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Abstract

It is now accepted that the anion nitrite, once considered an inert oxidation product of nitric oxide
(NO), contributes to hypoxic vasodilation, physiological blood pressure control, and redox
signaling. As such, its application in therapeutics is being actively testing in pre-clinical models
and in human phase I-I1I clinical trials. Major pathways for nitrite bioactivation involve its
reduction to NO by members of the hemoglobin or molybdopterin family of proteins, or catalyzed
dysproportionation. These conversions occur preferentially under hypoxic and acidic conditions.
A number of enzymatic systems reduce nitrite to NO and their activity and importance are defined
by oxygen tension, specific organ system and allosteric and redox effectors. In this work, we
review different proposed mechanisms of nitrite bioactivation, focusing on analysis of kinetics and
experimental evidence for the relevance of each mechanism under different conditions.
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Introduction

Even recently nitrite was considered inert and incapable of functioning as a vasodilator in
the human circulation (NO) [1]. However, bioactivation of nitrite through formation of NO
and other nitrogen oxides is now widely recognized and the importance of this pathway in
the physiological control of blood flow and pressure accepted [2, 3]. Despite agreement that
nitrite is bioactive, the mechanisms responsible for bioactivation remain to be clearly
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History

defined and remain a source of controversy. In this review, we evaluate the studied
mechanisms for reduction or bioactivation of nitrite (illustrated in Figure 1) and discuss
strengths and weaknesses related to their relevance in nitrite bioactivation.

There are now many pieces of evidence demonstrating bioactivity of nitrite. Nitrite
administered to rats via intragastric route lowered blood pressure [4]. Infusions of slightly
supraphysiological levels of nitrite cause increased blood flow that are potentiated by
hypoxia and low pH in humans [5, 6]. Salivary nitrite has been show to increase gastric
mucosal blood flow and mucous thickness [7]. Physiologically relevant levels of nitrite have
been shown to counter ischemic-reperfusion injury [8-10] that is likely mediated by effects
on mitochondrial respiration [10]. In addition, nitrite has been shown to decrease platelet
activation [11, 12]. All of these effects are consistent with nitrite being reduced to NO and
mediating NO-dependent signal transduction.

Numerous other examples of nitrite bioactivation have been demonstrated after initial
conversion from nitrate by oral bacteria [13, 14]. Physiological effects of increasing dietary
nitrate include improving intestinal health [7], enhanced exercise performance [15-21], and
acute reduction in blood pressure[22-26]. These effects are eliminated and nitrite levels
decreased when volunteers either spit or use mouthwash [22, 23], thereby implicating the
importance of nitrate reduction to nitrite by oral bacteria. The fact that dietary nitrate is
capable of raising plasma nitrite levels to a sufficient extent to elicit substantial
physiological effects supports the notion that nitrite bioactivation plays a role in modulating
normal biological function.

In this review we discuss the major pathways for nitrite reduction to NO and the evidence to
support a role in physiology and disease. The major reductase enzyme pathways considered
include the heme-based nitrite reductases, the molybdopterin enzyme nitrite reductases, and
the nitrite anhydrase enzymes (Figure 1).

In 1952 Furchgott and Bhadrakhom demonstrated the ability of nitrite to effect relaxation of
pre-constricted aortic vessels, but the concentrations used where substantially higher than
that found in physiological conditions (100 uM compared to normal levels of tens to
hundreds of nanomolar) [27]. In humans, nitrite reduction to NO was discovered in expelled
air and attributed to non-enzymatic reduction in the stomach [28]. This conversion of nitrite
to NO in the stomach was suggested to play a role in controlling gut pathogens [29]. In
1995, nitrite was also shown to be reduced to nitric oxide in saliva [30]. In that same year,
Zweier and colleagues demonstrated reduction of nitrite to NO in an ischemic heart model
and attributed the reduction to non-enzymatic processes [31]. In 2000 Gladwin, Cannon and
others observed an arterial-venous gradient in nitrite along with a substantial consumption
occurring during exercise when nitric oxide synthase (NOS) is blocked in humans [32]. The
authors suggested that nitrite may function as source of NO that is activated in hypoxia and
acidic conditions to increase blood flow [32]. This suggestion would explain the observation
by Classen and coworkers where intragastric administration of nitrite lowered blood
pressure in a rodent model [4]. In 2001, Lundberg, Modine and colleagues showed that
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physiological levels of nitrite could effect vasorelaxation in rat aorta under acidic conditions
of ischemia [33]. Then, in 2003, we showed that infusion of as little of a few micromolar
nitrite increased blood flow in the human blood flow in a NOS independent manner and this
was potentiated when subjects performed exercise (Figure 2) [5]. In a subsequent study,
Gladwin and coworkers showed that infusion of physiological concentrations of nitrite
caused increased forearm blood flow [6].

Part 1 Nitrite reduction by Heme Proteins

Mechanism of Hemoglobin mediated bioactivation—In our 2003 paper
demonstrating nitrite's ability to increase blood flow we suggested that the mechanism may
involve reduction to NO by deoxygenated Hb (deoxyHb) [5]. The chemistry for this reaction
was first described by Brooks [34] and later elaborated upon by Doyle and colleagues [35]
as well as others [36, 37],

NOZ +HbFe>* +H* — NO4+HbFe**+OH™ (1

NO+HbFe?t — HbFe*t — NO, (2

where HbFe?* refers to deoxyHb (with the iron state in the reduced, +2, state), HbFe3*
refers to methemoglobin (where the heme iron is oxidized), and HoFeZ*-NO refers to the
NO adduct of hemoglobin, iron nitrosyl hemoglobin. The reduction of nitrite occurs as
described in Equation 1 and the dependence on low oxygen saturation and pH is manifest in
the requirements for deoxygenated hemes and protons.

Interestingly, the rate of reduction has been found to depend on the allosteric state of the
protein, with vacant hemes in an R-state Hb tetramer reacting about 100 times faster than
those in the T-state [36—38]. The rate of NO production is thus maximal at partial oxygen
saturations near the p50 of Hb (Figure 3) [36, 38]. The maximum rate of NO production at
this oxygen pressure, taking a bimolecular rate constant of 1 M~1s71 [36], 0.01 M heme, and
100 nM nitrite would be 1 nanomolar/sec. This rate would increase linearly with a decrease
in pH so that at a pH of 6.5 it would be about 8 nM/s. With higher plasma nitrate (such as
that achievable after high oral nitrate intake as occurs when drinking beet juice), one could
envision an NO production rate of 80 nM/s. It is interesting to compare this rate with that of
NO production by NOS. Unfortunately, the reports for the maximum rate of NO production
by NOS vary from 1 nM/s to 70 uM/s [39-41]. These and other estimated rates are
summarized in Table 1. Given that NOS function decreases in hypoxia (while nitrite
reductase activity increases), it is reasonable to consider NO production rates that are on the
order of 1 nM/s or more may contribute to NO bioactivity while ones that are substantially
lower would not.

The biggest conceptual challenge to the notion that deoxyHb plays a major role in
bioactivation of nitrite is that NO produced in the red blood cell would be rapidly scavenged
by the dioxygenation reaction where NO reacts with oxygenated Hb (OxyHb) to form
MetHb and nitrate,
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NO+HbFe*™ — 0y — HbFe™ +NO3., (3)

This reaction is governed by a bimolecular rate constant of 6-8 x 10 M~1s71 [42-44]. .
With 20 mM Hb in the red cell (in heme), the lifetime of NO would only be about t =1
microsecond. Thus, NO could only diffuse about 0.1 micrometers or less (taking a diffusion
constant D = 1000 pm#/s with distance going as the square root of D t). Thus, very little NO
that is made in the red blood cell can get out. Several proposed mechanisms have been
constructed to explain how nitrite-derived bioactivity can be exported from the red blood
cell and these generally involve either a compartment model with submembrane localization
of the reaction allowing for inefficient free NO escape, or the formation of another nitrogen
oxide such as a nitrosothiol or N,O3 that can get out of the red blood cell and carry NO
activity [45-53].

Mechanism of Myoglobin mediated bioactivation—The mechanism by which
myoglobin (Mb) would lead to nitrite bioactivation is the same as for Hb (Equation 1), but
the reaction was found to be about substantially faster for Mb than Hb due to its lower heme
redox potential [54]. The bimolecular rate constant was measured to be 12 M~1s~1 at pH 7.4
and 37 °C [54]. As predicted by Equation 1, the rate increases as the pH decreases so that it
will be substantially faster under ischemic conditions. At pH 6.4 it would be 120 M~1s71,

Mb-mediated nitrite reduction has been reported to be important in both cardiomyocytes
[55] and smooth muscle [56]. Cardiomyocytes contain about 300 uM Mb [57]. Nitrite has
been found to be about 1 uM in heart tissue. Thus, in acidic conditions, NO could be
produced here at a rate of about 36 nM/s, if all of the Mb is deoxygenated. Given the high
affinity of Mb for oxygen (p50 about 3 Torr), 100% deoxygenation is unlikely even under
extreme hypoxia. At 1% oxygen (7.6 torr), about 30% of the Mb hemes would be
deoxygenated so the rate of NO production would be about 10 nM/s, which is still
considerable. The rate of NO production via smooth muscle Mb depends on its
concentration which has not been determined, but is likely to be substantially less than that
of cardiomyocytes.

NO scavenging by oxyMb is less of a problem than in the case if Hb in red blood cells due
to the lower concentration of Mb. With 300 pM Mb, the lifetime of NO would be about 70
us in a cardiomyocyte and it could diffuse about 0.3 um. The diffusion distance in the
smooth muscle is likely greater. Moreover, the targets for the produced NO by Mb are likely
to be closer than in the case of NO produced by red cell Hb.

As discussed below, a functional role for myoglobin in nitrite reduction and signaling is
strongly supported by multiple studies in myoglobin knockout mice showing a reduction in
nitrite mediated effects on mitochondrial respiration, cardiac function, ischemia reperfusion
cytoprotection, and systemic hypoxic vasodilation [54-56].

Mechanism of Neuroglobin mediated bioactivation—The basic mechanism of
reduction of nitrite to NO by Neuroglobin (Ngb) is also similar to that of Mb and Hb
(Equation 1), except that it is complicated by the fact that the heme iron of Ngb is
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predominately hexacoordinate [58]. Whereas the heme iron of deoxyHb is pentacoordinate
as it only binds to the proximal histidine, that of Ngb binds to both the pentacoordinate and
hexacoordinate heme. In order to better describe Ngb reduction of nitrite, we need to expand
discussion of the mechanism involving Hb. The dependence on pH is likely due to the heme
actually predominately reacting with nitrous acid, HONO, rather than the nitrite anion. Thus,
following Doyle and colleagues [35], the rate of nitrite reduction by Hb can be written

b e2—i—
_%: [ HbFe?*] [NO,7]| {

ko [HT /
7K°£ [H]ﬂ +k ] , @
where kg is the bimolecular rate constant for the reaction of deoxyHb and HONO, K' is the
bimolecular rate constant for the reaction of deoxyHb with nitrite anion, the subscript T
indicating all nitrite (acid and anion), and K, is 107X for nitrite with pK = 3.15. At neutral
pH and below, the K'can be ignored. Doyle and colleagues found kg to be 12.3 x 103 M~1s71
[35]. Equation 4 can be adapted to describe the rate that nitrite is reduced by Ngb as follows

b 2+ /
D] Sl a0

where Ky is the ratio of hexacoordinate to pentacoordinate Ngb [58]. With reported values
of being about 3000 for Knjs [59], the binding of the iron plays a major role in limiting the
rate of nitrite reduction by Ngb, giving an overall bimolecular rate constant of about 0.1
M~1s71 at neutral pH [58].

Interestingly, the affinity of the heme iron for the distal histidine can be increased through
protein modification, thereby increasing the rate of nitrite reduction [58, 60]. Formation of a
disulfide bond between cysteines 46 and 55 the pentacoordinate Ngb form [58]. In addition,
Ngb phosphorylation has been shown to increase Ngb reductase activity about four-fold
[60]. The fact that Ngb can reduce nitrite so efficiently, approaching the rate for Hb, despite
being predominately in the hexcoordinate form (generally less than 1%) suggests that the
intrinsic rate constant for the reaction of Ngb with HONO, kg, is very large. Indeed, work
with histidine mutants has shown that kyfor Ngb (Equation 5) is about 5 x108 M~1s1
(Figure 4). This is 500 fold faster than for Hb and approaching a rate constant characteristic
of that which rate-limited by how fast nitrite can get to the heme pocket [61, 62].
Physiological levels of Ngb have been reported to be between 1 uM in the brain and up to
100 pM in the retina [63, 64]. The rate of reduction of nitrite by Ngb in physiology depends
on oxygenation state (with Ngb having an oxygen affinity similar to Mb [64]),
pentacoordination, and pH. If nitrite concentrations are taken as 1 uM then in extreme
hypoxia capable of making the Ngb completely deoxygenated, the rate of NO production
would be about 0.005 nM/s in brain tissue and 0.5 nM/s in retina, taking a bimolecular rate
constant of 5 M~1s71, These rates would increase at lower pH and could be much higher
under conditions where the pentacoordinate form of the protein is achieved. Of course, heme
oxygenation or oxidation would reduce the rates.
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Mechanism of bioactivation by other heme proteins: Cytochrome c,
cytoglobin, cytochrome c oxidase, and endothelial NOS—Similar to Ngb, the
heme iron of cytochrome c is predominately hexacoordinate, but can become
pentacoordinate when the iron-methionine bond is ruptured which occurs when the
methionine is oxidized [65, 66], tyrosines are nitrated [67, 68], or the cytochrome interacts
with anionic phospholipids such as those present in the inner membrane of the mitochondria
[69-71]. Zweier, Mason and colleagues demonstrated cytochrome-c mediated nitrite
reduction secondary to protein oxidation by hypochlorite [72]. We subsequently
demonstrated that cytochrome-c gained ability to reduce nitrite in the presence of anionic
phospholipids [73]. The mechanism of nitrite reduction would follow Equation 4. Under
conditions where pentacoordination is favored, we previously calculated that cytochrome-c
mediated NO production from nitrite could reach 14 nM/s [73].

Cytoglobin is another hexacoordinate hemoprotein that can reduce nitrite following a similar
mechanism as Ngb [74]. Cytoglobin is found in micromolar concentrations but can be
increased about 10-fold under hypoxic conditions [75].The rate constant was measured to be
about 0.14 M~1s71 (pH 7, 25°C and NO production rates were estimated to be capable of
reaching 0.35 nM/s under physiologically-relevant hypoxia and acidosis [74]. Although the
mechanism of nitrite reduction by these hexacoordinate heme proteins, as well as others
[76], seems to depend on transient formation of a pentacoordinate heme, the absolute
necessity of pentacoordination has been questioned [77].

Cytochrome ¢ oxidase has been proposed to reduce nitrite following a mechanism similar to
Hb [78, 79]. The rate of NO production increases at lower oxygen concentration and
depends on the subunit 5 isozyme [79]. Based on the amount of NO required to inhibit
cytochrome c oxidase, there is likely a few hundred nanomolar cytochrome c in cells [80].
Using maximum measured rates of NO production with 1 mM nitrite [79]and assuming the
rate of production is roughly linear down to a nitrite concentration of 10 UM, the rate of NO
production from cytochrome c oxidase could be roughly estimated to be 1.5 nM/s in anoxia
and less at higher oxygen concentrations.

Endothelial NOS has also been shown to be capable of reducing nitrite to NO [81-83].
Slama-Schwok and colleagues showed that endothelial NOS is the only NOS isoform that is
capable of effectively reducing nitrite and it does so at a rate of 3.5 nM/sec per micromolar
protein [83]. Nitrite reduction is most effective in the presence of calcium/calmodulin,
tetrahydrobiopterin, and arginine, and is suggested to involve an additional active site
besides the heme [81]. With a concentration of 0.05 UM in an arteriole [41], the rate of
nitrite reduction to NO by eNOS in anoxia would be 0.18 nM/sec. This calculated value is
not consistent with the reported observation that the rate NO production from endothelial
cells in the presence of 10 mM nitrite actually increases 4-fold in hypoxia and 8-fold in
anoxia [83].

Part 2 Nitrite reduction by Molybdopterin-containing Proteins

Mechanism of Xanthine oxidoreductase mediated bioactivation—Xanthine
oxidoreductase (XOR) is a flavoprotein that reduces xanthine to hypoxanthine and can also
reduce hypoxanthine to uric acid. It has an FAD binding site, iron-sulfur centers and a
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molybdenum center. Several groups have studied its ability to reduce nitrite to NO [8, 39,
84-91]. Nitrite is reduced by the molybdenum which can itself be reduced by one of two
pathways so that overall nitrite reduction has been described as occurring by two separate
processes [87]. Process | involves molybdenum reduction by xanthine or 2,3-
dihydroxybenz-aldehyde [87]. In this process, the FAD site is open and oxygen competes
with nitrite for electrons so that process 1 is favored in hypoxia and anoxia (Figure 5). In
Process I, NADH occupies the FAD site so oxygen no longer competes with nitrite for
electrons [87]. Process Il is then independent of oxygen tension (Figure 5).

The relatively low affinity of XOR for nitrite limits the rate of NO production. The
Michaelis constant K, has been reported to be 2.5 mM under some conditions [86]. and 12
mM to 59 mM with oxygen tensions of 2% to 21% [87]. The Vnax is constant over different
oxygen tensions and equal to about 10 nM/mg protein/s [87]. Levels of XOR vary by tissue
and have been reported to be about 7g/g tissue in the heart and 80 g/g tissue in the liver but
these levels can increase dramatically along with levels of NADPH in ischemia [39]. Tissue
generation from nitrite was found to increase greatly as the pH was reduced from 7 to 6 and
approached 1 nM/s [39]. This is consistent with estimates of XOR mediated NO generation
of nitrite reaching 1 nM/s.

In addition to XOR mediated NO generation from nitrite occurring in heart, liver, and
smooth muscle tissue, XOR has been proposed to be associated with endothelial cells and
RBCs and reduce nitrite there [88]. RBC XOR has recently been proposed to play a
particularly important role in producing NO from nitrite in patients with hypertension where
XOR is suggested to be upregulated [25]. However, XOR produces negligible NO from
nitrite in normal volunteer red blood cells at physiological pH values. Other studies have
reported negligible XOR in blood [39]. The extent to which RBC XOR can contribute to NO
generation from nitrite will depend on the concentrations of XOR that accumulate from
circulating levels [88]. In addition, NO scavenging by Hb would also limit the effectiveness
of NO generated by RBC XOR, but XOR localization to the RBC membrane could limit NO
scavenging to some extent.

The importance of XOR in mediating nitrite bioactivation has been studied using specific
XOR inhibitors and this is discussed further below.

Mechanism of Aldehyde oxidase mediated bioactivation—Aldehyde oxidase (AO)
catalyzes oxidation of aldehyde to carboxylic acid and functions in metabolizing
xenobiotics. Like XOR, it has an FAD binding site, iron-sulfur centers and a molybdenum
center [92]. It is in the same family of molybdenum —containing enzymes as XOR [92]. Use
of an AO inhibitor raloxifene substantially reduced NO production from rat liver and heart
tissue in the presence of nitrite [39]. In addition, NO generation from nitrite was directly
measured when AO was present along with NADH [39]. The mechanism of nitrite reduction
by AQ is similar to that of XOR where nitrite is reduced at the molybdenum site and either
an aldehyde can supply electrons at that same site, or NADH can supply electrons from the
flavin site [93]. Under aerobic conditions, the NADH-dependent process is favored as
oxygen acts as a competitive inhibitor of nitrite reduction in the absence of NADH [93].
Since AO has a higher affinity for NADH than XOR, it is more likely to contribute to
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aerobic nitrite reduction than XOR with physiological levels of NADH [93]. Like other
nitrite reduction pathways, lowering pH increases the rate of AO-mediated reduction, but
not as much as other pathways; about 35% in going from pH 7.4 to pH 6.0 [93]. Again, the
low K, of AO for nitrite (about 3 mM) limits its NO production rate, but it has been
estimated that AO mediated NO production from nitrite can reach 1.5 nM/s at low pH in the
heart [93].

Mechanism of bioactivation by other molybdenum-containing enzymes—
Xanthine oxidoreductase and aldehyde oxidase are members of the molybdenum
oxotransferase enzyme family which also includes nitrate reductases [94]. Thus, studies
have investigated if other members of this family can function as mammalian nitrite
reductases. Preliminary work presented at the Fifth International Meeting on the Role of
Nitrite and Nitrate in Physiology, Pathophysiology, and Therapeutics suggests that sulfite
oxidase, which catalyzes the oxidation of sulfite to sulfate, functions as a nitrite reductase
both as an isolated enzyme and in cultured fibroblasts [95]. Another mammalian
molybdenum-containing enzyme that has identified is mitochondrial amidoxime reducing
component (MARC) [96]. Preliminary work with this enzyme presented at the meeting by
the Gladwin group has demonstrated that it too can reduce nitrite to NO and is capable of
using NADH or cytochrome b5 and cytochrome b5 reductase as electron sources [95].

Part 3. Nitrite bioactivation by anhydrase activity

Nitrite anhydrase activity of heme proteins—Several suggested pathways for nitrite
bioactivation involve the formation of N,O3, as mentioned above in the case of potential
Hb-mediated export of NO bioactivity from the red blood cell. N,O3 can carry NO
bioactivity through subsequent nitrosation or through NO formation

N503 <> NO+NO,. (6)
In the case of Hb, nitrite anhydrase has been proposed whereby
2 NO; +HbFe’ T+HT — NyO3+HbFe*T+OH~  (7)

In one proposed mechanism for nitrite anhydrase, an intermediate ferric nitrosyl species is
formed (which is equivalent to a ferrous nitrosonium) and this then reacts with a second
nitrite molecule [49, 97, 98].

NOZ +HbFe** +H* — (HbFe™* — NO — HbFe?" — NO*) +OH™ (g)

(HbFe** — NO « HbFe?" — NO') +NO; — N2O3 (g)

Another possibility is that nitrite binds to MetHb which subsequently reacts with NO to
make N,O3 [47]. Here, subsequent to the initial reaction of nitrite and deoxyHb (Equation
1), nitrite binds,

Nitric Oxide. Author manuscript; available in PMC 2015 April 30.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Kim-Shapiro and Gladwin Page 9

NO; +HbFe® — (HbFe’ — NO, « HbFe* —NO3), (o)

where the metHb-nitrite species is proposed to have some ferrous nitrogen dioxide character.
This species reacts with NO to make N,O3 [47],

(HbFe’ — NO7 — HbFe? — NO3) +NO — NoOy - (11)

Formation of N,O3 from nitrite would facilitate export of NO activity from the red blood
cell and evidence for the formation of this species has been reported [45-47, 99]. However,
others have questioned whether this species can and does form [100, 101]. The major
challenge to the pathway to N,O3 formation via the pathway involving the ferric nitrosyl
intermediate (Equation 8 and 9) is that the ferric nitrosyl species releases NO on the order of
one second [102] so that it's reactivity with nitrite is limited. The biggest challenges for the
pathway involving a metHb-nitrite intermediate are that metHb has a low to moderate
affinity for nitrite and the reaction with NO must compete with the fast reactions of NO and
oxygenated and deoxygenated Hb.

Nitrite anhydrase activity of Carbonic Anhydrase—Carbonic anhydrase (CA) is a
zinc-containing enzyme that catalyzes the formation of carbonic acid from carbon dioxide
and water,

CO9+H,0 « HCO; +H'  (12)

Formation of NO from nitrite through action of CA has been demonstrated using isolated
enzyme [103]. It was suggested that CA catalyzes formation of N,O3 similar to the reverse
of the reaction shown in Equation 12,

2 NO; +2H1 < NoO3+H,0  (7)

With subsequent formation of NO and nitrogen dioxide via Equation 6 [103]. The reaction
was found to be faster at higher pH (7.2) but produce more total NO at lower pH (5.9) [103].
These results were suggested to be due to the involvement of the nitrite anion in the
anhydrase reaction (rather than nitrous acid) balanced by a requirement for protons
(Equation 7) [103]. The fact that the percentage of nitrite that is in the anion form only
changes a tiny bit when going from pH 5.9 to pH 7.2 (99.82% to 99.99% assuming a pK of
3.15), suggests that additional phenomena are involved that account for the observed pH
dependence of CA reactivity with nitrite.

The affinities of CA for carbon dioxide and bicarbonate are low enough that they are not
likely to inhibit reactivity of CA with nitrite [L03-105]. The affinity of nitrite itself for CA is
also likely to be low based on its measured inhibition constant (K, of about 40 mM [106])
[103]. However, recent work in the Gladwin lab has shown that the K, of CA for nitrite is
about 40 UM and the Ky is very low at about 2 x 1074 s™1 at pH 7.2 (unpublished results).
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A concentration of 400 nmol/g Hb [107] of erythrocytic CA would be about 40 pM CA in
blood. This would yield N,Og3 at a rate of about 0.2 uM/s in the presence of 1 UM nitrite.

Part 4. Potential physiological and therapeutic relevance of different mechanisms

Mechanisms involved in modulating blood flow, blood pressure, and
hemostasis/thrombosis—Infusion of just slightly supraphysiological levels of nitrite
leads to increased blood flow that is potentiated in hypoxia [5, 108]. Several studies have
shown that oral nitrate decreases blood pressure and that this effect is dependent on
reduction of nitrate to nitrite by commensal bacteria [22-26]. Nitrite has also been shown to
decrease platelet activation and aggregation [11, 12]. All of these effects of nitrite can be
explained by formation of NO bioactivity in the blood or blood vessels, but the mechanisms
for bioactivation in these tissues has been the subject of considerable debate and active
study.

Evidence that increased blood flow is due to reduction by deoxyHb is provided by the
temporal relationship between vasodilation and NO formation in the red blood cell.
Additionally, blood flow effects of nitrite are not inhibited by infusions of inhibitors of NO
synthase or XOR [5, 6]. Additional evidence derives from ex-vivo experiments using aortic
ring bioassays [5, 109, 110]. The combination of red blood cells and nitrite (500 nM) was
shown to relax these aortic vessels more efficiently than when nitrite or red cells alone were
present [5]. At oxygen tensions of 15 and 25 mmHg as little as 200 nM nitrite was
subsequently shown to effect relaxation in aortic rings in the presence of red blood cells and
relaxation was abrogated by the NO scavenger CPTIO [109]. Relaxation by nitrite and red
blood cells was associated with cGMP formation and dependent on Hb oxygen affinity, with
maximal effect occurring near the Hb p50, consistent with the notion that R-state Hb reduces
nitrite more effectively than T-state Hb [109]. Another study by Dalagaard and coworkers
using aortic rings has questioned whether Hb and red cells actually contribute to nitrite-
mediated vasodilation [111]. Dalsgaard and coworkers found no additional effect of
deoxygenated Hb on vasodilation compared to control [111]. The discrepancy in effects of
deoxyHb on nitrite mediated vasodilation might be explained in terms of the fact that Hb
both produces NO from nitrite and scavenges NO via the dioxygenation reaction or NO
binding [110]. Thus, one must consider the balance of NO scavenging and NO production
from nitrite in the presence of Hb to assess the overall effect on NO bioavailability. NO
scavenging by Hb is similar under oxygenated and deoxygenated conditions (with the
scavenging by oxygenated Hb being slightly faster [112]). On the other hand, NO
production increases as Hb oxygenation is decreased from 100%, so that the balance tips
towards relative NO production upon deoxygenation.

Several studies have emphasized the importance of XOR in mediating nitrite-dependent
increases in blood flow either due to XOR in the blood vessels [39, 88] or erythrocytic XOR
[25, 88]. Li and coworkers found that NO production rates are much higher from tissue,
including rat aorta, than from blood [39]. Webb and colleagues showed that nitrite-mediated
NO production from human left internal mammary artery was substantially (but not
completely) reduced by allopurinol, an XOR inhibitor [88]. XOR was also demonstrated to
be active on the erythrocytic membrane [25, 88]. They also suggested that eNOS, both in the
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RBC and endothelial cells, played a role in vascular NO production from nitrite using a
NOS blocker [88]. The importance of XOR-mediated nitrite reduction was emphasized in
blood pressure reduction in hypertensive rat models and based on NO formation from
human red cells from patients with hypertension [25]. Erythrocytic XOR was found to
increase in human patients with mild hypertension and in a rodent spontaneous hypertension
model [25]. The increase in protein content was associated with increased ability to reduce
nitrite to NO in erythrocytes but not in rodent arterial vessels and this erythrocytic ability to
reduce nitrite was substantially reduced upon administration of the XOR inhibitor
allopurinol in the rodent model and in erythrocytes form hypertensive patients [25]. An
important study countering evidence that suggests XOR is a major player in vascular NO
generation is one in which oxypurinol (another XOR inhibitor) was found to actually
increase blood flow when co-infused with nitrite into the human forearm (Figure 6) [6].

Smooth muscle myoglobin has also been implicated in modulating nitrite-dependent
increases in blood flow [56, 113]. Using murine aortic rings under anoxic conditions,
Ormerod and coworkers showed that nitrite-mediated vasodilation is reduced by CO
(presumably due to blockage of the heme) for wild type but not myoglobin knockout mice
[113]. The remainder of the nitrite mediated effects were attributed to XOR and SO based
on use of inhibitors [113]. Totzeck and coworkers conducted in vitro and in vivo
experiments supporting a role for smooth muscle Mb in nitrite mediated vasodilation using
wild type and Mb knockout mice [56]. NO production from nitrite in aorta were greatly
attenuated in the knockout compared to wild type and inhibition of XOR did not affect NO
production in the wild type [56] Blood pressure from wild type mice was substantially more
reduced compared to Mb knockout mice when exposed to hypoxia in vivo [56]. In addition,
NO formation from administered nitrite and associated vasorelaxation were much higher in
wild type mice compared to knockouts .[56] A role for nitrite reduction by NOS was not
supported by experiments using NOS knockout mice [56].

In addition to modulating blood flow, NO has important function in maintain preventing
proper platelet function. NO is known to reduce platelet activation, probably through
binding to soluble guanylyl cyclase within platelets Platelet aggregation was reduced in
individuals who consumed potassium nitrate compared to potassium chloride [114]. Platelet
aggregation induced by ADP or collagen measured in blood taken from individuals who
consumed a single dose of beetroot juice (containing high nitrate) was reduced compared to
a control group and the reduction in platelet aggregation was reduced when volunteers spit,
which interrupts the conversion of nitrate to nitrite [23]. Dietary restriction of nitrite and
nitrate in a murine model led to reduced platelet aggregation and activity while
supplementation with nitrite or nitrate inhibited platelet aggregation [12]. Importantly, in
contrast to the effects observed in vivo, the in vitro treatment of platelet rich plasma with
nitrite has no effect on platelet activation, but reduces platelet activation in the presence of
erythrocytes (Figure 7) [115]. This effect was potentiated upon red cell deoxygenation and
abrogated in the presence of the NO scavenger C-PTIO (Figure 7) [115]. These data support
the notion that erythrocytes can export NO bioactivity from nitrite.

It is important to remember in evaluating sets of data that some discrepancies may be
explained by the different models (animal vs human) employed. It is quite possible that
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more than one mechanism plays a role and that the dominant one depends on the
physiological environment such as pH and oxygen tension.

Mechanisms involved in cytoprotection—Ischemia and ischemia/reperfusion (IR)
injury are major causes of mortality that, to a large extent, involves mitochondrial
dysfunction [116]. Ischemic preconditioning is an effective method of protecting against IR
injury and NO production plays an important role in the late phase of protection [117].
Nitrite could be an effective source of NO in cytoprotection due to its role an ample source
of NO bioactivity and ability to be bioactivated in ischemic conditions [116]. The efficacy of
low concentrations of nitrite in mediating cytoprotection has been demonstrated in a variety
of tissues in animal models including heart [8, 9, 55, 118-122] liver [9, 120, 123], brain
[124-126], kidney [127, 128], hindlimb [129], and human forearm [23].

Numerous studies have suggested that nitrite-mediated cytoprotection is mediated by NO
production from the molybdenum containing enzyme XOR [8, 39, 86, 118, 127] and to
some extent SO [39] as well. The Zweier group demonstrated the sufficiency of XOR
mediated NO generation from nitrite in conditions mimicking those of the ischemic heart
[86]. They subsequently found that between about 60% to 80% of NO generation from 100
UM nitrite is abrogated when inhibitors of XOR and AO are administered [39]. The
importance of XOR in cytoprotection was also demonstrated by Webb and coworkers using
an isolated, perfused heart wherein allopurinol blocked NO production in ischemia [8].
Nitrite was shown to be protective in a rat in vivo model of myocardial IR and also showed
that XOR inhibition abolished the protective effect of nitrite in perfused rate heart models
[118]. In addition, topical administration of nitrite was found to be protective against renal
IR injury in an in vivo rat model and NO production from nitrite in kidney homogenates was
largely attenuated by allopurinol [127]. In a slightly different context, inhaled nitrite was
demonstrated to inhibit hypoxia and inflammation-induced pulmonary arterial hypertension
in a murine model and these effects were shown to be dependent on NO generation which
was greatly attenuated upon administration of allopurinol [130]. Consistent with these
effects, NO production from nitrite in lung tissue was found to be inhibited by allopurinol
[54].

In contrast to some studies emphasizing the dependence of nitrite-mediated myocardial
cytoprotection on bioactivation by XOR, allopurinol was found to have no effect in a study
of nitrite-mediated NO generation from heart homogenates [54]. However, addition of
ferricyanide greatly attenuated NO generation, consistent with a role for deoxygenated Mb
[54]. The notion that Mb is primarily responsible for myocardial cytoprotection was
examined in crucial tests using Mb knockout mice [55]. Perfused hearts from wild type mice
produced about twice as much NO from nitrite as knockouts ex vivo when subject to
ischemia [55]. In addition, whereas administration of nitrite decreased infarct size in wild
type hearts by 36% when subject to IR, nitrite had no effect on infarct size on heats from
knockouts [55]. This Mb-dependent effect was also demonstrated in vivo where nitrite
administration reduced infract size from myocardial infarction by 61% in wild type mice and
nitrite had no effect in knockout mice [55]. These data strongly support the role of Mb in
myocardial cytoprotection.
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Conclusions

Several enzymes appear capable of producing NO at a sufficient rate as to influence NO
bioavailability and hence NO signaling. Under favorable conditions NO production rates
from XOR, AO, cytochrome oxidase, Hb and Mb could be one to tens of nanomolar per
second under physiological conditions. Cytochrome ¢ can produce NO this fast when in the
pentacoordinate heme state. Neuroglobin falls short of this production rate but may be much
faster if factors also favor the heme pentacoordinate state. Signaling NO production rates
would depend on competing reactions and NO scavenging. The scavenging of NO presents a
major barrier to red cell mediated nitrite bioactivation but several lines of evidence,
particularly recent studies in vitro, in mice and in humans that show inhibition of platelet
activation via red cell mediated NO production from nitrite [11], suggest that red cells do
indeed export NO bioactivity from nitrite.

Different mechanisms of action are likely to predominate in different tissues. Lack of an
effect of oxypurinol (which inhibits XOR) on nitrite-mediated increased blood flow suggests
that XOR is not a major player in human nitrite-mediated vasodilation [6], suggesting a
more important role for hemoglobin and myoglobin. In contrast, nitrite reduction in lung and
liver is likely mediated mostly by XOR and perhaps AO. In the heart, both XOR/AO and
myoglobin are the largest contributors. To the extent that these pathways act synergistically
is currently unknown. The biological significance of these and other pathways involving SO,
carbonic anhydrase, NOS, and Marc require further study.
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Figure 1.
Proposed protein or enzyme-based systems for nitrite reduction. The mechanisms shown here are based on those that are heme-

based, molybdopterin-based, and those that function as nitrite anhydrases including nitrophorin [131, 132].
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Figure 2.
Nitrite mediated increase in forearm blood flow (Reproduced with permission from [5]). (A) Slightly supraphysiological levels

of infused nitrite (2.5 uM) lead increased human forearm blood flow as measured by strain gauge plethysmography (n = 10). (B)
Nitrite increases forearm blood flow in the absence and presence of the nitric oxide synthase (NOS) inhibitor N®-monoethyl-L
arginine (L-NMMA), indicating the effect is independent of NOS. In addition, the increase in nitrite-mediated blood flow is
enhanced during exercise, suggesting potentiation in hypoxia. (C) Exercise lowers plasma nitrite in the infused arm suggesting

O
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that its consumption is increased under acidic, hypoxic conditions.
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Figure 3.
Oxygen dependence of the rate of hemoglobin-mediated nitrite reduction (This research was originally published in Blood. D. B.

Kim-Shapiro and M. T. Gladwin. The functional nitrite reductase activity of the heme-globins. Blood. 2008; 112: 2636-2647. ©
The American Society of Hematology [38]). Using a two-state model of hemoglobin allostery which predicts how much R-state
and T-state Hb there is at each oxygen pressure, the rate of nitrite reduction was calculated. The contribution at each oxygen
pressure from R-state and T-state Hb is illustrated. The plot is for a situation where the product of the nitrite and Hb
concentrations are 1078 M2 (so, for example, 10 mM Hb and 100 uM nitrite). The rate of nitrite reduction for R-state Hb was
taken as 100 times greater than that for T-state Hb.
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Figure 4.

Nitrite reduction by wild type and mutant (H64L and H64Q) neuroglobin (Reproduced with permission from [58] © <2011>
The American Society for Biochemistry and Molecular Biology.). Nitrite reduction was measured by assessing formation of
nitrosyl (NO-bound) using electron paramagnetic resonance (EPR) spectroscopy. (A) Raw EPR spectra from mixing 1 mM
nitrite with 40 uM wild type Ngb. (B) Nitrosyl Ngb formation from mixing from mixing 1 mM nitrite with 40 pM Ngb is shown
for thiol reduced (SH) and oxidized (SS) wild type Ngb and for the pentacoordinate mutants. Nitrosyl Mb formation is also
shown for reference. (C) Raw nitrosyl Ngb spectra obtained using lower concentrations of Ngb H64L employed to better assess
the fast kinetics of nitrite reduction (10 pM H64L Ngb and 50 pM nitrite). (D) Kinetics of NO formation from 50 UM nitrite with
either 10 uM H64L or H64Q Ngb.
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Figure 5.
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Mechanisms of Xanthine Oxidoreductase mediated nitrite reduction (Based on scheme from [87]). In Process I, reduced XOR
can donate electrons to either nitrite or oxygen so that Process | occurs preferentially under hypoxic or anoxic conditions. In
Process I, NADH binds to the FAD site so that oxygen cannot accept electrons. Process 11 is independent of oxygen pressure.
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Figure 6.
Nitrite mediated increased blood flow is not affected by XOR inhibitor oxypurinol (Adapted with permission from Lippincott

Williams and Wilkins/Wolters Kluwer Health: [CIRCULATION] [6] copyright 2007). Forearm blood flow increased as the rate
of infused increases and oxypurinol tended to increase blood flow.
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Figure 7.

Inhibition of platelet activation demonstrates nitrite-mediated export of NO bioactivity from red blood cells (Reproduced with
permission from [11] Plos One, 2012. 7(1): pe3080. (A) Platelet aggregation was measured using impedance as a function of
nitrite concentrations. Nitrite reduced collagen-induced platelet aggregation only when erythrocytes were present. This action
was abrogated when the NO scavenger 2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazole-1-oxyl 3-oxide (C-PTIO) was
employed. (B) Aggregation induced by U46619 (which acts as an agonist of the thromboxane A2 receptor) was inhibited by 100
nM nitrite in the presence, but not absence, of erythrocytes and the effect was abolished with C-PTIO. (C) Inhibition of platelet
activation induced by ADP measured by reduction in expression of P-selectin is enhanced when red blood cells are
deoxygenated. (D) The mechanism of inhibition of platelet activation appears to involve the platelet NO-soluble guanylyl
cyclase pathway as evidenced by increased platelet cCMP when red blood cells and nitrite (100 nM) are present and this is
potentiated upon deoxygenation.
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Table 1

Protein Estimated in vivo rate of NO production (nM/s)®  References used in estimation
Hemoglobin 8-80 [36, 38]
Myoglobin 10 [54, 57]
Neuroglobin 0.5 [58, 63, 64]
Cytochrome ¢ 14 [73]
Cytoglobin 0.35 [74, 75]
Cytochrome c oxidase 15 [79, 80]
Nitric Oxide Synthase 0.18 [41, 83]
Xanthine oxidoreductase 1 [39]
Aldehyde oxidase 15 [93]

a“I'hese estimates are based on favorable conditions and further discussed in the text.
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