time, it provides a parallel pathway for the propagation
of NO bioactivity that does not involve the thiol.

Although a contribution of SNOHb to any nitrite-induced
bioactivity cannot be ruled out, a recent article (10) estab-
lished a non-SNOHb component to nitrite-induced vasodila-
tion. Thus, a mutant with alanine replacing the �-93 cysteine

FIG. 6. The chemiluminescence signal, formed when a 1:4
nitrite/heme ratio is reacted with deoxyhemoglobin, con-
tains an oxygen-labile component (�) lost when the sample
is oxygenated and an oxygen-stable component (�) that re-
mains after the sample is oxygenated.

FIG. 7. The reduced chemiluminescence signal, obtained
when the reaction mixture formed by a 1:4 nitrite/heme
molar ratio of nitrite reacts with deoxyhemoglobin (�), is
greater than the Hb(II)NO signal detected by electron para-
magnetic resonance (EPR) (�). This observation establishes
that during the nitrite reaction, both oxygen-labile and oxygen-
stable intermediates are formed before the release of NO.
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actually displays a greater nitrite-induced vasodilation than
normal hemoglobin with the cysteine. This mutant, however,
alters the hemoglobin conformation, stabilizing the R-state,
and cannot be used to argue that SNOHb has no contribution
to the vasodilation induced by hemoglobin.

THE RELEASE OF NO FROM 
THE RED CELL

The entire discussion regarding a role for the red cell in
delivering NO to the vasculature depends on the ability of the
red cell to release the NO picked up from plasma and/or re-
generated from plasma nitrite back to the vasculature.

A role for the red cell membrane must be involved in this
process, with a putative role for the hemoglobin association
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with the cytoplasmic domain of band 3 (theAE1 chloride–bi-
carbonate anion exchanger) of the red cell membrane. The
transport of the NO from SNOHb has been linked to a
transnitrosation reaction between SNOHb associated with the
membrane and the two reactive cysteine residues on the cyto-
plasmic domain of AE1 near the hemoglobin binding site
(46). It has been shown that SNOHb tends to concentrate on
the membrane. The resultant stabilization of the T-state facili-
tates the transnitrosation reaction. It has also been demon-
strated by using vascular strips that these membranes can re-
lease NO to the vasculature (47).

Nitrite reduction to NO, without the formation of interme-
diates, requires that the NO can be shuttled out of the red cell
as it is being formed. The possible formation of a membrane
band 3/AE1–associated nitrite reductase metabolon has been
proposed (15). This process involves bringing together de-
oxyhemoglobin and carbonic anhydrase, which facilitate ni-
trite reduction by deoxyhemoglobin (carbonic anhydrase fa-
cilitates the nitrite reduction by generating protons necessary
for the formation of HNO2). This NO formed in the hydro-

FIG. 9. The oxygen-labile intermediate formed during the
nitrite reaction was found to be present in fresh arterial
blood and venous blood from human subjects. This supports
the contention that nitrite reduction is responsible for at least
some of the red cell NO present in vivo, and a pool of poten-
tially bioactive NO formed by this reaction is present in blood.

FIG. 10. The slow formation of SNOHb when a 1:10 ni-
trite/heme molar ratio of nitrite reacts with deoxyhemoglo-
bin (�) is demonstrated. The SNOHb involves a reaction
with the �-93 cysteine residue that is not formed when this
residue is blocked with NEM (�). Confirmation that the prod-
uct is a nitrosothiol is demonstrated by the disappearance of the
signal when HgCl2 reacts with the product, breaking the S-NO
bond.

FIG. 8. The electron-delocalized intermedi-
ate formed both during the reaction of nitrite
with deoxyhemoglobin and during the reaction
of NO with methemoglobin. When protonated
nitrite reacts with deoxyhemoglobin, a hydroxide
ion is cleaved, forming Hb(II)NO+, and when
NO reacts with methemoglobin, Hb(III)NO is
formed. These represent two substrates of the
same intermediate, with the electron shared by
the iron and the NO. The simultaneous formation
of Hb(II)NO and SNOHb (Fig. 3) establishes a
third substrate in which the electron from the
thiol is transferred to NO+. The presence of these
multiple substrates is responsible for the stability
of the intermediate and the slow release of NO,
forming Hb(II)NO, and the slow transfer of the
nitrosonium cation, forming SNOHb, when an
excess of NO is not present. In the presence of an
excess of NO, a direct reaction with the thiyl radi-
cal takes place, forming SNOHb, and the NO+ can
be displaced from the intermediate, forming
Hb(II)NO.
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phobic bilayer is released from the cell without reacting with
deoxyhemoglobin (16). The nitrite reduction occurring on the
membrane is, however, inconsistent with the recent results
that R-state hemoglobin, which has a relatively poor mem-
brane affinity, is primarily responsible for nitrite reduction in
the red cell.

The nitrite-intermediate hypothesis bypasses this difficulty
by forming a metastable intermediate that can subsequently
release its NO at lower oxygen pressures when the hemoglo-
bin membrane association is greater.

An alternative mechanism to release nitrite-reduced NO
involving the nitrite anhydrase reaction, whereby the
Hb(II)NO+ intermediate reacts with nitrite to produce N2O3

(50). The N2O3 is a potent nitrosating agent that can form
SNOHb. However, its reactivity for thiols is not nearly as
great as that of NO for deoxyhemoglobin or oxyhemoglobin.
Being a hydrophobic small molecule, it can easily diffuse out
of the red cell. Its hydrolysis to form NO and NO2 (7) once
out of the red cell provides a possible mechanism to transfer
NO to the vasculature.

An additional factor that should be addressed in any attempt
to explain red cell–induced vasodilation is the steep radial ve-
locity distribution (50) in the precapillary arterioles where the
pO2 initially decreases. This phenomenon results in a cell-free
plasma zone at the vessel wall, which further complicates the
transfer of NO from the red cell to the vasculature. In the
smaller capillaries where the red cell is in contact with the
vessel wall and NO transfer can more readily take place,
smooth muscle cells required to respond to NO are lacking.

The transfer of NO from red cells to the vasculature is es-
sential, if red cell NO plays a physiologic role. Although a
number of studies support that such a reaction occurs, at least
under certain conditions in which the NO supplied by the en-
dothelium is not adequate, the process for red cell delivery of
nitric oxide to the vasculature is clearly not completely un-
derstood, and additional studies are necessary to explain this
process.

CONCLUSION AND COMPARISON OF
NITRIC OXIDE AND OXYGEN

Any role for the red cell in NO function is linked to the red
cell redox properties. The SNOHb hypothesis involves the
redox reaction required for the transfer of NO from the heme
to a thiol. The nitrite reutilization hypotheses are directly
coupled to the redox reaction of nitrite to NO, with the Nitrite
Intermediate Hypothesis utilizing redox properties of the
heme NO and the thiol to stabilize the intermediates formed.

Whereas the oxygen transport role of hemoglobin is facil-
itated by maintaining the Fe(II) state of the heme, for NO, it
is the controlled redox reactions that may play a crucial role
in regulating systemic blood flow and thereby facilitating
the delivery of oxygen to the tissues, at least under certain
conditions.

Analogous redox reactions involving oxygen produce su-
peroxide, hydrogen peroxide, rhombic damaged heme, and
fluorescent degradation products (41). These processes, in-
stead of contributing to the functional role of the red cell in
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delivering oxygen, reflect oxidative damage, which can im-
pair the function of the red cell and can contribute to oxida-
tive stress associated with many diseases.

In comparing the relation between the interactions of oxy-
gen and NO with red cell hemoglobin, it is also necessary to
point out that the primary role of oxygen involving the re-
versible binding of oxygen involves most of the red cell he-
moglobin, whereas the related redox reactions involve only a
small fraction of the hemoglobin that binds oxygen. Unlike
the delivery of oxygen to the tissues, which involves a major
fraction of the hemes, the functional role of the red cell in
delivering NO requires very low levels of NO, which may,
however, have a major impact on blood flow. For this to func-
tion, the redox reactions must dominate the reversible bind-
ing process so that the function delivery of NO can take
place without limiting the ability of hemoglobin to transport
oxygen.
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ABBREVIATIONS

EPR, electron paramagnetic resonance; CO, carbon
monoxide; CO2, carbon dioxide; CO3

•�, carbonate radical
anion; DPG, 2,3-diphosphoglyceric acid; Hb(III), methemo-
globin; Hb(II)NO, iron nitrosylhemoglobin; HNO2, nitrous
acid; IHP, inositol hexaphosphoric acid; metHb, methemoglo-
bin; NO, nitric oxide; •NO2, nitrogen dioxide; N2O3, dinitro-
gen trioxide; NO+, nitrosonium cation, NO�, nitroxyl anion;
ONOO�, peroxynitrite; ONOOCO2

�, nitrosoperoxocarboxy-
late; R-state, relaxed hemoglobin-liganded conformation; T-
state, tense unliganded hemoglobin conformation; SNOHb,
S-nitrosohemoglobin; RSNO, S-nitrosothiols.

REFERENCES

1. Abugo OO and Rifkind JM. Oxidation of hemoglobin and
the enhancement produced by nitroblue tetrazolium. J Biol
Chem 269: 24845–4853, 1994.

2. Balagopalakrishna C, Abugo OO, Horsky J, Manoharan
PT, Nagababu E, and Rifkind JM. Superoxide produced in
the heme pocket of the beta-chain of hemoglobin reacts
with the beta-93 cysteine to produce a thiyl radical. Bio-
chemistry 37: 13194–3202, 1998.

3. Beratan DN, Onuchic JN, Winkler JR, and Gray HB.
Electron-tunneling pathways in proteins. Science 258:
1740– 1741, 1992.

4. Bogdan C. Nitric oxide and the immune response. Nat Im-
munol 2: 907–16, 2001.

5. Bonaventura C, Fago A, Henkens R, and Crumbliss AL.
Critical redox and allosteric aspects of nitric oxide interac-
tions with hemoglobin. Antioxid Redox Signal 6: 979–991,
2004.

14290c11.pgs  7/14/06  11:54 AM  Page 1201



6. Bonaventura C, Godette G, Tesh S, Holm DE, Bonaventura
J, Crumbliss AL, Pearce LL, and Peterson J. Internal elec-
tron transfer between hemes and Cu(II) bound at cysteine
beta93 promotes methemoglobin reduction by carbon
monoxide. J Biol Chem 274: 5499–5507, 1999.

7. Butler AR and Ridd JH. Formation of nitric oxide from ni-
trous acid in ischemic tissue and skin. Nitric Oxide Biol Ch
10: 20–24, 2004.

8. Castillo L, deRojas TC, Chapman TE, Vogt J, Burke JF,
Tannenbaum SR, and Young VR. Splanchnic metabolism
of dietary arginine in relation to nitric oxide synthesis in
normal adult man. Proc Natl Acad Sci U S A 90: 193–197,
1993.

9. Cosby K, Partovi KS, Crawford JH, Patel RP, Reiter CD,
Martyr S, Yang BK, Waclawiw MA, Zalos G, Xu X, Huang
KT, Shields H, Kim-Shapiro DB, Schechter AN, Cannon
RO, 3rd, and Gladwin MT. Nitrite reduction to nitric oxide
by deoxyhemoglobin vasodilates the human circulation.
Nat Med 9: 1498–1499, 2003.

10. Crawford JH, Isbell TS, Huang Z, Shiva S, Chacko BK,
Schechter AN, Darley-Usmar VM, Kerby JD, Lang Jr JD,
Kraus D, Ho C, Gladwin MT, and Patel RP. Hypoxia, red
blood cells and nitrite regulate NO-dependent hypoxic
vasodilatation. Blood 2005.

11. Doyle MP, Pickering RA, DeWeert TM, Hoekstra JW, and
Pater D. Kinetics and mechanism of the oxidation of
human deoxyhemoglobin by nitrites. J Biol Chem 256:
12393–12398, 1981.

12. Fago A, Crumbliss AL, Peterson J, Pearce LL, and
Bonaventura C. The case of the missing NO-hemoglobin:
Spectral changes suggestive of heme redox reactions re-
flect changes in NO-heme geometry. Proc Natl Acad Sci U
S A 100: 12087–12092, 2003.

13. Ford PC, Fernandez BO, and Lim MD. Mechanisms of re-
ductive nitrosylation in iron and copper models relevant to
biological systems. Chem Rev 105: 2439–2455, 2005.

14. Ford PC, Wink DA, and Stanbury DM. Autoxidation kinet-
ics of aqueous nitric oxide. FEBS Lett 326: 1–3, 1993.

15. Frehm EJ, Bonaventura J, and Gow AJ. S-Nitrosohemoglo-
bin: An allosteric mediator of NO group function in mam-
malian vasculature. Free Radic Biol Med 37: 442–453, 2004.

16. Gladwin MT, Crawford JH, and Patel RP. The biochem-
istry of nitric oxide, nitrite, and hemoglobin: role in blood
flow regulation. Free Radic Biol Med 36: 707–717, 2004.

17. Gladwin MT, Lancaster JR, Jr., Freeman BA, and
Schechter AN. Nitric oxide’s reactions with hemoglobin: A
view through the SNO-storm. Nat Med 9: 496–500, 2003.

18. Goldstein S, Meyerstein D, and Czapski G. Mechanisms of
reactions of (*)NO with complexes with metal-carbon
sigma-bonds and with aliphatic radicals. Inorg Chem 36:
2893–2897, 1997.

19. Gow AJ, Luchsinger BP, Pawloski JR, Singel DJ, and
Stamler JS. The oxyhemoglobin reaction of nitric oxide.
Proc Natl Acad Sci U S A 96: 9027–9032, 1999.

20. Gow AJ and Stamler JS. Reactions between nitric oxide
and haemoglobin under physiological conditions. Nature
391: 169–173, 1998.

21. Gross SS and Lane P. Physiological reactions of nitric
oxide and hemoglobin: A radical rethink. Proc Natl Acad
Sci U S A 96: 9967–9969, 1999.

1202 RIFKIND ET AL.

22. Gruschus JM and Kuki, A. Ellipsoidal delocalization of
tunneling electrons in long-range electron transfer pro-
teins. J Phys Chem B 103: 11407–11414, 1999.

23. Hoshino M, Maeda M, Konishi R, Seki H, Ford PC. Stud-
ies on the reaction mechanism for reductive nitrosylation
of ferrihemoproteins in buffer solutions. J Am Chem Soc
118: 5702–5707, 1996.

24. Ignarro LJ. Biosynthesis and metabolism of endothelium-
derived nitric oxide. Annu Rev Pharmacol Toxicol 30:
535–560, 1990.

25. Ignarro LJ. Nitric oxide as a unique signaling molecule in
the vascular system: A historical overview. J Physiol Phar-
macol 53: 503–514, 2002.

26. Ignarro LJ, Fukuto JM, Griscavage JM, Rogers NE, and
Byrns RE. Oxidation of nitric oxide in aqueous solution to
nitrite but not nitrate: Comparison with enzymatically
formed nitric oxide from L-arginine. Proc Natl Acad Sci U
S A 90: 8103–8107, 1993.

27. Jia L, Bonaventura C, Bonaventura J, and Stamler JS. S-
nitrosohaemoglobin: A dynamic activity of blood involved
in vascular control. Nature 380: 221–226, 1996.

28. Jia Y, Ramasamy S, Wood F, Alayash AI, and Rifkind JM.
Cross-linking with O-raffinose lowers oxygen affinity and
stabilizes haemoglobin in a non-cooperative T-state con-
formation. Biochem J 384: 367–375, 2004.

29. Kharnitov VG, Bonaventura C, and Sharma VS. Interac-
tions of nitric oxide with heme proteins using UV-Vis
spectroscopy. Methods Nitric Oxide Res xx: 39–45, 1996.

30. Koppenol WH. The basic chemistry of nitrogen monoxide
and peroxynitrite. Free Radic Biol Med 25: 385–391,
1998.

31. Lancaster JR Jr. Simulation of the diffusion and reaction of
endogenously produced nitric oxide. Proc Natl Acad Sci U
S A 91: 8137–8141, 1994.

32. Liao JC, Hein TW, Vaughn MW, Huang KT, and Kuo L. In-
travascular flow decreases erythrocyte consumption of ni-
tric oxide. Proc Natl Acad Sci U S A 96: 8757–8761, 1999.

33. Liu X, Samouilov A, Lancaster JR Jr, and Zweier JL. Ni-
tric oxide uptake by erythrocytes is primarily limited by
extracellular diffusion not membrane resistance. J Biol
Chem 277: 26194–26199, 2002.

34. Luchsinger BP, Rich EN, Gow AJ, Williams EM, Stamler
JS, and Singel DJ. Routes to S-nitroso-hemoglobin forma-
tion with heme redox and preferential reactivity in the
beta subunits. Proc Natl Acad Sci U S A 100: 461–466,
2003.

35. May JM, Qu ZC, Xia L, and Cobb CE. Nitrite uptake and
metabolism and oxidant stress in human erythrocytes. Am
J Physiol Cell Physiol 279: C1946–C1954, 2000.

36. McMahon TJ, Ahearn GS, Moya MP, Gow AJ, Huang YC,
Luchsinger BP, Nudelman R, Yan Y, Krichman AD,
Bashore TM, Califf RM, Singel DJ, Piantadosi CA, Tapson
VF, and Stamler JS. A nitric oxide processing defect of red
blood cells created by hypoxia: Deficiency of S-nitrosohe-
moglobin in pulmonary hypertension. Proc Natl Acad Sci
U S A 102: 14801–14806, 2005.

37. McMahon TJ, Moon RE, Luschinger BP, Carraway MS,
Stone AE, Stolp BW, Gow AJ, Pawloski JR, Watke P, Sin-
gel DJ, Piantadosi CA, and Stamler JS. Nitric oxide in the
human respiratory cycle. Nat Med 8: 711–717, 2002.

14290c11.pgs  7/14/06  11:54 AM  Page 1202



38. Moncada S, Palmer RM, and Higgs EA. Nitric oxide:
physiology, pathophysiology, and pharmacology. Pharma-
col Rev 43: 109–142, 1991.

39. Nagababu E, Efrat M, Ramasamy S, Mayevsky A, and
Rifkind J. The vasoactive nitric oxide species formed in the
red cell during nitrite reduction in vivo. Free Radic Biol
Med 37: S87–S88, 2004.

40. Nagababu E, Ramasamy S, Abernethy DR, and Rifkind
JM. Active nitric oxide produced in the red cell under hy-
poxic conditions by deoxyhemoglobin-mediated nitrite re-
duction. J Biol Chem 278: 46349–46356, 2003.

41. Nagababu E and Rifkind JM. Heme degradation by reac-
tive oxygen species. Antioxid Redox Signal 6: 967–978,
2004.

42. Nauser T and Koppenol WH. The rate constant of the re-
action of superoxide with nitrogen monoxide: Approach-
ing the diffusion limit. J Phys Chem A 106: 4084–4086,
2002.

43. Page CC, Moser CC, Chen X, and Dutton PL. Natural en-
gineering principles of electron tunnelling in biological
oxidation-reduction. Nature 402: 47–52, 1999.

44. Pannala AS, Mani AR, Spencer JP, Skinner V, Bruckdorfer
KR, Moore KP, and Rice-Evans CA. The effect of dietary
nitrate on salivary, plasma, and urinary nitrate metabolism
in humans. Free Radic Biol Med 34: 576–584, 2003.

45. Patel RP, Hogg N, Spencer NY, Kalyanaraman B, Matalon
S, and Darley-Usmar VM. Biochemical characterization of
human S-nitrosohemoglobin: Effects on oxygen binding
and transnitrosation. J Biol Chem 274: 15487–15492, 1999.

46. Pawloski JR, Hess DT, and Stamler JS. Export by red
blood cells of nitric oxide bioactivity. Nature 409:
622–626, 2001.

47. Pawloski JR and Stamler JS. Nitric oxide in RBCs. Trans-
fusion 42: 1603–1609, 2002.

48. Pezacki JP, Ship NJ, and Kluger R. Release of nitric oxide
from S-nitrosohemoglobin: Electron transfer as a response
to deoxygenation. J Am Chem Soc 123: 4615–4616, 2001.

49. Ranghino G, Scorza E, Sjogren T, Williams PA, Ricci M,
and Hajdu J. Quantum mechanical interpretation of nitrite
reduction by cytochrome cd1 nitrite reductase from Para-
coccus pantotrophus. Biochemistry 39: 10958–10966,
2000.

50. Rassaf T, Feelisch M, and Kelm M. Circulating NO pool:
Assessment of nitrite and nitroso species in blood and tis-
sues. Free Radic Biol Med 36: 413–422, 2004.

51. Reutov VP and Sorokina EG. NO-synthase and nitrite-
reductase components of nitric oxide cycle. Biochemistry
(Mosc) 63: 874–884, 1998.

52. Rhodes P, Leone AM, Francis PL, Struthers AD, Moncada
S, and Rhodes PM. The L-arginine:nitric oxide pathway is
the major source of plasma nitrite in fasted humans.
Biochem Biophys Res Commun 209: 590–596, 1995.

53. Rifkind JM. S-nitrosohemoglobin formation: A mecha-
nism involving electron delocalization in the heme pocket.
Biophys J 88: 391A–391A, 2005.

RED CELL NITRIC OXIDE 1203

54. Robinson JM and Lancaster JR Jr. Hemoglobin-mediated,
hypoxia-induced vasodilation via nitric oxide: Mecha-
nism(s) and physiologic versus pathophysiologic rele-
vance. Am J Respir Cell Mol Biol 32: 257–261, 2005.

55. Squadrito GL and Pryor WA. The formation of peroxyni-
trite in vivo from nitric oxide and superoxide. Chem Biol
Interact 96: 203–206, 1995.

56. Stamler JS, Jia L, Eu JP, McMahon TJ, Demchenko IT,
Bonaventura J, Gernert K, and Piantadosi CA. Blood flow
regulation by S-nitrosohemoglobin in the physiological
oxygen gradient. Science 276: 2034–2037, 1997.

57. Stamler JS, Singel DJ, and Loscalzo J. Biochemistry of ni-
tric oxide and its redox-activated forms. Science 258:
1898–1902, 1992.

58. Tsikas D. Methods of quantitative analysis of the nitric
oxide metabolites nitrite and nitrate in human biological
fluids. Free Radic Res 39: 797–815, 2005.

59. Vasquez-Vivar J, Kalyanaraman B, Martasek P, Hogg N,
Masters BS, Karoui H, Tordo P, and Pritchard KA, Jr. Su-
peroxide generation by endothelial nitric oxide synthase:
The influence of cofactors. Proc Natl Acad Sci U S A 95:
9220–9225, 1998.

60. Wennmalm A, Benthin G, and Petersson AS. Dependence
of the metabolism of nitric-oxide (NO) in healthy-human
whole-blood on the oxygenation of its red-cell hemoglo-
bin. Br J Pharmacol 106: 507–508, 1992.

61. Wink DA, Darbyshire JF, Nims RW, Saavedra JE, and Ford
PC. Reactions of the bioregulatory agent nitric oxide in
oxygenated aqueous media: Determination of the kinetics
for oxidation and nitrosation by intermediates generated in
the NO/O2 reaction. Chem Res Toxicol 6: 23–27, 1993.

62. Xu X, Cho M, Spencer NY, Patel N, Huang Z, Shields H,
King SB, Gladwin MT, Hogg N, and Kim-Shapiro DB.
Measurements of nitric oxide on the heme iron and beta-93
thiol of human hemoglobin during cycles of oxygenation
and deoxygenation. Proc Natl Acad Sci U S A 100: 11303–
11308, 2003.

63. Zhang Y and Hogg N. Mixing artifacts from the bolus ad-
dition of nitric oxide to oxymyoglobin: Implications for S-
nitrosothiol formation. Free Radic Biol Med 32: 1212–
1219, 2002.

64. Zhang Y and Hogg N. S-nitrosohemoglobin: A biochemi-
cal perspective. Free Radic Biol Med 36: 947–958, 2004.

Address reprint requests to:
Joseph M. Rifkind

Molecular Dynamics Section
National Institute on Aging

5600 Nathan Shock Drive
Baltimore, MD 21224

E-mail: rifkindj@grc.nia.nih.gov

Date first submitted to ARS Central, January 25, 2006; date of
acceptance February 7, 2006.

14290c11.pgs  7/14/06  11:54 AM  Page 1203



14290c11.pgs  7/14/06  11:54 AM  Page 1204



This article has been cited by:

1. Tamir Kanias, Ling Wang, Ashley Lippert, Daniel B. Kim-Shapiro, Mark T. Gladwin. 2012. Red blood cell endothelial nitric
oxide synthase does not modulate red blood cell storage hemolysis. Transfusion no-no. [CrossRef]

2. Nicoletta Castiglione , Serena Rinaldo , Giorgio Giardina , Valentina Stelitano , Francesca Cutruzzolà . 2012. Nitrite and
Nitrite Reductases: From Molecular Mechanisms to Significance in Human Health and Disease. Antioxidants & Redox
Signaling 17:4, 684-716. [Abstract] [Full Text HTML] [Full Text PDF] [Full Text PDF with Links]

3. Sanjeev Kanoria, Georgios Glantzounis, Alberto Quaglia, Sharma Dinesh, Giuseppe Fusai, Brian R. Davidson, Alexander
M. Seifalian. 2012. Remote preconditioning improves hepatic oxygenation after ischaemia reperfusion injury. Transplant
International 25:7, 783-791. [CrossRef]

4. Enika Nagababu, Joseph M. Rifkind. 2011. Routes for Formation of S-Nitrosothiols in Blood. Cell Biochemistry and
Biophysics . [CrossRef]

5. Dario A. Vitturi, Rakesh P. Patel. 2011. Current perspectives and challenges in understanding the role of nitrite as an integral
player in nitric oxide biology and therapy. Free Radical Biology and Medicine 51:4, 805-812. [CrossRef]

6. Jordan A. Weinberg, Scott R. Barnum, Rakesh P. Patel. 2011. Red blood cell age and potentiation of transfusion-related
pathology in trauma patients. Transfusion 51:4, 867-873. [CrossRef]

7. O. V. Kosmachevskaya, A. F. Topunov. 2009. Hemoglobins: Diversity of structures and functions. Applied Biochemistry
and Microbiology 45:6, 563-587. [CrossRef]

8. K CHEN, B PIKNOVA, R PITTMAN, A SCHECHTER, A POPEL. 2008. Nitric oxide from nitrite reduction by hemoglobin
in the plasma and erythrocytes. Nitric Oxide 18:1, 47-60. [CrossRef]

9. John W. HarveyThe Erythrocyte 173-240. [CrossRef]

10. Kejing Chen , Roland N. Pittman , Aleksander S. Popel . 2007. Vascular Smooth Muscle NO Exposure from Intraerythrocytic
SNOHb: A Mathematical Model. Antioxidants & Redox Signaling 9:8, 1097-1110. [Abstract] [Full Text PDF] [Full Text
PDF with Links]

11. J RIFKIND, E NAGABABU, E BARBIROMICHAELY, S RAMASAMY, R PLUTA, A MAYEVSKY. 2007. Nitrite
infusion increases cerebral blood flow and decreases mean arterial blood pressure in rats: A role for red cell NO. Nitric Oxide
16:4, 448-456. [CrossRef]

http://dx.doi.org/10.1111/j.1537-2995.2012.03850.x
http://dx.doi.org/10.1089/ars.2011.4196
http://online.liebertpub.com/doi/full/10.1089/ars.2011.4196
http://online.liebertpub.com/doi/pdf/10.1089/ars.2011.4196
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2011.4196
http://dx.doi.org/10.1111/j.1432-2277.2012.01481.x
http://dx.doi.org/10.1007/s12013-011-9321-2
http://dx.doi.org/10.1016/j.freeradbiomed.2011.05.037
http://dx.doi.org/10.1111/j.1537-2995.2011.03098.x
http://dx.doi.org/10.1134/S0003683809060015
http://dx.doi.org/10.1016/j.niox.2007.09.088
http://dx.doi.org/10.1016/B978-0-12-370491-7.00007-6
http://dx.doi.org/10.1089/ars.2007.1594
http://online.liebertpub.com/doi/pdf/10.1089/ars.2007.1594
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2007.1594
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2007.1594
http://dx.doi.org/10.1016/j.niox.2007.04.002

