
Cardiovascular Research 75 (2007) 327–338
www.elsevier.com/locate/cardiores

D
ow

nloaded from
 https://academ

ic.oup.c
Review

Role of the anion nitrite in ischemia-reperfusion
cytoprotection and therapeutics

Cameron Dezfulian a,b,c, Nicolaas Raat a, Sruti Shiva a, Mark T. Gladwin a,b,⁎

a Vascular Medicine Branch, National Heart Lung Blood Institute, National Institutes of Health, Bethesda, MD 20892, United States
b Critical Care Medicine Department, Clinical Center, National Institutes of Health, Bethesda, MD 20892, United States

c Division of Pediatric Anesthesia and Critical Care Medicine, Johns Hopkins Hospital, Baltimore, MD 21287, United States

Received 16 February 2007; received in revised form 30 April 2007; accepted 3 May 2007

Time for primary review 21 days
Available online 10 May 2007
om
/cardiovascres/article/75/2/327/299297 by
Abstract

The anion nitrite (NO2
−) constitutes a biochemical reservoir for nitric oxide (NO). Nitrite reduction to NO may be catalyzed by

hemoglobin, myoglobin or other metal-containing enzymes and occurs at increasing rates under conditions of physiologic hypoxia or
ischemia. A number of laboratories have now demonstrated in animal models the ability of nitrite to provide potent cytoprotection following
focal ischemia-reperfusion (IR) injury of the heart, liver, brain, and kidney. While the mechanism of nitrite-mediated cytoprotection remains
to be fully characterized, the release of nitrite-derived NO following IR appears to be central to this mechanism. The evidence of nitrite-
mediated cytoprotection against IR injury in multiple animal models opens the door to potential therapeutic opportunities in human disease.
Here we review the mechanisms for nitrite formation in blood and tissue, its metabolic equilibrium with NO, nitrate, and NO-modified
proteins, the evidence supporting nitrite-mediated cytoprotection, and the potential mechanisms driving cytoprotection, and we explore the
opportunities for the therapeutic application of nitrite for human disease.
Published by Elsevier B.V.
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1. Introduction

The anion nitrite was previously considered physiologically
inert; a mere end product of nitric oxide (NO) metabolism [1].
Increasing evidence now suggests that nitrite lies at the center
of a complex hypoxia-sensitive redox and signaling chemistry
[2,3]. Under conditions of hypoxia and ischemia (low oxygen
tension and acidosis), nitrite reduction to NO may be catalyzed
by deoxyhemoglobin and deoxymyoglobin [4–9] and poten-
tially other proteins with heme prosthetic groups, such as
xanthine oxidoreductase, components of the mitochondrial
electron transport chain, and nitric oxide synthase [10–14]. Thus
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NO generated by NOS (NOS) during normoxia may be
chemically stored in a nitrite reservoir and re-generated during
hypoxia and ischemia when NOS function is limited. In this
context, nitrite can be considered an “ischemic NO buffer,”
maintaining hypoxic–ischemic NO homeostasis. Interestingly,
the different nitrite reductase “enzyme” systems are operant
along a range of physiological and pathological hypoxia, with
hemoglobin reducing nitrite at an oxygen tension from 60 mm
Hg down to 20 mmHg, myoglobin active below 4mmHg, and
xanthine oxidase and acidic reduction reducing nitrite at zero
oxygen and low pH [7,9,13]. This allows for graded nitrite
reduction to NO along the circulating and metabolic oxygen
gradient.

The numerous reports of NO-mediated cytoprotection
following ischemia-reperfusion (IR) [15–19] injury have
led to an exploration of the role for nitrite in this setting. Nitrite
has been demonstrated to provide cytoprotection in a number of
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animal models of focal IR injury [20–25]. In studies attempting
to investigate the mechanism of this protection, formation of
nitrite-derived NO appears critical. Although the mechanism
whereby nitrite mediates its protection against IR injury is
currently unknown, the proposed putative mechanisms parallel
hypotheses explaining NO-mediated cytoprotection [15,19]. In
addition to its ability to produce NO, nitrite may signal via NO-
independent pathways, such as via the intermediacy of nitrous
acid or N2O3 formation, opening the door to unique post-
translational cytoprotective mechanisms for nitrite [26,27].

This review will summarize what is presently known about
the sources and mechanisms of nitrite formation in blood and
tissue and its chemical equilibriumwithNOandnitrate.Wewill
summarize the existing studies demonstrating nitrite-mediated
cytoprotection in the setting of IR injury and suggest potential
mechanisms for this effect. Finally, wewill discuss the potential
therapeutic uses for nitrite and summarize human clinical trials
being planned to test the efficacy of nitrite in the prevention of
IR injury.

2. Nitrite as a biological reservoir of NO

2.1. Nitrite concentrations in plasma and the red blood cell

As depicted in Fig. 1, nitrite exists in the center of a set of
oxidation–reduction reactions and can be reduced to the
highly biologically active free radical NO or oxidized to
the abundant anion nitrate [3]. Plasma nitrite levels appear
to be conserved across a number of mammalian species
[28]. In humans, typical plasma nitrite levels range from
Fig. 1. The NO-nitrite-nitrate pool. Nitrite (NO2
−) maintains a chemical equilibrium

reactions take place mainly in the bloodstream and the GI tract.
121 to 350 nM and lower levels have been associated with
endothelial dysfunction and increasing coronary artery di-
sease risk factors [1,28–30].

Recent evidence suggests that nitrite is present with-
in erythrocytes (288±47 nM) in concentrations roughly
double those found in plasma (121±9) [30]. The expected
diffusion equilibrium between plasma and intracellular ni-
trite concentrations cannot explain this disparity suggesting
an active process of transporting nitrite into the erythro-
cyte and a relative (and surprising) stability within the
erythrocyte. In horse erythrocytes the anion exchanger
AE1 (Band III) [31] was shown to be involved in nitrite
uptake, but later studies in human and pig cells did not
support this mechanism [32,33]. Our group has recently
discovered that nitrite binds to methemoglobin as a ferric–
nitrite complex (Fe(III)–NO2

−) under physiological con-
centrations of nitrite, suggesting a mechanism for the
observed high erythrocyte nitrite levels (Basu et al.,
submitted for publication). At present, the mechanisms
regulating nitrite compartmentalization in plasma vs. the
erythrocyte are still unclear. The implication of this find-
ing is that measurement of only plasma nitrite levels may
fail to reflect the full extent of nitrite bioavailability in the
blood.

2.2. Nitrite uptake in the gastrointestinal tract and de novo
formation in blood

Although nitrite is present in food (e.g. cured meats),
an equally important source of ingested nitrite in the diet
with its reduction product NO and its oxidation product nitrate (NO3
−). These
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originates from nitrate. Nitrate is actively concentrated
in saliva and reduced to nitrite by bacteria in the posterior
crypts of the human tongue [34]. Nitrite is also formed
by the oxidation of NO catalyzed by ceruloplasmin [35].
We discuss below the contributions of dietary intake and
NO oxidation to plasma nitrite.

2.3. Dietary pathway

In a recent overview, the range of daily dietary nitrate
intake were between 53–350 mg/day and for nitrite between
0–20 mg/day [36]. In the USA, 80% of dietary nitrate
originates from vegetables, less than 15% from cured meats,
and 5% from other sources [37]. This study calculated an
ingestion of 106 mg/day of nitrate and 13 mg/day of nitrite
for the average US resident in 1972 [37]. However, Fassett
[38] has reported a daily nitrate intake of 300 mg. In the UK,
daily dietary nitrate exposure in 1997 was estimated to be
52 mg, approximately 70% of which was derived from
vegetables [39]. However, nitrate intake was estimated to
be almost double for people consuming the whole range
of vegetables commonly eaten in the UK [39]. Similar values
of approximately 77 mg/day were calculated from a survey
of 10,000 people in Finland [40]. Nitrite intake in this study
was estimated around 5 mg/day [40].

Nitrate is converted to nitrite by oral flora bacteria which, in
contrast to human tissue, possess nitrate reductase enzymes
[34]. Two-thirds of the nitrite in the diet entering the stomach
derives from salivary nitrate reduction and slightly less than
one-third comes from cured meats [37]. Ingested nitrate not
converted to nitrite is quickly taken up by the gut into the
bloodstream. Nitrate is present in substantially larger con-
centrations in human plasma than nitrite: approximately 25–
35μM[1,29] vs. 150–350 nM [1,28–30]. Twenty-five percent
of circulating nitrate is concentrated and secreted by the
salivary glands into saliva at concentrations of 2–8 mM [34].
Approximately 20% of this secreted salivary nitrate is con-
verted to nitrite by bacteria [34,41]. After an average con-
tinental breakfast, salivary nitrate and nitrite levels were 74±
50 ppm (1.19±0.81 mM) and 9±5 ppm (0.20±0.11 mM)
respectively [34]. In this way 5% of the ingested nitrate gets
converted to nitrite, making it a significant source of nitrite
relative to directly ingested nitrite.

Since acidic disproportionation is a known mechanism of
nitrite reduction (to NO) [42], the use of antacids such as
histamine-2 receptor antagonists or proton pump inhibitors
may result in less NO production in the stomach [43].
Experimental dietary restriction of nitrate and nitrite in rats
reportedly did not lower plasma nitrite levels but did appear to
deplete nitrite in the tissues [26]. This result has only been
partially replicated in our lab in mice, where we have observed
a decrease not only in tissue nitrite levels but also a 50%
reduction in plasma nitrite levels following dietary nitrate and
nitrite restriction (Raat, NJH et al, unpublished results).

The clinical significance of dietary nitrite has recently been
investigated. Ingested nitrite is reduced to NO in the stomach
and appears to play a central role in host defense by killing
stomach bacteria, and in mucosal cytoprotection by increasing
local mucus production, increasing stomach blood flow and
conferring direct cellular cytoprotection [41,44]. The clinical
relevance of this mechanism was recently demonstrated in
critically ill, intubated patients in whom gastric formation of
nitric oxide was almost completely abolished and could be
restored by intra-gastric infusion of a nitrite solution [45].
Nitrate supplementation of drinking water resulted in
protection against non-steroidal anti-inflammatory drug-
induced ulceration in an experimental rat model [44].
Lundberg and colleagues also recently demonstrated that
dietary nitrate ingestion is associated with a direct reduction in
diastolic and mean arterial blood pressure and an increase in
plasma nitrate and nitrite levels [46]. Since the Mediterranean
diet has been shown to modulate cardiovascular risk and is an
especially robust source of nitrate and therefore nitrite, this
group has speculated that the higher nitrate content in this diet
might be responsible for its favorable effects [3,46,47]. This
effect of nitrate and nitrite on gastric blood flow and systemic
blood pressure is consistent with the newly discovered
physiological and pharmacological vasodilatory effects of
nitrite [2,6,48].

2.4. De novo nitrite formation in blood

Traditionally auto-oxidation of NO was thought to be
the major route of nitrite production. In blood however,
the third order overall reaction of NO with oxygen (k=106

M−2 s−1), which forms nitrite, is kinetically unfavorable in
comparison to the second order reaction of NO with he-
moglobin (k=107 M−1s−1), which yields nitrate [49,50].
These considerations suggested the existence of metal-based
enzymatic pathways for nitrite formation from NO. Indeed,
we recently found that the plasma protein ceruloplasmin
functions as an NO oxidase, catalyzing the one electron
oxidation of NO to NO+, which is hydrated to form nitrite in
plasma [35]. In these studies, depletion of ceruloplasmin
from plasma was shown to decrease plasma nitrite levels
after the addition of NO, while supplementation of blood
with ceruloplasmin increased plasma nitrite yield after NO
addition. Ceruloplasmin knockout mice had signifi-
cantly lower basal plasma nitrite levels than wild type mice
(0.53±0.03 vs. 0.79±0.08 μM) as well as decreased plasma
NO oxidase activity. The basal plasma nitrite levels in mice
correlated to their plasma NO oxidase activity (R2 =0.62,
p=0.01) demonstrating that ceruloplasmin-dependent NO
oxidation is responsible for a substantial portion of basal
nitrite levels [35].

Consistent with a biological function of nitrite formed from
ceruloplasmin-dependent oxidation of NO, ceruloplasmin
knockout mice, after being subjected to hepatic IR, sustained
significantly more liver injury thanwild typemice asmeasured
by an increase in the levels of plasma ALT. While this in-
creased susceptibility could be due to a number of factors
including the iron overload present in these mice, treatment of
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the ceruloplasmin deficient mice with intraperitoneal nitrite
during ischemia restored ALT levels to that of wild type ani-
mals undergoing similar liver IR suggesting that the increased
injurywas due to the decreased basal nitrite concentration [35].

Ceruloplasmin, being an acute phase reactant, is upregu-
lated in a number of pathological situations, such as hypoxia
and IR injury [51,52]. An increased ceruloplasmin concen-
tration may be particularly important after IR or ischemic
preconditioning, when NOS protein expression and activity
is also increased. In the presence of this increased NO
synthesis, increased ceruloplasmin-dependent NO oxidation
could be essential in converting the NO generated into a
stable endocrine storage form — namely nitrite.

2.5. Mechanisms of nitrite reduction to NO

Nitrite reduction to NO occurs by non-enzymatic
acidic disproportionation [53,54] and enzymatic reduction
by xanthine oxidoreductase [13]. However, these mechanisms
require low pH and extremely low oxygen tensions and are
thus not likely to play a significant role in NO formation under
more physiologic conditions. This is because, in the presence
of oxygen xanthine oxidoreductase generates superoxide,
which will consume any NO formed from the enzyme in a
diffusion-limited reaction forming peroxynitrite.

An alternative mechanism was suggested by human
physiological studies conducted over the last six years at the
NIH. In the human circulation, we consistently measured
artery-to-vein gradients in plasma nitrite, suggesting that this
anion was being metabolized during A–V transit [48]. Further
supporting this hypothesis, 80 ppm NO gas inhalation was
associated with a measurable increase in peripheral blood flow
despite NOS inhibition, and was associated with a significant
increase in plasma nitrite [55]. To determine whether nitrite
exhibited vasodilatory effects in the human circulation we
infused nitrite at near physiological concentrations into the
human forearm [6]. We observed nitrite-dependent vasodila-
tion during nitrite infusions into the resting human forearm
which was augmented during exercise stress [6]. Increases in
nitrite in blood correlated with the formation of NO-modified
hemoglobin both in vivo and in vitro [6,56]. Most importantly,
the amount of NO-hemoglobin (mostly iron-nitrosylated
hemoglobin; Fe(II)–NO) that formed during A–V transit
increased as oxygen saturation of the hemoglobin decreased,
suggesting an association between NO formation and
hemoglobin deoxygenation. Investigations of these findings
led to the hypothesis that nitrite reduction by deoxyhemoglo-
bin, previously characterized by Brooks [57] and later by
Doyle and colleagues [8], could occur under physiologic
conditions according to Eq. (1).

Nitrite þ DeoxyhemoglobinðFe2þÞ þ Hþ→NO
þ methemoglobinðFe3þÞ þ OH− ð1Þ

Some of the NO formed from this reaction would then be
trapped on vicinal hemes of unreacted deoxyhemoglobin to
form iron-nitrosyl hemoglobin (Eq. (2)) which was measured
as a ‘dosimeter” of the reaction.

DeoxyhemoglobinðFe2þÞ þ NO→Iron� nitrosyl
� hemoglobinðFe2þ–NOÞ ð2Þ

While the oxygen, proton, and CO2 binding allosteric
properties of hemoglobin have been well characterized for
over 100 years, the allosteric nature of the reaction with
nitrite had not been previously characterized. Kinetic anal-
ysis of reaction (1) has demonstrated that the rate of de-
oxyhemoglobin-dependent nitrite reduction is determined by
the allosterically regulated quaternary structural conforma-
tion of hemoglobin [4,7] such that the maximal rate of nitrite
reduction and NO production occurs around the p50 of
hemoglobin, when 50% of the heme sites are ligated with
oxygen [7]. This phenomenon is determined by two op-
posing processes: 1) the ability of nitrite to bind T (deoxy)
state hemoglobin (whose iron center is oxygen free) and 2)
the lower heme reduction potential of R (oxy) state hemo-
globin (making it a better electron donor) [4,7].

Crawford and colleagues used an in vitro aortic ring
system to simultaneously measure vessel tone and oxygen
concentration in the presence of nitrite and red blood cells
[6,56]. In the absence of red blood cells, the addition of
nitrite to pre-constricted aortic rings caused vasodilation
only at high (greater than 10 μM) concentrations, consistent
with previous data [58]. However, in the presence of de-
oxygenated red blood cells (0.3% hematocrit) physiological
concentrations of nitrite (b1 μM) mediated vasodilation of
aortic rings. The onset of significant vasodilation began
around the p50 of hemoglobin, consistent with kinetic ob-
servations of nitrite reduction. The observation that iron-
nitrosyl hemoglobin and S-nitroso-hemoglobin can be pro-
duced with nitrite infusions into the brachial artery of an
exercising forearm [6] (where low oxygen tensions and
acidosis were present) provides additional confirmation that
nitrite is in fact being converted to NO within the circulation.

3. Nitrite-mediated cytoprotection following IR injury

In the context of tissue ischemia, nitrite given immedi-
ately before or during reperfusion has been demonstrated to
protect against IR injury in a number of animal models
[3,20–23] (Table 1). These studies examined focal (single
organ) IR injury, generally modeled by the occlusion of the
vascular supply of an organ of interest for a period of time,
then releasing the occlusion to permit reperfusion. The ex-
ception to this is a study which tested the effects of nitrite in a
rat Langendorff isolated rat heart model subjected to total
heart ischemia and reperfusion [23]. Nitrite was given prior
ischemia in only 2 studies [22,23] and in the remainder was
given midway through ischemia [20,59] or just before re-
perfusion [21,25].

When compared to saline or nitrate controls, nitrite
provides consistent cytoprotection in liver [20,22], heart



Table 1
Animal models of IR injury testing nitrite therapy

First author
name and
reference

Year of
publication

Animal
model
used

Placebo
used

Dose of nitrite,
route and timing of
administration

Timing of ischemia
and reperfusion

Outcome measures
of cytoprotection

Inhibitors used

Webb, A
[23]

2004 Rat
isolated
heart
IR

Saline 0.025 – 2.5 μM
constant infusion
for 15 min prior
to ischemia onset

60 min ischemia and
30 min reperfusion

p-nitroblue tetrazolium;
left ventricular
developed pressure
and diastolic blood
pressure

PTIO, L-NAME,
allopurinol,
BOF-4272

Duranski, MR
[20]

2005 Mouse
liver
and
heart
IR

Nitrate
or saline

2.4 – 1920 nmol
intraperitoneal
(liver) or intraventricular
(heart) midway through
the ischemic time

Liver: 45 min hepatic artery/
portal vein occlusion, 5 h
reperfusion; Heart: 30 min l
eft main coronary artery
occlusion, 24 h reperfusion

H and E and TUNEL
(liver), TTC (heart);
AST/ALT (liver)

PTIO, L-NAME,
ODQ, ZnDBGG,
eNOS (−/−),
HO-1 (−/−)

Lu, P
[22]

2005 Rat
liver IR

None
(sham)

All rats given 2 mg/kg
(29 nmol/g) nitrite

40 min hepatic artery/
portal vein occlusion,
3 h (labs) or 7d (path)
reperfusion

H and E; 7d mortality;
ALT, MPO and ATP

PTIO, L-NAME,
allopurinol

Basireddy, M
[61]

2006 Rat
kidney IR

Nitrate
or saline

1.2 nmol/g intraperitoneal
prior to nephrectomy or
midway during ischemia;
0.12 – 12 nmol/g
intravenous prior to
nephrectomy

R nephrectomy and 45 min
occlusion of L renal pedicle,
24–48 h (labs) or 6d (path)
reperfusion

H and E; BUN
and creatinine

None —
No treatment
effect observed

Jung, KH
[21]

2006 Rat
brain IR

Nitrate 48 – 48,000 nmol
intravenous at the time
of reperfusion

90 min occlusion of middle
cerebral artery, 3 h (LDF)
or 24 h (TTC) or 7d
(neurological testing)
reperfusion

TTC; laser doppler
flow; neurological
testing

PTIO

Tripatra, P
[25]

2007 Rat
kidney IR

Saline 0.12 nmol/g topically
applied to the kidneys
or given intravenous
1 min prior to reperfusion

60 min bilateral renal
ischemia, 6 h reperfusion

H and E; BUN,
creatinine,
creatinine clearance,
fractional urinary
sodium excretion,
AST

PTIO,
allopurinol

Gonzalez, FM
[24]

2007
(not published)

Canine
heart IR

Saline 0.20 μmol/min/kg for
20 min followed by
0.17 μmol/min/kg
for 40 min iv OR
0.20 μmol/min/kg for
5 min ending at
reperfusion

2 h left anterior descending
occlusion, 6 h reperfusion

TTC, TUNEL;
microspheres and MRI

None

A summary of seven studies that evaluate the potential therapeutic role for nitrite after focal IR injury. Abbreviations: H and E=hematoxylin and eosin staining,
TUNEL=terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick end labeling, TTC=2,3,5-triphenyltetrazolium chloride, AST=aspartate
transaminase, ALT=alanine transaminase, MPO=myeloperoxidase, ATP=adenosine triphosphate, BUN=blood urea nitrogen, PTIO=2-(4-carboxyphenyl)-
4,4,5,5-tetramethylimidazole-1-oxyl 3-oxide, L-NAME=N-nitro-L-arginine methyl ester, (−) BOF-4272=sodium 8-(3-methoxy-4-phenylsulfinylphenyl)
pyrazolo[1,5-]-1,3,5-triazine-4-olate monohydrate, eNOS (−/−)=endothelial nitric oxide synthase knockout mice, HO-1 (−/−)=heme oxygenase-1 knockout
mice, ODQ=[1H-[1,2,4]Oxadiazole [4,3-a]quinoxalin-1-one] MRI=magnetic resonance imaging.
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[3,20,23], brain [21] and kidney [25]. All of these studies
save one examining nitrite in a canine myocardial IR model
[3,24] have been published in peer reviewed journals. In
one study, nitrite given intraperitoneal or intravenously
prior to or during left renal IR did not confer cytoprotection
based on histopathology scoring and changes in BUN and
creatinine [59]. This finding was recently corroborated by
another group who did however note substantial cytopro-
tection when the nitrite was topically applied directly onto
the kidney prior to reperfusion [25]. This group has
hypothesized that the route of administration and the
effective dose in the organ at the time of reperfusion may be
the cause for this disparity.
In the studies where cytoprotection has been noted, it has
been characterized by multiple methods including the use of
direct pathologic measurements (hematoxylin–eosin stain-
ing [22,25], 2,3,5-triphenyltetrazolium chloride (TTC)
staining [20,21] or p-nitroblue tetrazolium [23] staining),
through measures of cardiac [3,20,23], brain [21] and kidney
[25] physiological function or by quantifying plasma
markers of tissue injury [20,22,23,25]. All measures showed
consistent cytoprotection by nitrite with more than a 50%
reduction in infarction volume of all organs evaluated. In the
two studies where a thorough dose effect curve was con-
structed, the “optimal cytoprotective dose” was remarkably
similar — approximately 48 nmol in an adult mouse [20] or
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480 nmol in the 10-fold larger adult rat [21]. The blood
concentration associated with optimal protection was ap-
proximately 10 μM but even levels less than 200 nM were
associated with protection [20].

In summary, these studies suggest that nitrite given prior
to reperfusion prevents IR injury in heart, liver and brain,
while a conclusion on the effect on kidney remains uncertain.
To date, there is no evidence of nitrite protection against
global IR injury, such as occurs in cardiac arrest or cardio-
pulmonary bypass.

3.1. Potential mechanisms of cytoprotection mediated by
nitrite-derived NO

The mechanism of nitrite-mediated cytoprotection in these
animal studies remains unclear but the leading hypothesis is
that nitrite-derived NO mediates the protective effect. Mea-
surement of NO production in vivo is difficult, yet a number
Fig. 2. Mechanisms of nitrite-derived NOmediated cytoprotection. Nitrite may be red
NO-modified proteins and lipids may in turn mediate cytoprotection against IR inju
nitrosation (and potentially N-nitrosation) of critical proteins involved in the signali
NO— cyclic guanidine monophosphate (cGMP)— protein kinase G (PKG) pathwa
release, calcium overload and the opening of the mitochondrial permeability transitio
of reactive oxygen species (ROS) or the inhibition of complex IV which slows mito
minimize ROS production; (D) NO and NO-modified proteins have been associated w
of findings in the provide evidence that NO is in fact gene-
rated by nitrite reduction and mediates the cytoprotection
observed. All the aforementioned published animal studies
of nitrite cytoprotection have demonstrated a loss of pro-
tection when animals were pre-treated with the NO scavenger
2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazole-1-oxyl 3-
oxide (PTIO) [20–23,25] suggesting the importance of NO
in the mechanism of cytoprotection. In a rat model of kidney
IR, Okamoto and colleagues demonstrated using electron
paramagnetic resonance (EPR) spectroscopy and N-15
labeled nitrite that the NO formed in blood is nitrite-derived
[60]. Nitrite therapy was associated with increases in cyclic
guanosine monophosphate (cGMP) levels [21] and the
inhibition of soluble guanylate cyclase (sGC) using 1H-
[1,2,4] oxadiazole [4,3] quinoxalin-1-one (ODQ) abolished
cytoprotection [20]. The Zweier lab has also measured nitrite-
derived xanthine oxidase catalyzed NO formation by EPR,
chemiluminescence and using an electrochemical detector and
uced to NO by a variety of metal containing enzyme systems and the NO or the
ry through any a variety of mechanisms. These mechanisms include: (A) S-
ng of apoptosis; (B) opening of mitochondrial KATP channels via the classic
y which protects against cell death by preventing mitochondrial cytochrome c
n (MPT) pore; (C) Inhibition of complex I which reduces the direct production
chondrial respiration and oxygen depletion during ischemia and thereby may
ith a variety of anti-inflammatory effects whichminimize tissue injury after IR.
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demonstrated increasing NO formation under acidic condi-
tions [13]. In a Langendorff model of myocardial ischemia,
this group demonstrated the formation of iron-nitrosyls
(heme-NO) in myocardium under ischemic conditions
which was associated with increasing cGMP levels [61].
Pre-treatment with inhibitors of NOS [20,22,23] and the use
of endothelial NOS (eNOS) knockout mice [20] did not
inhibit cytoprotection, proving that the nitrite effect is NOS-
independent. Additional studies using heme oxygenase-1
inhibitors and knock-out mice revealed that the nitrite effect is
independent of heme oxygenase-1 [20].

The pathway by which nitrite forms NO in hypoxic tissue
remains to be determined. Two groups suggest in their
studies the involvement of xanthine oxidoreductase in the
reduction of nitrite to NO on the basis of reduced efficacy
after treatments with allopurinol, a xanthine oxidase inhibitor
[22,23,25]. As described above, xanthine oxidoreductase
requires significant hypoxia and acidosis (i.e. ischemic
conditions) to reduce nitrite to NO. Considering these
requirements, xanthine oxidoreductase is unlikely to con-
tribute to the nitrite/NO mediated regulation of physiological
blood flow, but during prolonged ischemia the enzyme may
be an important catalytic source of nitrite-derived NO
[12,13]. It remains to be determined if deoxyhemoglobin
[2,4–7,62–64] plays a role in nitrite-mediated NO formation
during IR. The fact that nitrite was protective in a
hemoglobin-free buffer perfused isolated heart IR model
suggests that hemoglobin is not necessary. We have
considered the possibility that in the heart, myoglobin can
serve this function and have recently demonstrated that
deoxymyoglobin has nitrite reductase activity which is faster
than hemoglobin and can modulate mitochondrial respiration
[7,9]. Studies with the myoglobin (−/−) mouse model will be
necessary to answer this question definitively. Other
potential mechanisms of tissue dependent-nitrite reduction
include cytochrome c oxidase or ubiquinol in the mitochon-
drion [11,65], eNOS [14] and cytochrome P450 [26].

A number of mechanisms have been advanced to explain
the cytoprotective effects of NO following IR injury (Fig. 2).
Since a thorough discussion of NO-mediated cytoprotection
against IR injury is beyond the scope of this review, we refer
the reader to recent reviews of the subject [15,19,66] and
provide a summary of the major theories. The timescale of
these events, which is in the order of seconds to minutes, is
sufficiently rapid to explain the cytoprotection against IR
injury seen in the recent reports utilizing nitrite [20,23].

Pharmacologic agents purported to be specific for the
opening or closing of mitochondrial ATP-dependent potas-
sium channels (KATP channels) have been demonstrated to
recreate or prevent the protection noted from ischemic pre-
conditioning. Although this response has been characterized
repeatedly, the actual identification of a protein channel has
yet to occur and the specificity of the drugs activating or
inhibiting their opening has been debated, leading to con-
troversy regarding this mechanism. This topic was recently
critically reviewed [67] and will therefore only be summa-
rized. NO dependent activation of protein kinase G through
the soluble guanylate cyclase–cGMP pathway has been
shown to open mitochondrial KATP channels in at least two
separate in vitro cardiomyocyte models of NO-mediated
protection from IR injury [16,68]. Opening of the mito-
chondrial KATP channels appears to result in a mild increase
in reactive oxygen species generation and a modest dose-
dependent depolarization of the mitochondria, both of which
are believed to signal anti-apoptotic adaptations [16,69,70].
Opening of KATP channels has been associated with reduced
calcium accumulation in the mitochondria [71] and preven-
tion of the opening of the mitochondrial permeability tran-
sition pore [72,73] and subsequent apoptosis. In isolated
mitochondria, Korge and colleagues demonstrated mito-
chondrial KATP channel activation not only reduced calcium
accumulation but also prevented cytochrome c loss from the
intermembrane space, thereby preventing apoptosis [74].

We have recently demonstrated that during hypoxia nitrite
can enter respiring cardiomyocytes and be reduced to NO by
endogenous myoglobin to inhibit mitochondrial respiration
[9], potentially by binding cytochrome c oxidase [75–79].
This nitrite and myoglobin-dependent inhibition of respira-
tion is concentration dependent, with near physiological
levels of nitrite (2.5 μM) resulting in significant inhibition of
myocytic respiration [9]. Binding of NO to complex IV,
which is not associated directly with electron leaking during
ischemia, is not known to reduce the burst of reactive oxygen
species upon reoxygenation and indeed may increase this
production by backing up electrons along the transport chain
[80,81]. However, the overall reversible slowing in the rate
of mitochondrial respiration during ischemia and then re-
oxygenation may permit for preserved oxygen gradients
during ischemia and a more controlled resumption of res-
piration during reoxygenation thereby having a beneficial
effect in terms of minimizing free radical injury [82–84].

Tripatara and colleagues recently demonstrated lower
levels of nitrotyrosine staining in nitrite-treated mice who
clinically had cytoprotection against renal IR [25]. Although
it appears paradoxical to have less nitrated tissue in nitrite-
treated animals, the authors hypothesized that nitrite-
generated NO competes for electrons needed to form su-
peroxide, thereby limiting formation of damaging reactive
nitrogen species such as peroxynitrite, which is formed by
reaction of NO with superoxide [85]. Nitrotyrosine, how-
ever, is an imperfect marker of peroxynitrite and endoge-
nously formed peroxynitrite appears to have multiple roles in
vivo including acting as an oxidant capable of inflicting IR
injury, as a regulator of important physiologic functions and
as a potential intermediate in cytoprotective S-nitrosation of
thiols (reviewed in [86–88]).

Inhaled NO [89] and NO donors [90,91] have been
associated with decreased IR injury in murine and canine
myocardial IR models and isolated rat hearts, respectively. In
these studies, improved heart contractile function was cor-
related with decreased polymorphonuclear leukocyte (PMN)
binding to IR damaged endothelium [90] and decreased



Table 2
Human diseases where nitrite therapy may be beneficial

Focal ischemia Global ischemia

Myocardial infarction Cardiac arrest
Stroke Cardiopulmonary bypass
Pulmonary embolism Trauma
Mesenteric ischemia
Budd–Chiari syndrome
Peripheral vascular disease
Solid organ transplantation

A list of human diseases where the pathophysiology includes IR injury and
nitrite therapy prior to reperfusion may be beneficial. To date, no human
clinical trials evaluating nitrite therapy have been performed.
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myocardial PMN infiltration [89]. In an isolated heart model,
IR injury was only noted when PMNs were added to the
perfusate [91] strongly suggesting that inflammation is a key
mediator of IR injury and NO cytoprotection. However,
controversy remains over whether the inflammation noted
with IR and prevented by NO is a cause or effect of necrosis/
apoptosis induced by other means.

3.2. Other mechanisms of nitrite signaling and
cytoprotection

It has been proposed that nitrite may mediate signaling,
including the S-nitrosation of proteins and the regulation of
gene expression, independent of intermediate NO production
[26]; but the applicability of this NO-independent signaling
to IR cytoprotection remains to be proven. Nitrite may me-
diate signaling by the post-translational iron-nitrosylation of
metal centers [4,7,92,93], S-nitrosation of protein thiols
[20,26,92] and N-nitrosation of protein amines [92,93]. S-
nitrosation and iron-nitrosylation have been associated with
nitrite-dependent cytoprotection following IR [20], but a
cause and effect relationship remains unproven. It is unclear
precisely which proteins are modified by nitrite or whether
NO is a required intermediate, but modification of key pro-
teins in the apoptotic cascade may be a means by which
nitrite exerts its cytoprotective effect.

This inhibition of apoptosis by NO-dependent nitrosa-
tion has been most clearly demonstrated in the case of S-
nitrosation. An example of one such modified protein is
caspase 3, which is activated by the upstream caspases 8 and
9, and is a key pathway by which cells induce apoptosis [94].
S-nitrosation of caspase-3 has been linked to its inactivation,
which would result in the inhibition of apoptotic cell death
[95,96]. S-nitrosation of the L-type calcium channel has been
shown to reduce cytosolic calcium and reduce IR injury in an
isolated mouse heart model; this has been mechanistically
associated with eNOS activation and NOS-dependent gender
differences in IR injury [97]. Whether nitrite serves as an
intermediate between NO synthases, NO and IR cytoprotec-
tion in the latter study will require further investigation.

Small amounts of reactive oxygen species (ROS) gene-
ration, particularly in mitochondria, have been determined to
be a necessary component of mitochondrial signaling in
cytoprotection [70,98–100]. However, the large burst of
ROS generated after reperfusion is believed to be a major
mechanism whereby cellular injury and necrosis occurs
[101,102]. It has been suggested that a transient, reversible
inhibition of the mitochondrial electron transport chain
(ETC) could minimize this injury [83,84]. S-nitrosation and
inhibition of complex I of the ETC has been documented to
occur with S-nitrosoglutathione [103,104]. Although in
these reports the inhibition of complex I appeared to result
in more ROS formation under basal non-ischemic conditions
[103,104], complex I inhibition in the setting of IR injury,
using rotenone [105] amobarbital [106,107] and S-nitroso-2-
mercaptopropionyl-glycine [84] has been associated with
cytoprotection. We have recently found that nitrite can
potently S-nitrosate and inhibit complex I in vitro and in
vivo; this inhibition resulted in reduced ROS on reperfusion,
decreased calcium influx and a reduction in cytochrome c
release. This mechanism is associated with cytoprotection
after IR injury in both the heart and the liver (Shiva, S, et al.,
under review; and [3]). Complex I inhibition may also
prevent opening of the mitochondrial permeability transition
pore which often precedes apoptosis [84,108] and appears to
make mitochondria more tolerant to calcium overload [84].

4. Nitrite therapeutics

To date, no human clinical trials of nitrite therapy for
organ IR have been conducted; however, the pre-clinical data
from multiple independent laboratories, in four tissues
(heart, liver, brain, and kidney) and in four species (mouse,
rat, dog, primate) suggests promise for human therapeutic
application. The challenges to developing reperfusion ther-
apeutics have recently been highlighted by Bolli and col-
leagues [109]. These include reproducibility across species
and institutions, knowledge of timing and organ at risk, and
safety of agents. The current data on nitrite suggests that
these challenges have been met. Yet this promise must be
tempered with the knowledge that over 30 years of pre-
clinical success in protecting against IR injury has failed to
translate into meaningful clinical interventions [109].

In addition, the use of nitrite as a therapy for IR injury in
humans may have some important limitations. Hypotension
due to nitrite-mediated vasodilation [6] may worsen out-
comes in a situation where hypoperfusion is already present.
The production of NO in the setting of reperfusion may
worsen oxidative and nitrosative stress both directly, in a
dose-dependent manner [15], or by formation of highly
reactive intermediates such as peroxynitrite [88,110]. It is
unclear whether a therapy like nitrite will remain effective in
humans with other co-morbidities, such as diabetes mellitus
and renal insufficiency, in which biological processes such as
eNOS uncoupling could adversely chemically “interact”
with nitrite and produce unexpected consequences. Such
unexpected effects of the NOS–NO axis has been observed
in conditions associated with NO donor therapy and NOS
uncoupling [111,112].
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The animal data suggest nitrite therapy would be most
effective in the scenario where a patient presents to medical
attention during the ischemic insult and nitrite is given prior
to reperfusion therapy. Table 2 summarizes human diseases
in which an opportunity for therapy with nitrite may exist.

Given the myocardial protection noted across three spe-
cies (mouse, rat and dog), nitrite given prior to reperfusion of
blocked coronary vessels in the setting of myocardial in-
farction may have cardioprotective effects. In this scenario,
nitrite could be infused at the time of presentation to the ER
(i.e. during ischemia) and prior to reperfusion by either
percutaneous intervention or thrombolysis. This would
closely mimic the canine and mouse models of myocardial
ischemia were nitrite therapy has been successful [20,24].

The rat brain IR model [21], where nitrite demonstrated
clear cytoprotection, was designed to model a large middle
cerebral artery stroke and suggests an additional potential
role for nitrite given prior to thrombolysis for stroke.
Another clinical scenario mimicking the focal IR modeled in
animal studies would be that of solid organ transplantation
(e.g. liver or heart). In this setting, there is a predictable
ischemic period after organ harvest during which nitrite
therapy could be given prior to anastamosis and reperfusion.

Although animal models demonstrating nitrite's efficacy in
global IR injury, such as following cardiopulmonary bypass or
cardiopulmonary arrest, are lacking, this remains an area
where nitrite's effects on multiple organs may modulate re-
covery. Additionally, nitrite-derived NO may have anti-
inflammatory [23,89–91,113,114] and anti-thrombotic
[115,116] properties which could be beneficial in situations
such as cardiopulmonary bypass. In this scenario, cellular
injurymay be occurring through the pathways described above
as well as through ischemia and reperfusion. Cardiac arrest is
another example of global IR injury where the salutatory
effects of NO on inflammation and thrombosis may provide
additional benefit to its potential anti-apoptotic properties.

5. Conclusion

Nitrite represents the largest known chemical pool of bio-
available NO in the circulation and tissues. It is synthesized
and ingested and may be reduced to yield NO during physio-
logical hypoxia and pathological ischemia. This reduction is
mediated by deoxyhemoglobin, deoxymyoglobin, xanthine
oxidoreductase and by acidic reduction. Nitrite has now been
found to confer cytoprotection against IR injury in a number
of animal models. Although the mechanisms of this phe-
nomenon are still being characterized, the reproducibility of
this effect in multiple animal IR models suggests nitrite as a
novel potential therapy for human ischemic diseases.
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