1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duasnue Joyiny vd-HIN

"s», NIH Public Access

(=
a2 & Author Manuscript

Published in final edited form as:
Nitric Oxide. 2010 February 15; 22(2): 64. doi:10.1016/j.niox.2009.09.002.

Mitochondria as metabolizers and targets of nitrite

Sruti Shiva

Department of Pharmacology and Chemical Biology and Vascular Medicine Institute, University of
Pittsburgh School of Medicine, Pittsburgh, PA 15260

Abstract

Mitochondrial function is integral to maintaining cellular homeostasis through the production of
ATP, the generation of reactive oxygen species (ROS) for signaling, and the regulation of the
apoptotic cascade. A number of small molecules, including nitric oxide (NO), are well characterized
regulators of mitochondrial function. Nitrite, an NO metabolite, has recently been described as an
endocrine reserve of NO that is reduced to bioavailable NO during hypoxia to mediate physiological
responses. Accumulating data suggests that mitochondria may play a role in metabolizing nitrite and
that nitrite is a regulator of mitochondrial function. Here what is known about the interactions of
nitrite with the mitochondria is reviewed, with a focus on the role of the mitochondrion as a
metabolizer and target of nitrite.
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INTRODUCTION

Nitrite (NO, ™), once regarded as a physiologically inert metabolite of nitric oxide (NO), is now
considered to be an endocrine reserve of NO in the blood and tissues that can be utilized during
hypoxia[1;2]. In conditions of low oxygen and pH, a number of proteins reduce nitrite to
generate bioavailable NO to mediate biological responses such as hypoxic vasodilation[3;4],
gene and protein expression[5;6], angiogenesis[7], and cytoprotection after ischemia/
reperfusion (I/R) [8;9;10;11;12;13;14]. While nitrite has been shown to mediate numerous
physiological responses, the molecular mechanisms for these responses and subcellular targets
for nitrite are still being elucidated. In the last five years, a great deal of interest has emerged
in the interactions of nitrite with mitochondria. A recent study showed that the extent of nitrite
reductase activity (the ability to convert nitrite to NO) of mammalian tissues correlated directly
with the tissue’s capacity for mitochondrial oxygen consumption[15]. These data, along with
the central homeostatic role of the organelle in cellular ATP generation, redox signaling and
regulation of cell death[16;17], suggests that mitochondria are likely important either in the
reduction of nitrite to NO or as critical targets of the products of nitrite reduction. This review
will focus on the known interactions between nitrite and mitochondria. The potential role of
the mitochondrion in regulating nitrite concentration and metabolism, as well as the role of
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nitrite in regulating mitochondrial function will be explored. The physiological implications
and emerging therapeutic potential of these interactions will also be discussed.

MITOCHONDRIA AS REGULATORS OF NITRITE CONCENTRATION

Mitochondrial function - beyond the “powerhouse”

While mitochondria have traditionally been called the “powerhouse” of the cell, it is now
known that the function of this organelle extends well beyond ATP generation. For ATP
synthesis, electrons, generated from the breakdown of substrates, enter the respiratory chain
at complex | or complex 11 and are transferred through complexes I11 and 1V, down an
electrochemical gradient. At complex IV, cytochrome c oxidase, oxygen binds and acts as the
terminal electron acceptor to be reduced to water. This transfer of electrons from complex | to
IV provides the energy needed to pump protons from the mitochondrial matrix to the
innermembrane space, which establishes a proton gradient that is then used by complex V to
generate ATP. While the majority of electrons make it through the chain, a small proportion
of electrons escape the chain at complex | or 111 to generate superoxide (Figure 1). This
mitochondrial generation of ROS is regulated and plays an important role in many cell signaling
pathways[18;19]. In addition, mitochondrial release of the small electron transporter,
cytochrome c, leads to the initiation of the apoptotic cascade [17;20]. Through the production
of ATP, redox signaling, and regulation of cell death, mitochondria play an integral homeostatic
role in the cell[16;17]. This section discusses a proposed novel role for the mitochondrion, as
a potential nitrite synthase and nitrite reductase.

Nitrite formation in vivo

Nitrite concentrations in vivo are derived from two sources: dietary consumption of nitrite and
nitrate[2] and the oxidation of endogenously generated NO[21]. The contribution of dietary
nitrate to basal nitrite concentration involves the reduction of nitrate by an entero-salivary
pathway (reviewed in [22]). Briefly, once nitrate is consumed, it is absorbed in the upper
gastrointestinal tract and enters the circulation. While a large fraction of the nitrate is excreted,
a small proportion is actively taken up by the salivary gland and concentrated approximately
20-fold in the saliva. Once in the saliva, commensal bacteria in the oral cavity reduce nitrate
to nitrite[22]. Consistent with a central role for commensal bacteria in this pathway, Lundberg
and colleagues showed in rats that the increase in plasma nitrite concentration after the ingestion
of nitrate was attenuated when antiseptic mouthwash was used to eliminate commensal
bacteria.[23].

The second source of nitrite in vivo is the oxidation of NO generated by the NO synthase (NOS)
enzymes. Nitrite is generated through the relatively slow reaction of NO with oxygen (k =2 x
10% M~2s71) [24]. While this reaction can be accelerated by lipid membranes including the
inner mitochondrial membrane [25;26], in most biological compartments, this reaction is
kinetically unfavorable in comparison with the reaction of NO with other targets, particularly
heme containing proteins. For example, in the blood, NO reacts rapidly with oxygenated
hemoglobin (k = 3.4 x 107 M~1s71), generating nitrate[27]. Hence, it is unexpected that any
nitrite would be formed from the oxidation of NO. However, it has been shown that the acute
phase protein, ceruloplasmin, a multi-copper oxidase present in the plasma in micromolar
levels, catalyzes the oxidation of NO to nitrite[28]. Consistent with this role, ceruloplasmin
knockout mice and humans deficient in ceruloplasmin have significantly lower basal plasma
nitrite concentrations than wildtype mice and healthy controls respectively[28].

Similar to the scavenging of NO by hemoglobin in blood, myoglobin in cardiac and skeletal
muscle or other analogous heme proteins can oxidize NO to nitrate in tissues[29]. However,
like in blood, significant levels of nitrite exist in the tissue basally (1-20 pM)[30]. Although
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ceruloplasmin is expressed at low levels in heart and liver, it is unknown whether this protein
plays a role in nitrite synthesis in tissues. It is possible that other oxidases, such as cytochrome
c oxidase, play a role in NO oxidation in tissues.

Cytochrome c oxidase, complex IV of the mitochondrial respiratory chain, is the terminal
component of the mitochondrial electron transport chain where oxygen binds and is reduced
to water. The enzyme contains two heme groups and two copper centers, with one heme group
(heme,3) and the second copper (Cug) closely associated to form the binuclear center, the site
of oxygen binding. The enzyme, which oxidizes its substrate, cytochrome c, to catalyze the
four electron reduction of dioxygen, bears structural and functional resemblance to
ceruloplasmin[31]. The binding of NO to the binuclear site of the enzyme is well characterized
and two different products of this reaction are formed depending on the oxidation state of the
heme-copper center[32;33]. In the reduced state of the enzyme, NO is thought to nitrosylate
the heme,3 and then be released. However, in the fully oxidized enzyme, NO has been shown
to be oxidized to nitrite in the active site. While the off rate of the nitrite formed by the purified
enzyme has been described to be relatively slow (0.024 min™1), this rate was increased in the
presence of reductants[33]. These studies raise the question as to whether mitochondria are
involved in the synthesis of nitrite in the cell. Although it appears that purified cytochrome ¢
oxidase is mechanistically capable of oxidizing NO to nitrite, further study is necessary to
determine whether this enzyme plays a role in NO oxidation in whole cells and in vivo. As
discussed in the next sections, much more is known about the role of the mitochondrion in
metabolizing nitrite to NO than in generating nitrite.

Nitrite Reduction

The mitochondrion as a nitrite reductase—The majority of nitrite-dependent cell
signaling appears to occur through its reduction to NO during hypoxia. A number of proteins
have been described to catalyze this reaction, and much focus has been placed on the
mitochondrion as a nitrite reductase. The first report of mitochondrially catalyzed nitrite
reduction was published in 1965 by Taylor and colleagues, who observed that porcine
mitochondria generate nitrosylated cytochrome ¢ when incubated with nitrite in anoxic
conditions[34]. While this observation was thought to be important to the understanding of the
mechanisms by which nitrite preserves meat during the meat curing process, the authors did
not speculate on a physiological role for this reaction. Reutov and colleagues later proposed
that, in a primordial anoxic environment, nitrite was the terminal electron acceptor for
mitochondrial oxidative phosphorylation, and that this reduction of nitrite generated NO[35].
While it is still unclear whether mitochondria can utilize nitrite to facilitate ATP generation,
recent studies have shown that components of the respiratory chain are capable of reducing
nitrite to NO[36;37;38]. Initial studies by Nohl and colleagues demonstrated that the isolated
mitochondria and submitochondrial particles both possessed nitrite reductase activity that is
localized to the respiratory chain and dependent on the presence of respiratory substrates[38].
Furthermore, inhibitor studies demonstrated that NO generation was attenuated by
myxathiozol, an inhibitor of the bc, complex of complex I11. In contrast, the Complex |
inhibitor, rotenone, had no effect, suggesting that the nitrite reductase activity was localized
to complex 111[38].

Poyton and colleagues showed that the terminal complex of the electron transport chain,
cytochrome c oxidase, is a mediator of mitochondrial nitrite reduction[37]. This complex
accepts electrons from cytochrome ¢ and uses these electrons to reduce oxygen, which binds
to its heme,3/Cug binuclear center. It has now been demonstrated in yeast cells, isolated liver
mitochondria and purified cytochrome ¢ oxidase protein that cytochrome ¢ oxidase can reduce
nitrite to NO in the presence of cytochrome c. Characterization of this activity showed that
nitrite reduction is inhibited by cyanide and that the rate of NO generation, while minimal at
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pH 7, increases as pH is decreased[37]. While the exact chemical mechanism of this reduction
is unknown, it has previously been shown that when purified bovine cytochrome ¢ oxidase is
incubated with excess nitrite and reducing agents, a heme,s-nitrosyl complex is formed at the
binuclear site of the enzyme and NO can be released from this complex at a slow rate (0.01

s 1[39;40].

NO generation by cytochrome ¢ oxidase is regulated by oxygen on multiple levels. On a
biochemical level, cytochrome ¢ oxidase-dependent nitrite reduction is inhibited by oxygen,
such that NO generation is observed only in hypoxia, below a dissolved oxygen concentration
of 2% [37;41]. In addition, oxygen also appears to regulate nitrite reduction through the
modulation of gene expression. Of the 13 protein subunits that comprise the complete
cytochrome ¢ oxidase enzyme, different isoforms of several of the subunits exist and are
expressed under varying conditions. In particular, homologous isoforms of mammalian subunit
IV (yeast subunit V), a subunit required for enzymatic activity but not part of the catalytic site,
are differentially expressed depending on the presence of oxygen. In normoxic conditions the
majority of cytochrome ¢ oxidase contains mammalian subunit V-1 (yeast subunit Va), while
hypoxic conditions induce the expression of isozyme V-2 (yeast subunit VVb), which enhances
the rate of enzyme turnover by 3-4 fold. This differential expression allows the assembly of
varying forms of the enzyme with different catalytic rates depending on oxygen availability
[42;43;44]. Interestingly, yeast cells grown in hypoxia and expressing the hypoxic isozyme
(subunit VVb) were shown to be more efficient nitrite reductases, with the rate of reduction being
5 times higher than cells expressing subunit VVa and NO generation occurring at a higher oxygen
tension (80%)[41]. This data demonstrates that nitrite reduction and hypoxia are intimately
linked on many levels. Further, it supports the hypothesis that cytochrome c oxidase evolved
before the presence of atmospheric oxygen and utilized nitrite as a terminal electron acceptor.

Since cytochrome ¢ oxidase must be in turnover to reduce nitrite to NO, its substrate,
cytochrome c is required for complex 1V dependent nitrite reduction[37]. However, recently
Basu and colleagues demonstrated that under certain conditions, cytochrome c, even in the
absence of cytochrome c oxidase, is able to reduce nitrite to NO[36]. This 12 kilodalton protein
loosely associated with the mitochondrial inner membrane contains one heme center in which
the iron normally exists in a hexacoordinate state, with the heme iron bound by histidine-18
and methionine-80. However, under specific conditions, such as when the protein is oxidized,
nitrated, or associated with anionic lipid (such as that present in the inner mitochondrial
membrane), weakening and breakage of the iron-methionine bond can occur, shifting
cytochrome c to a pentacoordinate state[45;46;47]. In this pentacoordinate state, cytochrome
c is able to reduce nitrite to NO by a reaction that occurs in anoxic conditions and at acidic pH.
In vitro experiments, using purified protein incubated in anoxia with anionic lipid and a range
of nitrite concentrations (5 uM- 5mM) at pH 5.4, demonstrated that significant (micromolar)
concentrations of NO are generated in one minute. This phenomenon is inhibited in the absence
of the anionic lipid or in the presence of oxygen[36].

Respirometry experiments in which submitochondrial particles reconstituted with cytochrome
¢ were incubated with increasing anionic lipid concentrations during hypoxia showed that as
lipid concentration was increased in the presence of nitrite, respiratory rate of the
submitochondrial particles decreased. This was presumably due to the increased generation of
NO, a potent respiratory inhibitor, by the lipid induced increase in the concentration of
pentacoordinate cytochrome c[36]. While these data suggest that cytochrome c dependent
nitrite reduction may be able to modulate mitochondrial respiration, the physiological role for
this reaction is not yet known. The physiological relevance of this reaction has been questioned
due to the inability of pentacoordinate cytochrome c to function as an electron carrier. However,
it is important to note that significant nitrite reductase activity may exist even if only a small
fraction of the total cytochrome c pool is in its pentacoordinate state. Moreover, in addition to
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acting as an electron shuttle to cytochrome c oxidase, cytochrome c is a signaling molecule
whose release from the mitochondria initiates the apoptotic cascade[48]. Data suggesting that
the pentacoordination of cytochrome ¢ may influence its release from the mitochondrion have
raised the speculation that cytochrome c-dependent nitrite reduction may be important in
generating NO, a regulator of the mitochondrial apoptotic pathway, before the initiation of the
apoptotic cascade.

While a number of enzymes within the mitochondria are now known to reduce nitrite to NO
and mechanisms of regulation of these individual enzymes are being elucidated, little is known
about whether all these proteins work simultaneously or whether they reduce nitrite in different
situations. Nohl and colleagues have proposed that nitrite concentration dictates the site of
mitochondrial reduction, with low concentrations (micromolar) being reduced by complex I11
and higher concentrations being reduced at cytochrome ¢ oxidase [49;50]. However, this is
countered by data demonstrating that cytochrome ¢ oxidase can reduce 20uM nitrite at pH 6
[37]. 1t is likely that complex Il and IV function as nitrite reductases in different situations;
however further in vivo and in vitro work is needed to define the conditions that determine
which site is active.

Comparison of mitochondria to other nitrite reductases—A number of proteins,
other than cytochrome c oxidase, have been described to catalyze the reduction of nitrite to
NO in hypoxic conditions. Perhaps the most widely characterized mammalian nitrite reductase
is the family of heme globins, the oxygen binding proteins which include hemoglobin in red
blood cells[4;51;52], neuroglobin in the brain and retina[53], and myoglobin in cardiac and
skeletal muscle[52;54]. Although these proteins differ in their rates of nitrite reduction, the
heme globins generate NO from nitrite by the same reaction (Reaction 1)[52]. The reaction of
nitrite and a proton with deoxygenated ferrous heme (myoglobin in this case) generates NO
and oxidizes the heme in the process.

Nitrite+deoxyMb (Fe**)+H* — NO+metMb (Fe**)+OH~ (Reaction 1)

The necessity for deoxygenated heme and a proton renders this reaction susceptible to
modulation by oxygen and pH. For each heme protein, nitrite reduction only occurs below the
pso (oxygen concentration at which the heme is half saturated with oxygen) of the protein
[52]. Hence nitrite reduction catalyzed by hemoglobin (psg= 20 mm Hg) occurs at a higher
oxygen tension than that catalyzed by myoglobin (pso= 2.2 mm Hg)[52]. In addition, as pH is
decreased, the rate of the reaction increases. The efficiency of nitrite reduction by each heme
globin varies according to structure, with myoglobin (bimolecular rate =12 M~1s1)[54]greater
than hemoglobin, but less than neuroglobin[51;52]. Beyond the heme globins, a number of
other nitrite reductases have been characterized in tissue [55], including xanthine
oxidoreductase[56], cytochrome P45 enzymes[57], and nitric oxide synthase[58]. While all
of these proteins function in conditions of low oxygen and become more efficient at low pH,
the involvement of each of these proteins physiologically in the reduction of nitrite appears to
be tissue specific[15]. For the purposes of this review, focus will be placed on myoglobin-
dependent nitrite reduction due to the localization of myoglobin in mitochondria-rich tissue
and the ability of myoglobin to regulate mitochondrial function.

Although several in vitro studies have now demonstrated that the mitochondrion is able to
function as a nitrite reductase, the relative contribution of the organelle to NO generation in
comparison to other tissue nitrite reductases remains unclear. In all published studies to date,
mitochondrial proteins are incubated with millimolar concentrations of nitrite (Table 1), well
above the physiological nitrite concentration in tissue (1-10uM)[30;36;37;41]. In addition,
with the exception of one study ([38]), acidic pH is necessary to observe measurable NO
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generation even from 1mM of nitrite. In contrast, myoglobin, which is also localized in tissue
compartments has been shown to generate measurable concentrations of NO from nitrite
concentrations as low as 2-10 uM[12;54]. Interestingly, while Nohl and colleagues
demonstrated mitochondrial dependent NO generation from sub-millimolar concentrations
(50-100 pM) of nitrite, these studies utilized the generation of iron-nitrosyl hemoglobin as a
measure of NO generation[38]. Hence, these studies are confounded by the presence of
deoxyhemoglobin, which has also been shown to reduce micromolar concentrations of nitrite
to NO[3;4;52;59].

One argument for the necessity of high nitrite concentrations in the mitochondrial nitrite
reductase studies is that nitrite transport into the mitochondrion is inefficient [37]. Castello and
colleagues showed that approximately 10% of nitrite added to isolated mitochondria is
internalized [37]. Furthermore, it is unknown what proportion of the internalized nitrite reaches
the sites of nitrite reduction within the mitochondria since these targets are buried within the
hydrophobic inner membrane, which nitrite is not likely to cross by free diffusion. While the
mechanism of nitrite uptake by mitochondria or whole cells is unclear, it is interesting to note
that measurable myoglobin-dependent NO generation is observed when micromolar
concentrations of nitrite are added to intact cardiomyocytes or intact isolated hearts[54;60].
This suggests that mitochondria may contribute to nitrite reduction only when pathological
levels of nitrite are reached. Alternatively, this may suggest a mechanism by which hypoxic
NO generation is compartmentalized such that low levels of nitrite already present within the
mitochondrion are reduced during hypoxia to regulate mitochondrial function locally.

In addition to the necessity of high concentration, mitochondria-dependent nitrite reduction
requires low pH. Although heme globin- and xanthine oxidase- dependent NO generation are
both accelerated by decreased pH, significant concentrations of nitrite are reduced at neutral
pHI[4;52;54;60]. It is interesting to speculate that while other nitrite reductases, such as
myoglobin and xanthine oxidoreductase, may play a major role in hypoxic NO generation
physiologically, mitochondrial nitrite reduction may contribute more during pathological
conditions. Interestingly, a pH gradient exists across the inner mitochondrial membrane such
that physiologically the intermembrane space has an estimated pH of 7.2 and the matrix has a
more alkaline pH of 7.9[61]. Based on in vitro studies [36;37], minimal mitochondrial nitrite
reduction would occur at this pH. However, in pathology, such as during tissue ischemia,
cytosolic pH can drop below pH 6, which would decrease pH both in the intermembrane space
and matrix. This in turn could present a more optimal condition for mitochondrial nitrite
reduction. Although the biochemical aspects of mitochondrial nitrite reduction have been
relatively well characterized in vitro, much more study is needed to determine the contribution
of this pathway to hypoxic NO generation in vivo.

MITOCHONDRIA AS TARGETS OF NITRITE

While the physiological role of the mitochondrion as a nitrite reductase is still controversial,
accumulating data now suggests that the mitochondrion may be a central physiological target
for nitrite during hypoxia and ischemia[6;13;15;54;60;62]. Although several potential protein
targets exist within the mitochondrion, to date, the nitrite-dependent modification of two sites
within the respiratory chain and the consequence of these modifications on mitochondrial
function have been explored in depth. The first site of interaction, cytochrome ¢ oxidase, has
been described in previous sections as the site of nitrite reduction. In the following sections,
the enzyme will be described as a target of NO generated by myoglobin-dependent nitrite
reduction. The implications of the nitrosylation of the heme .3 at the binuclear center of the
enzyme will be discussed in the context of the regulation of respiration and how it potentially
plays a role in regulating tissue oxygen gradients during hypoxia. The second mitochondrial
target of nitrite is complex I, which has been shown to be S-nitrosated during pathological
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ischemia/reperfusion, an effect that is hypothesized to be central to nitrite-mediated
cytoprotection after ischemia/reperfusion[13]. The remainder of this review will focus on these
two nitrite-dependent modifications of these specific targets and their effect on mitochondrial
function. The nitrosylation of cytochrome c oxidase will be reviewed first and the implications
of this modification on the regulation of oxygen gradients discussed. The S-nitrosation of
complex I will then be discussed in the context of ischemia/reperfusion.

Nitrosylation of cytochrome c oxidase

For decades myoglobin has been considered to be an oxygen storage protein, whose major
function is to release oxygen in order to support mitochondrial respiration during hypoxia
[63]. However, the close association of myoglobin with mitochondria in cardiac tissue and
skeletal muscle has generated questions as to whether additional mechanisms of crosstalk exist
between myoglobin and the organelle[29;64]. Considering the finding that myoglobin is an
efficient nitrite reductase, multiple groups have recently hypothesized that the reduction of
nitrite by myoglobin during hypoxia generates bioavailable NO that is able to regulate
mitochondrial function[54;60]. The most well-characterized interaction of NO with
mitochondria is the binding of NO to the binuclear center of cytochrome ¢ oxidase[65;66;67;
68]. As described above, dependent on the redox status of the enzyme, NO can either reversibly
bind and be released from this site or be metabolized to nitrite. However, in either case, binding
of NO to the binuclear center precludes the binding of oxygen to this site, and leads to the
inhibition of cytochrome c oxidase activity and hence mitochondrial respiration[33]. This
inhibition is completely reversible and regulated by oxygen, with the inhibition being more
potent as oxygen concentration is decreased[26].

In initial experiments to determine whether myoglobin- dependent nitrite reduction could
generate NO that subsequently inhibits mitochondrial respiration, isolated rat liver
mitochondria and purified deoxygenated myoglobin were co-incubated with physiological
concentrations of nitrite (5—-20 uM) and mitochondrial oxygen consumption was monitored
during hypoxia[54]. In these experiments, respiration was inhibited in the presence of both
nitrite and deoxygenated myoglobin, but no effect was observed in the presence of nitrite or
myoglobin alone. Moreover, this phenomenon was absent in experiments in which the
myoglobin was oxidized or in which the NO scavenger PTIO (2-Phenyl-4,4,5,5-
tetramethylimidazoline-3-oxide-1-oxyl) was present, confirming that the inhibition of
respiration under these conditions was indeed due to an interaction of nitrite and myoglobin
that generates NO (Reaction 1)[54]. These data have now been recapitulated in more
physiological systems, including intact cardiomyocytes, which endogenously contain
physiological levels of mitochondria and myoglobin[54]. Furthermore, physiological levels of
nitrite (2-20 uM) concentration dependently inhibit hypoxic respiration in heart homogenates
from wildtype mice, while this effect is blunted in homogenates made from myoglobin
knockout mice[12]. In addition, perfusion of isolated intact hearts with nitrite (10 M) during
hypoxia, showed a nitrite dependent increase in NO generation and NO modified proteins (iron
nitrosyl and S-nitrosothiols) in the wildtype, but not the myoglobin deficient hearts. This
increase in NO generation was associated with a decrease in myocardial oxygen consumption
in the wildtype hearts, which was also absent in hearts from wildtype animals[60]. In the
myocardium, this mechanism of nitrite-dependent downregulation of oxygen consumption
may be central to a phenomenon known as “short term hibernation” by which the myocardium
decreases its contractile activity in response to decreased perfusion[60].

Cumulatively, these data demonstrate that nitrite, through its reduction by myoglobin, is a
regulator of cytochrome ¢ oxidase. In addition, these studies establish a mechanism of crosstalk
between the mitochondria and myoglobin, beyond simple oxygen delivery, in which nitrite is
essential. Physiologically, this novel mechanism of nitrite and myoglobin dependent
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modulation of mitochondrial function may play a role in regulating tissue oxygen gradients as
discussed below.

Extension of tissue oxygen gradients and modulation of exercise capacity—
Previous studies have proposed that the partial inhibition of respiration can regulate tissue
oxygen gradients and conserve oxygen, particularly in conditions of physiological hypoxia
[69;70]. Partial inhibition of the most actively respiring mitochondria and those closest to the
oxygen source would allow oxygen to diffuse beyond these mitochondria and further into the
tissue to those sections of the tissue that are more distant from the oxygen source (Figure 2).
Additionally, as described by Thomas et al., this extension of the oxygen gradient deeper into
the tissue would also extend the NO gradient in the tissue, thereby increasing the apparent
bioavailability of both oxygen and NO [70]. In normoxic and intermediate oxygen tensions,
mitochondrial inhibition is most probably mediated by NOS dependent NO. However, in
hypoxic conditions when NOS lacks oxygen, arequired substrate for enzymatic NO generation,
reduction of the existing tissue nitrite pool may be the primary source of NO. The proximity
of myoglobin to the mitochondrion within cardiac and skeletal muscle provides an optimal
metabolome for the reduction of nitrite and subsequent inhibition of mitochondrial respiration

2.

As tissue oxygen concentration decreases below the K, of NOS for oxygen binding (reported
at values between 5 and 100puM), NOS activity becomes inhibited[71]. As this occurs, the p50
of myoglobin is reached (3 uM)[72] and as the protein begins to deoxygenate, it reduces
available tissue nitrite. The NO generated from this reaction then inhibits mitochondrial
cytochrome c oxidase (K, for oxygen binding <1 uM)[73], leading to oxygen diffusion beyond
these mitochondria and deeper into the tissue. Once oxygen concentrations increase in the
tissue, inhibition is reversed and respiration is restored.

It is seemingly paradoxical that the inhibition of respiration, which would ultimately inhibit
ATP generation, could be beneficial in hypoxia. However, it is important to note that inhibition
of respiration does not always result in a decreased rate of ATP production[74]. Studies of
respiratory control demonstrate that a large “reserve capacity” of cytochrome c oxidase activity
exists in the mitochondria, such that slight inhibition of the enzyme (and hence inhibition of
oxygen consumption) does not significantly impact the rate of ATP generation[74;75]. Hence,
itis possible that nitrite (through its reduction to NO) can reversibly and dynamically modulate
oxygen consumption without negatively impacting ATP generation.

A recent study by Larsen and colleagues showed that whole body oxygen consumption during
submaximal exercise was decreased in healthy volunteers when their diets were supplemented
with nitrate[76]. This effect was associated with an increase in plasma nitrite concentration,
and while oxygen consumption was decreased by an average of 0.16 L/min, there was no
difference in maximal attainable work rate[76]. Although the mechanism of this increased
muscular efficiency is not yet clear, it is interesting to speculate that in the hypoxic environment
of an exercising muscle, deoxygenated myoglobin may reduce nitrite to NO, leading to the
partial inhibition of respiration. This slight decrease in oxygen consumption, while large
enough to improve efficiency of the muscle, may not be enough to inhibit ATP generation.
While further study is needed to determine whether the nitrosylation of cytochrome ¢ oxidase
specifically is involved in the nitrite-dependent improvement of exercise efficiency, it is likely
that the mitochondrion is involved in this phenomenon in some regard.

Nitrite, mitochondria and ischemia/reperfusion

Ischemia/reperfusion injury is a major component of many disease processes including
myocardial infarction, solid organ transplant, cardiac arrest and stroke. While the pathology
of I/R injury is complicated and involves a number of processes, mitochondrial dysfunction
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plays a central role[77;78;79]. During ischemia, mitochondrial respiration is inhibited due to
the lack of oxygen and ATP stores are depleted leading to a bioenergetic deficit[80;81;82].
While the re-introduction of oxygen (reperfusion) to the tissue is necessary to restore cellular
energetics, reperfusion itself exacerbates mitochondrial damage and tissue injury. Specifically,
the rapid entrance of electrons accumulated during ischemia into the respiratory chain leads to
the production of a burst of reactive oxygen species upon reperfusion, which oxidizes key
proteins and lipids within the organelle[80;83]. This oxidative stress along with a large influx
of calcium into the mitochondria at the moment of reperfusion, triggers opening of the
mitochondrial permeability transition pore and ultimately ends in the release of cytochrome ¢
to initiate the apoptotic cascade[84;85;86;87].

Nitrite is cytoprotective after ischemia/reperfusion—In the last 5 years, studies by a
number of labs and in a number of animal models have demonstrated that nitrite is a potent
cytoprotective agent during focal ischemia/reperfusion of the heart[8;9;10;11;12;13;14], liver
[10;13;88], brain[89] and kidney[90] and in a global ischemic model of cardiopulmonary arrest
[91] and resuscitation. These individual studies have previously been reviewed [92;93] and
will not be discussed in depth here. Suffice to say that nitrite is a versatile cytoprotective agent
that is effective both in in vitro (Langendorff perfused heart[8;14], isolated mitochondria
anoxia/reoxygenation[13]) and in vivo animal models[9;10;11;89;90] of I/R. Dose response
studies demonstrate that nitrite works within a large range of concentrations, with doses
between a range of 0.1 and 100 uM/kg providing significant cytoprotection. Remarkably, even
small elevations in plasma nitrite appear to mediate significant cytoprotection. For example,
in murine models of hepatic I/R and myocardial infarction, an increase in plasma nitrite of
200nM decreased liver injury by approximately 40% and infarct size by 50% respectively
[10].

The cytoprotective effects of nitrite are also evident over a large temporal window. In initial
studies nitrite was administered at the midpoint of the ischemic episode, but it is now apparent
that nitrite administration immediately before[14;92], during[10;11], or at the end[11] of the
ischemic period is cytoprotective. Consistent with this, Gonzalez and colleagues demonstrated
that in a canine model of myocardial infarction in which an ischemic period of 2 hours was
followed by 6 hours of reperfusion, infarct size was significantly decreased whether nitrite was
administered one hour or five minutes before the initiation of reperfusion[11]. The
cytoprotective effect of nitrite is present even when nitrite is administered 24 hours before the
onset of ischemia[92] or supplemented in the diet prior to ischemia[9;94;95]. In addition,
Kumar and colleagues demonstrated that nitrite treatment increases angiogenesis in a hindlimb
model of chronic ischemia, suggesting that chronic nitrite treatment can also be cytoprotective
[7]. While it is established that nitrite is a potent and versatile cytoprotective agent during I/R,
the mechanism of its protection are not clear.

S-nitrosation of complex |—Given that the mitochondrion is a known target of nitrite, and
mitochondrial dysfunction is central to I/R injury, the role of nitrite in the regulation of
mitochondrial function during I/R has emerged as an active area of research. While broad gene
expression and proteomic studies have shown that nitrite mediates the differential expression
of a number of mitochondrial genes and proteins after I/R, the functional consequence of these
alterations have not yet been elucidated[6;94]. This section will focus instead on the nitrite-
dependent post-translational modification of mitochondrial complex I, which has been shown
to modulate mitochondrial function after I/R.

Studies from our lab have demonstrated that nitrite prevents the three major manifestations of
I/R-induced mitochondrial damage, including decreased ATP generation, increased ROS
production at reperfusion, and cytochrome c release[92]. Initial studies examining
mitochondrial function in the liver of mice subjected to hepatic ischemia/reperfusion
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demonstrated that the cytoprotective effects of nitrite were associated with the inhibition of
complex | dependent respiration at reperfusion. This finding led to the further characterization
of nitrite on mitochondrial function in an in vitro model in which isolated mitochondria were
subjected to anoxia/reoxygenation in order to mimic tissue I/R in the absence of other cellular
components. Studies in this model demonstrated that nitrite did indeed inhibit complex | after
anoxia/reoxygenation in a concentration dependent manner[92]. While this inhibition of
respiration initially seems paradoxical with tissue protection, this data is consistent with
previous literature demonstrating that inhibitors of complex I, such as rotenone, amobarbitol,
nitric oxide, and S-nitrosothiols are cytoprotective[96;97;98;99;100;101].

Complex | (NADH ubiquinone oxidoreductase), a large protein consisting of 46 subunits, is
an entry point of electrons in the respiratory chain and a key site for ROS generation in the
mitochondrion. Mechanistically, inhibition of complex | is thought to contribute to
cytoprotection by blocking entry of electrons into the respiratory chain and thus attenuating
the burst of ROS generation associated with reperfusion. Consistent with this mechanism, when
hydrogen peroxide generation was measured in isolated mitochondria which were subjected
to in vitro anoxia/reoxygenation, mitochondria treated with nitrite during anoxia generated
significantly less hydrogen peroxide than those that were untreated[13] (Figure 3). This
decrease in ROS generation was corroborated by data demonstrating that nitrite administration
during ischemia in vivo prevented an I/R induced decrease in the activity of aconitase, an iron-
sulfur protein which loses its activity upon oxidative modification. Nitrite treatment also
protected complex I1- dependent respiration and ATP generation from an I/R induced decrease
that was observed in untreated animals, suggesting that nitrite-dependent attenuation of ROS
prevents the oxidative damage of complex I1[13]. In addition to preventing oxidation of key
mitochondrial proteins, nitrite treatment prevented the calcium-induced permeability pore
opening and release of cytochrome ¢ from mitochondria after anoxia/reoxygenation,
suggesting a mechanism for the prevention of apoptosis[13]. The specific mechanism of nitrite-
dependent inhibition of complex I appears to involve the S-nitrosation of critical thiol residues
on the complex. S-nitrosation of complex | by a number of agents including high concentrations
of NO, peroxynitrite, and even ischemic preconditioning, has been linked to the inhibition of
the catalytic activity of the complex[102;103;104]. While it is unknown whether S-nitrosation
of a specific target cysteine within the complex leads to inhibition or whether a group of thiols
must be modified, several subunits of the complex have been implicated as putative targets of
S-nitrosation[104;105]. In the case of nitrite, although the exact site of modification has not
yet been elucidated, it is clear that nitrite treatment of mitochondria during anoxia
concentration-dependently S-nitrosate the mitochondrion, and this increased S-nitrosation is
associated with a concomitant decrease in complex | activity[13].

The chemical mechanism by which nitrite mediates S-nitrosation of complex | is not entirely
clear, however several potential pathways exist by which this modification may occur. Nitrous
acid, formed by the protonation of nitrite, is a nitrosating agent and may be readily formed in
the acidic conditions of tissue ischemia. In addition to simple protonation, evidence now exists
for the heme globin conversion of nitrite to dinitrogen trioxide (N,O3), a potent nitrosating
species. In the case of hemoglobin, a unique reductive anhydrase pathway has been described
for the formation of N,O3 from nitrite[106]. Briefly, one molecule of nitrite reacts with
deoxygenated hemoglobin to generate NO and methemoglobin through classical nitrite
reductase chemistry (Reaction 1 above). Another molecule of nitrite then binds to
methemoglobin, and the resulting nitrite-methemoglobin has an electron configuration which
appears to possess Fe 2*- NO,+ character (Reaction 2).

Fe**—NO, (metheme bound to nitrite) — Fe*>~NO,. (Reaction 2)
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The NO3- species can react rapidly with a molecule of NO to form N,O3 [106]

FC+2—N02-+NO - Fe+3—N203+FC+3 (Reaction 3)

By this reaction, hemoglobin essentially catalyzes the removal of a molecule of water from
two molecules of nitrite to generate dinitrogen trioxide (N,O3) [106]. Once generated, the
hydrophobic inner mitochondrial membrane could stabilize NoO3 or NO,® in close proximity
to complex I, allowing for the reaction of these species with the protein. It is unknown whether
either or both of these mechanisms play a role in nitrite-dependent complex | S-nitrosation.
However, it has been shown that in animal models of I/R, as well as in isolated mitochondria,
the protective effect of nitrite is inhibited by the NO scavenger PTI10[10;13;14;89;107]. In
addition, in the heart, nitrite-dependent reduction of infarct size after I/R is dependent on the
presence of myoglobin[12], suggesting a role for heme catalyzed S-nitrosation.

Although the chemical mechanism of S-nitrosation is unclear, accumulating data in animal
models show that nitrite-dependent S-nitrosation of complex | and concomitant inhibition of
this complex is associated with cytoprotection after I/R. In a murine model of hepatic I/R in
which the diets of mice were supplemented with, or depleted of, nitrite and nitrate for one week
before the ischemic episode, mice on a high nitrite/nitrate diet were protected from hepatic
injury after I/R[94]. Furthermore, the extent of hepatic protection correlated inversely with
complex | activity, supporting the idea that nitrite-dependent complex I inhibition is important
in protection from I/R injury. Nitrite dependent S-nitrosation and concomitant inhibition of
complex I in the heart has been associated with improved cardiac function and increased
survival in a global ischemia/reperfusion model of cardiac arrest and resuscitation[91]. In
addition, rats administered one dose of nitrite (480 nmoles) 24 hours before undergoing
ischemia showed increased levels of mitochondrial S-nitrosation compared to mitochondria
from untreated animals[13].

Consistent with the hypothesis that nitrite decreases ROS generation and inhibition of
cytochrome c release, a number of studies have now shown that nitrite decreases oxidative
stress during ischemia/reperfusion. For example, Jung and colleagues showed that in a rat
model of stroke, in which nitrite protects neurological function and decreases cerebral necrosis,
nitrite treatment is associated with a decrease in nitrotyrosine formation in the brain compared
to untreated controls[89]. After cardiac arrest and cardiopulmonary resuscitation (CPR),
cardiac mitochondria from nitrite treated animals demonstrated decreased hydrogen peroxide
from 5 minutes to one hour after CPR[91]. A number of studies also show a decrease in markers
of apoptosis, such as TUNEL staining, with nitrite treatment, consistent with the nitrite-
dependent prevention of permeability pore opening and cytochrome c release[10;11;91].

While it is unclear how complex | inhibition is protective given that prolonged inhibition of
electron transfer could lead to the inhibition of ATP synthesis, it is important to note that S-
nitrosation is a reversible modification and treatment of mitochondria with metals, thiols, or
light has been shown to completely reverse this modification as well as the inhibition of
complex 1[108]. Thus, the inhibition of complex | may be protective immediately at reperfusion
and thereafter the S-nitrosation may be removed and complex | activity restored. It has been
hypothesized that the gradual reversal of complex | inhibition over time would allow electrons
to enter the electron transport chain incrementally, preventing the burst of ROS formation at
reperfusion, a concept termed “gradual wake-up”[78;83]. Indeed, in a murine model of cardiac
arrest and CPR, cardiac complex | activity is inhibited by approximately 40% in nitrite treated
animals 5 minutes after reperfusion, but is restored to the levels of sham operated animals by
1 hour into reperfusion[91].
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Nitrite is a unique complex | inhibitor—While a number of complex | inhibitors have
been shown to mediate cytoprotection in animal models of I/R, few successfully make the
transition from bench to the clinic. However, several characteristics make nitrite unique among
complex | inhibitors and suggest that it could be used as a therapeutic. First, nitrite is targeted
to ischemic tissue. While nitrite treatment has no significant effect on mitochondrial function
during normoxia, nitrite-dependent inhibition of complex | is observed after the ischemic
episode. This suggests that nitrite selectively modulates mitochondria in ischemic tissues, while
allowing normal electron transfer in non-ischemic mitochondria. Second, nitrite is a reversible
inhibitor of complex I. This is important not only because prolonged inhibition of respiration
can lead to ATP depletion, but also because the chronic presence of complex | inhibitors, such
as rotenone, have been shown to lead to Parkinson’s Disease[109]. Finally, unlike complex |
inhibitors such as rotenone amobarbitol, nitrite is naturally occurring in the diet. This opens
the possibility for dietary modulation of the cytoprotective response. Although much more
research is needed to determine the effects of chronic nitrite treatment on mitochondrial
function as well as whether mitochondria build tolerance to nitrite, studies to date suggest that
nitrite may be a promising pharmacologic regulator of mitochondrial function and mediator of
cytoprotection.

CONCLUSIONS

Nitrite, historically thought to be an inert byproduct of NO metabolism, is now regarded as an
endocrine store of NO and a signaling molecule in its own right. Although the physiological
effects of nitrite and the mechanisms by which these effects are regulated are just beginning
to be elucidated, it is clear that the mitochondria are involved in nitrite signaling. In vitro
evidence exists for mitochondrial involvement in both the generation and reduction of nitrite.
Studies also demonstrate that nitrite is a regulator of mitochondrial function by at least two
distinct mechanisms — the nitrosylation of cytochrome c oxidase and the S-nitrosation of
complex I (Figure 4). Through these modifications, nitrite may be instrumental in regulating
physiological processes such as the extension of oxygen gradients during hypoxia and
modulation of exercise efficiency, as well as mediating cytoprotection from I/R injury. While
a great deal has been uncovered about the intertwined signaling axes of the mitochondrion and
nitrite in the last decade, future studies will no doubt reveal new mitochondrial targets for nitrite
and describe new physiological roles for these interactions.
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Figure 1. Sites of mitochondrial nitrite reduction

(A) In normoxia, electrons enter the respiratory chain at complex | or 11 and are shuttled through
the Q cycle to complex I11. While most electrons are then shuttled to cytochrome ¢ and then
to complex 1V, where oxygen binds the binuclear center (cyty3 Cug) and acts as the terminal
electron acceptor, some electrons escape at complex 111 to generate superoxide. Protons are
pumped from the matrix to the intermembrane space through the complexes to set up a proton
gradient for ATP generation. (B) During hypoxia, nitrite can be reduced at complex I11 or
cytochrome c oxidase (complex V). If cytochrome c is converted to its pentacoordinate form
(through oxidation, nitration or association with anionic lipid), it can act as a site of nitrite
reduction.

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



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Shiva Page 20

S

B

C
/ D

A
a R
@
e PP e o A
NO

- ‘ o o y
"l '\ AN v

Figure 2. Nitrite-dependent extension of oxygen gradients

(A) During normoxia, NOS is functional, myoglobin is oxygenated, and sufficient oxygen is
available to diffuse from the source of oxygen through the tissue. (B) In hypoxic conditions,
NOS is substrate limited and cannot make NO and myoglobin becomes deoxygenated. The
majority of oxygen present is consumed by mitochondria close to the oxygen source, leading
to a shortened oxygen gradient. (C) If nitrite is present during hypoxic conditions, it can be
reduced by deoxygenated myoglobin. The NO generated can then partially inhibit
mitochondrial oxygen consumption, allowing more oxygen to diffuse past these mitochondria
and further into the tissue (elongation of oxygen gradient).
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Figure 3. S-nitrosation of mitochondria and decreased ROS generation after anoxia/reoxygenation
Isolated rat liver mitochondria treated with nitrite (2.5-100uM) during anoxia show a (A)

concentration dependent increase in S-nitrosation and (B) a concomitant inhibition of complex
| activity. (C) Nitrite treatment (10 pM) during anoxia prevents hydrogen peroxide generation

at reoxygenation.

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

50

100



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Shiva Page 22

Ischemia/ 2
Reperfusion

N,O; NO

%

Decrease ROS generation Inhibit oxygen consumption
Inhibit Cytochrome crelease Oxygen gradients
Cytoprotection after I/R Exercise efficiency

Figure 4. Nitrite regulates mitochondrial function

During hypoxia, nitrite is reduced to NO by deoxygenated myoglobin and nitrosylates the
binuclear center of complex IV. This results in the inhibition of oxygen consumption which
may contribute to the regulation of oxygen gradients and the modulation of exercise efficiency.
During ischemia/reperfusion, nitrite is converted to a nitrosating species (possibly N,O3
through its reductive anhydrase reaction with heme) and S-nitrosates complex I at reperfusion.
This leads to decreased ROS generation and inhibition of cytochrome c release, which
contribute to cytoprotection after I/R.
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Rates and conditions of NO generation for mitochondrial nitrite reductases

Table 1

Nitrite Reductase [Nitrite] (mM) pH NO generation Reference
Complex Il 0.1 7.25 | 15 nmol/min/mg [38]
Cytochrome c oxidase (isoform Va) 1.0 6.5 17 nM/min/mg [37]
Yeast Cytochrome c oxidase (isoform Vb) 1.0 6.5 120pmol/min/mg [41]
Purified pentacoordinate Cytochrome ¢ 5.0 7.4 0.3uM in one hour [36]
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