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Abstract

Since their initial discovery over a century ago, our knowledge of the functions of myoglobin and
the mitochondrion has gradually evolved. The mitochondrion, once thought to be solely
responsible for energy production, is now known to be an integral redox and apoptotic signal
tranducer within the cell. Likewise, myoglobin, traditionally thought of only as an oxygen store,
has emerged as a physiological catalyst that can modulate reactive oxygen species levels, facilitate
oxygen diffusion and scavenge or generate nitric oxide (NO) depending on oxygen tensions within
the cell. By virtue of its unique ability to regulate O, and NO levels within the cell, myoglobin can
modulate mitochondrial function in energy-demanding tissues such as the beating heart and
exercising muscle. In this review, we present the conventional functions of myoglobin and
mitochondria, and describe how these roles have been reassessed and advanced, particularly in the
context of NO and nitrite signaling. We present the mechanisms by which mitochondria and
myoglobin regulate one another within the cell through their interactions with NO and oxygen and
discuss the implications of these interactions in terms of health and disease.
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INTRODUCTION

The first true spectroscopic description of myoglobin was in 1897 by Mérner, who
suggested the term “myochrome” for this muscle pigment [1] Shortly thereafter, Carl Benda
(in 1898) coined the term “mitochondria” to describe the threadlike granules that had been
observed by many scientists in cells for decades prior [2]. Though myoglobin and
mitochondria were discovered in such close chronology, these distinct cellular structures
were studied predominantly in isolation from one another for several decades. However, in
the late-1900s, with the discovery that mitochondria mediate oxidative phosphorylation and
that myoglobin binds diatomic oxygen, it was recognized that myoglobin and mitochondria
potentially interact and form a functional metabolome for efficient oxygen utilization in the
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heart and muscle. In the last 30 years, our understanding of the traditional function of both
the mitochondrion and myoglobin has greatly evolved and new physiological roles have
been uncovered for both these cellular components. It is now recognized that mitochondria
are not only energy producers but also vital mediators of redox and apoptotic signaling
within the cell. Likewise, myoglobin is now known not only to be an oxygen storage
protein, but has also been described to be a nitric oxide (NO) scavenger and most recently, a
hypoxic nitrite reductase [3; 4]. The expansion of the roles of mitochondria and myoglobin
has led to the re-evaluation of the physiological interactions that exist between these two
sub-cellular entities. In this review we examine the traditional functional roles of
mitochondria and myoglobin and focus on the role of myoglobin in regulating mitochondrial
function, particularly in the context of NO and nitrite signaling.

The mitochondrial respiratory chain maintains cellular homeostasis

While mitochondria were recognized by their structure as early as 1857, their function
remained elusive until much later. It was only in the early 1900s through the combined work
of Warburg and Keilin that oxygen utilization in the cell was linked to the reduction of
mitochondrial cytochromes. This sparked a line of discovery that led to the isolation of ATP,
the description of oxidative phosphorylation within the mitochondrion, and ultimately
culminated in Peter Mitchell’s description of the chemiosmotic theory in 1961[5].
Collectively, these findings describe the fundamental function of the mitochondrion by
which complexes I and 11, embedded within the inner mitochondrial membrane, derive
electrons from NADH and FADH, and transfer these electrons down the respiratory chain
and on to reduce oxygen, which binds to complex IV (cytochrome ¢ oxidase). In response to
electron transfer, protons are pumped by the complexes from the matrix to the
intermembrane space, creating an electrochemical gradient (Apy*)[6]. This gradient drives
the re-entry of protons into the matrix through the ATP synthase (Complex V), which is
linked to the conversion of ADP to ATP. In this way, the proton gradient drives the
synthesis of ATP by ATP synthase and couples oxygen consumption to ATP production. It
is now known that this energy producing function of the mitochondrion is essential to the
viability of most cells in the body.

In addition to ATP production, mitochondria play a role in maintaining cellular redox
environment and contributing to reactive oxygen species (ROS) signaling. This is due to the
fact that respiration is not fully coupled to ATP production, and it is estimated that about 2%
of cellular mitochondrial oxygen consumption generates superoxide rather than ATP under
basal conditions [7]. Indeed, electrons can prematurely leak at complexes | and I,
combining with oxygen to form superoxide, which is then converted to hydrogen peroxide
(H205) by manganese superoxide dismutase in the matrix, and copper/zinc superoxide
dismutase in the intermembrane space and cytosol [8]. Although in pathology, high levels of
mitochondrial ROS can be deleterious, low physiological levels have been shown to play a
significant role in signaling mechanisms that regulate cell growth and proliferation,
apoptosis and inflammatory responses [9; 10; 11] [9; 10; 12; 13]. ROS act as regulatory
mediators in a number of signaling cascades such as the insulin receptor kinase activity [9],
protein kinase C [14], the activation of MAPK cascades [15], and the activation of
transcription factors AP-1 and NF-kB [15]. ROS signaling has also been shown to play a
significant role in protection of the heart from ischemia/reperfusion [9]. Transient generation
of ROS during brief preconditioning ischemia triggers of protection by activating protein
kinases such as PKC, p38 and/or JAK/STAT [16; 17;18].

The energetic capacity of the respiratory chain is also linked to cellular viability as the
release of the respiratory protein cytochrome cis a critical step in the initiation of the
apoptotic pathway. This function also relates to superoxide generated by the respiratory
chain, as ROS may oxidize the anionic phospholipid cardiolipin, which anchors cytochrome
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cto the inner membrane through electrostatic, hydrophobic and hydrogen bonds.
Peroxidation of cardiolipin inhibits binding to cytochrome ¢, which then remains freely
soluble in the intermembrane space, and is likely to be released into the cytosol, initiating
the apoptotic cascade [19]. Beyond ATP generation, redox signaling and regulation of
apoptosis at the level of the respiratory chain, mitochondrial matrix enzymes play a crucial
role in heme and steroid biosynthesis [20], iron transport [21], and cell cycle regulation [22].

Regulation of mitochondrial function

Mitochondrial respiratory chain function, particularly oxidative phosphorylation, is
regulated at several levels. Mitochondrial number is altered rapidly in the cell to adapt to
changing metabolic demand. This process is governed by the PPARy coactivator 1a
(PGC1la), which is found abundantly in tissues rich in mitochondria, and regulates the
transcription of both nuclear and mitochondrial DNA necessary to synthesize new
mitochondrial proteins [23]. Physiologically, NO is a potent activator of PGCla and
mediates mitochondrial biogenesis instigated by caloric restriction and chronic hypoxia. In
addition to the expression of new mitochondrial proteins, existing mitochondria within a cell
interact with one another, leading to the dynamic formation and breakage of mitochondrial
networks by fission and fusion events respectively. These mitochondria dynamics are
regulated by a number of proteins, the most prominent of which are dynamin-related protein
1 (Drpl) and the mitofusins. While Drp1 mediates mitochondrial fission, an event that
makes the mitochondrion more susceptible to degradation, phosphorylation of this protein
by stimuli such as calcium or NO inhibits fission, rendering the mitochondria more resilient
to apoptotic mechanisms [24]. Conversely, expression of mitofusin 1 and 2 modulate fusion
and upregulation of these proteins results in the formation of long mitochondrial networks
within the cell that have been observed to increase mitochondrial membrane potential and
increase respiratory chain activity leading to a number of physiological consequences
including modulation of the cell cycle [25], adaptation to oxidative stress [26] and protection
against insults such as ischemia/reperfusion injury [27].

Perhaps the most characterized regulatory mechanism of mitochondrial ETC function is the
post-translational modification of the respiratory chain complexes. The mitochondrial
complexes have been shown to be a target of phosphorylation, acetylation and
glutathionylation [28]. For example, phosphorylation of complex IV protects the protein
against ATP-induced inhibition of activity. Glutathionylation of subunits of mitochondrial
complex I [29] and complex IV [30], decreases the activity of these enzymes and has been
postulated to protect them from oxidative damage. Several complexes within the ETC are
known to be inhibited by acetylation and the biological implications of this modification has
been an active area of research after the discovery of the specific mitochondrial
deacetylases, sirtuins 3, 4 and 5, which are regulated by changes in metabolism [31].

The most well characterized interaction of NO with the mitochondrion is the inhibition of
cytochrome ¢ oxidase (complex V) by nanomolar concentrations of NO. NO directly binds
to the binuclear center (Cug/heme az) of the enzyme, resulting in a reversible nitrosylation
of the heme,z and an inhibition of oxygen binding to the enzyme [32]. This competition
between NO and oxygen at cytochrome ¢ oxidase results in an inhibition of respiration that
is more potent as oxygen tension is decreased [33; 34]. This NO-dependent inhibition of
respiration has been suggested to regulate tissue oxygen gradients [35], mediate HIF-1a
stabilization [36], and underlie the phenomenon of cardiac hibernation during ischemia/
reperfusion [37] and will be discussed more extensively in the context of myoglobin
signaling below.

Higher concentrations of NO, leading to the formation of metabolites, such as peroxynitrite,
nitrogen dioxide (NO5") or dinitrogen trioxide (N,O3), have been shown to S-nitrosate
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critical thiols on complex |, inhibiting its activity [38]. While a persistent S-nitrosation of
complex | could lead to detrimental inhibition of oxidative phosphorylation, this
modification has been shown to be protective in situations such as reperfusion after organ
ischemia, in which gradual entry of electrons into the respiratory chain prevents excessive
ROS generation and oxidative damage of mitochondrial proteins and lipids [39].

Regulation of oxidative phosphorylation by oxygen

The requirement of oxygen as a substrate for cytochrome ¢ oxidase suggests that
mitochondrial respiration and hence oxidative phosphorylation should be oxygen sensitive.
However, much debate surrounds this issue. While respiration is known to be independent of
oXxygen concentration over a wide range of oxygen tensions (>15uM), it is still unclear
whether mitochondria become oxygen limited physiologically in vivo, particularly in more
hypoxic, metabolically active tissues such as the heart and skeletal muscle. The Ky, for
oxygen of purified cytochrome ¢ oxidase has been reported to be between 0.3-1 pM
depending on the source of the enzyme [40; 41]. However, a larger oxygen range (0.05-5.0
M) has been reported for the half-maximal saturation of respiration rate (Psp) in isolated
mitochondria or cells, which is likely due to oxygen gradients within the cell. The matter of
oxygen limitation is further complicated by the fact that the Psq of respiration varies by cell
type as well as in different physiological conditions. For example, changes in respiratory
state have been shown to alter Psq of respiration in vitro [42]. More recently, Schumacker
and colleagues have shown that exposure of cytochrome ¢ oxidase to brief periods of
hypoxia increase the Ky, of the enzyme[43]. Moreover, the apparent Ky, of the enzyme is
also affected by modulators such as NO[44]. Due to the high affinity of cytochrome ¢
oxidase for NO versus O, and the competition between the two molecules, nanomolar levels
of NO can significantly raise the apparent Ky, of the enzyme to oxygen concentrations as
high as 5uM [45].

Despite the uncertainty of an absolute oxygen concentration at which it occurs, it is clear
that mitochondria become oxygen limited only at relatively low oxygen tensions (<3 M).
Studies investigating mitochondrial respiratory rates during physiological conditions suggest
that despite low cytoplasmic levels of oxygen (~3iM) in myocytes, mitochondria are not
oxygen limited. However, respiratory capacity can rapidly change by 20-fold in response to
increased demand, suggesting that in exercising skeletal muscle or the beating heart, where
oxygen supply is constant, metabolic function can quickly exceed oxygen supply and
become oxygen limited [46]. It is under such conditions that the role of myoglobin (Psg =
3.1nM), an oxygen store and facilitator of diffusion, becomes necessary.

Myoglobin: discovery, structure and localization

The initial identification of myoglobin was made by Mérner, who distinguished myoglobin
from hemoglobin by their differences in absorption spectra and named the protein
“myochrome”. The term “myoglobin” was coined by Gunther and colleagues in 1921, who
confirmed that myoglobin was indeed distinct from hemoglobin in the blood. Using high
resolution X-ray crystallography, John Kendrew was the first to resolve the structure of
myoglobin in 1959, making it the first protein described at the atomic level. The protein
itself is a single polypeptide chain consisting of approximately 153 amino acids that form
eight a-helices folded around a hydrophobic core containing the heme prosthetic group [47].
The heme prosthetic group consists of a protoporphyrin ring bound to a central iron atom by
four nitrogen atoms and the proximal histidine (His 93) at the fifth coordination site. Small
molecule ligands, such as oxygen, NO and carbon monoxide (CO), bind myoglobin at its
sixth coordination site. Also at this site lies the distal histidine (His 64), which is not directly
bound to the iron but perfectly poised for hydrogen bonding to modulate the affinity of
ligands for myoglobin [48]. The specific and conserved folding of the protein is such that
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the outer surface of myoglobin is predominated by hydrophilic residues, allowing
myoglobin molecules in solution to move past one another with little frictional impediment.
This property is integral to the functional role of myoglobin as a facilitator of oxygen
diffusion within cells [49; 50].

Myoglobin is present in the heart and the skeletal muscle of virtually all mammals. In the
heart, the basal myoglobin concentration is approximately 200 to 300 wmol kg™t wet
weight, while in the skeletal muscle levels are much higher reaching approximately 400-500
pmol kg~1 wet weight [50]. The concentration of myoglobin in these tissues is closely
associated with the work performed by the tissue and also correlates with cytochrome ¢
oxidase expression as well as capillary density [51; 52]. Myoglobin expression is regulated
in these tissues and has been shown to increase in people living at high altitude.
Surprisingly, to date, no increase in myoglobin content has been proven with exercise
training or chronic hypoxia alone, suggesting a more complicated regulation of myoglobin
gene expression. Interestingly, NO increases gene and protein expression of myoglobin [53].

Recent studies suggest that myoglobin expression is not limited to endurance muscle.
Physiologically, small concentrations of myoglobin are expressed in smooth muscle
cells[54]. Additionally, significant levels of myoglobin have been measured in tumor cells
even of non-muscle origin [55]. Studies indicate that this myoglobin expression may
enhance tumor oxygenation as well as inactivate ROS within the tumor, leading to growth
and invasion [56]. However, these studies are preliminary and the role of the protein in
tumorogenesis is still under investigation.

Myoglobin function

Initial work investigating the function of myoglobin established that oxygen reversibly binds
ferrous myoglobin at the sixth coordination position of its heme iron and shows a hyperbolic
oxygen dissociation curve. The Pgq of myoglobin is 3.1.M, demonstrating the high affinity
of myoglobin for oxygen [50]. In both cardiac and striated muscle, the cytosolic pool of
myoglobin is maintained between 35 and 50% saturated with oxygen. Based on the high
affinity of myoglobin for oxygen and its presence in metabolically active endurance
muscles, Millikan laid the foundations for identifying the physiological role of myoglobin.
In 1939, he hypothesized three potential functions for myoglobin, suggesting that the protein
worked as 1) an oxygen store, 2) an oxygen transporter, or 3) “an intracellular catalyst” [57].
While Millikan concluded in his seminal work that myoglobin acted mainly as “a short term
oxygen store, tiding muscle over from one contraction to the next”, evidence for all three
putative functions has emerged over the last 70 years and will be reviewed below.

Oxygen storage—The most accepted function of myoglobin is that of a temporary store
of oxygen. Studies of working skeletal muscle show that upon the onset of muscle
contraction, the cytosolic pool of myoglobin reaches a hew deoxygenated steady state within
a matter of seconds (20-40s depending on workload) suggesting that oxygen is released for
mitochondrial consumption during contraction [58]. At high altitude, myoglobin
concentrations increase to augment the reservoir of oxygen in the heart and muscle [59] .
Similarly, in marine mammals, myoglobin concentrations approach 10-fold higher levels
than in terrestrial mammals and directly affects the capacity of these animals to dive to
deeper depths of the sea. In these animals, myoglobin supplies oxygen during periods when
ventilation is absent. Thus, the ability to remain under water directly correlates to the
expression level of myoglobin in aquatic mammals [60].

Facilitated Diffusion—The contribution of myoglobin to mediating facilitated diffusion
in vivo is perhaps the most controversial function of the protein. The first evidence of
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myoglobin-mediated facilitated diffusion was reported by Wittenberg in 1959 in which he
proposed that oxygen diffusion was enhanced within the cell, from the sarcolemma to the
mitochondrion, by the ability of myoglobin to rapidly and reversibly bind oxygen and
translationally diffuse within the cell [61]. Subsequent studies demonstrated the high affinity
of myoglobin to bind oxygen could compete with the ability of oxygen to dissolve in
solution [62]. Thus, myoglobin is able to capture oxygen as it crosses phases from the
capillary to cell and transport it within the cell, offloading the oxygen as it tries to come to
equilibrium with the deoxygenated myoglobin pool within the cell. This results in the
oxygen gradient from the capillary to cell becomes steeper, leading to increased oxygen flux
within the cell. This idea is further supported by data showing that a gradient of oxygenated
myoglobin exists in the isolated cardiomyocyte in which maximal oxygenation occurs at the
cell membrane and decreases significantly towards the interior of the cell where respiring
mitochondria are located [63] (Figure 1).

Despite these studies demonstrating facilitated diffusion, the role of myoglobin as a
regulator of mitochondrial oxygen supply has remained controversial. In 1982, Cole etal.
reported that under steady-states of oxygen supply, myoglobin increased the flow of oxygen
to myocytes, but had no effect on oxygen consumption and ATP production rate in rat
skeletal muscle mitochondria casting a doubt on myoglobin’s effect on mitochondrial
respiration [64]. Additionally, the first myoglobin knockout mouse line generated suggested
that animals without myoglobin were fertile, exhibiting no significant differences from wild
type mice at rest, during endurance exercise, or in response to hypoxia [65]. However,
subsequent studies by Godecke et a/. on an independent myoglobin knockout line revealed
that the deletion of myoglobin led to compensatory mechanisms, resulting in a steepened
oxygen gradient between the capillary and mitochondria. These compensations include
increased capillary density, augmented coronary flow and elevated hematocrit [66].
Additionally, studies in other systems showed a role for myoglobin in regulating respiration.
For example, hypoxic pigeon muscle fibers were shown to increase their rate of oxidative
phosphorylation significantly in the presence of myoglobin [67] and in working skeletal
muscle from dogs, the maintenance of the rate of oxygen consumption was dependent on the
presence of myoglobin [68]. Pharmacological means to inhibit myoglobin’s actions in cells
also showed that myoglobin-oxygen binding regulates oxidative phosphorylation [67; 69;
70; 71]. While these experiments have collectively led to the general acceptance of the
concept that myoglobin facilitates diffusion within the cell, controversy still exists
surrounding the matter of whether mitochondrial function is completely dependent on this
function. General consensus holds that under hypoxic conditions in cardiomyocytes or
prolonged physiological exercise in skeletal muscle, myoglobin is integral for oxygen
supply to drive oxidative phosphorylation [50; 64; 72].

Myoglobin as an intracellular catalyst—It is now clear that myoglobin functions as a
physiological catalyst in many respects. /n vitro studies have demonstrated that the ferrous
(2+) and ferric (Fe3*) forms of myoglobin can directly interact with ROS, particularly H,0,,
leading to the oxidation of myoglobin to its ferryl (Fe**) form. The ferryl myoglobin formed
is a strong oxidant that on its own can oxidize proteins and lipids. Additionally, ferryl heme
within myoglobin can interact with a protein radical, forming a cross-linked species capable
of generating more H,0O»as a well as initiating lipid peroxidation (see [73] for a review of
this chemistry ). /n vivo studies investigating the physiological role of this chemistry
demonstrate both protective and deleterious effects. For example, hearts from myoglobin
knockout mice have been shown to be more susceptible to oxidative stress immediately after
ischemia/reperfusion due to the lack of ROS scavenging by myoglobin [74]. However, later
in reperfusion, the formation of ferrylMb (Fe**) has been shown to contribute to
reperfusion-induced oxidative damage of the heart [75]. Beyond reperfusion injury, Mb-
induced ROS production has been implicated in the pathogenesis of a number of conditions
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including rhabdomyolysis-associated renal failure, atherosclerosis, and crush injuries [76;
77]. Interestingly, mitochondrial dysfunction, particularly augmented mitochondrial ROS
generation, plays a role in the progression of many of these diseases (including ischemia/
reperfusion, rhabdomyolysis and atherosclerosis) and thus it is interesting to speculate on the
existence of a detrimental pathway by which mitochondrial H,O,0xidizes myoglobin,
leading to the generation of ferrylMb, thus perpetuating oxidative chemistry.

In addition to ROS, myoglobin is known to catalyze reactions involving reactive nitrogen
species. The next sections will review the role of myoglobin as an NO dioxygenase as well
as a nitrite reductase and discuss the implications of these roles on mitochondrial function.

Myoglobin regulates mitochondrial function through its NO dioxygenase activity

The ability of NO to react rapidly with heme centers has long been recognized and is one of
its most important chemical characteristics. In the case of hemoglobin, the implications for
hemoglobin-based NO scavenging were recognized early on [78; 79]. However, the
physiological role of the reaction of myoglobin with NO took longer to emerge. The reaction
of oxygenated myoglobin with NO is rapid (k= 5 x10’ M~1 s1) and results in the two-
electron oxidation of NO to nitrate, converting ferrous myoglobin to metmyoglobin
(Reaction 1):

Mb (FeZ*)O, + NO — Mb (Fe3*) + NO3~ (Reaction 1)

A physiological role for this reaction was first proposed by Brunori and based on the fact
that NO reversibly binds and inhibits cytochrome ¢ oxidase and hence mitochondrial
respiration [80]. Brunori hypothesized that in working muscle or heart, oxygenated
myoglobin functions as a NO scavenger to prevent NO-mediated inhibition of mitochondrial
respiration and hence contributes to higher rates of oxidative phosphorylation [80]. It is
estimated from cell culture models that respiratory rate is inhibited 15-30% under basal
conditions by endogenous NO [81]. Given that the concentration of NO necessary to half
maximally inhibit respiration (at 30,LM Oo) is less than 100nM [82], the high concentration
of myoglobin in the heart and muscle (0.2-0.4mmol/kg wet weight) should be sufficient to
scavenge NO and significantly impact respiratory rates in these tissues which contain far
less cytochrome c¢ oxidase (30-50pmol/kg wet weight).

This theory was first substantiated by Flogel and colleagues who used the myoglobin
knockout mouse model to demonstrate myoglobin regulated NO signaling in the heart [83].
In these studies, perfusion of isolated wildtype hearts with exogenous NO showed a dose
dependent decrease in oxygenated myoglobin concentrations with a concomitant increase in
metmyoglobin formation, demonstrating that oxymyoglobin scavenges NO, generating
metmyoglobin [83]. Further, when endogenous NO production was stimulated in wildtype
and myoglobin knockout hearts, myoglobin knockouts were more susceptible to
physiological modulation by NO. For example, NO-dependent depression of cardiac
contractility was significantly more pronounced in myoglobin knockout hearts than in
wildtype and this was associated with a greater decrease in energetics (measured by an
increase in myocardial ADP and a decrease in phosphocreatinine levels)[83]. Further studies
in vivo demonstrated that myoglobin knockout mice displayed decreased resting oxygen
consumption and exercise endurance [84]. Collectively, these studies provided evidence that
myoglobin regulates physiological NO signaling in vivo and was consistent with myoglobin-
mediated attenuation of NO-dependent cytochrome ¢ oxidase inhibition.

While focus has been placed on the role of myoglobin-dependent NO scavenging on
regulation of respiration, it is important to consider the effect of NO on mitochondrial
function beyond oxidative phosphorylation. NO is a modulator of not only respiration, but
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also of ROS generation and apoptotic signaling [85; 86]. Through its interaction with
cytochrome ¢ oxidase, NO can effectively increase superoxide generation by the respiratory
chain [87]. Thus, it is possible that myoglobin-dependent attenuation of respiratory
inhibition also decreases mitochondrial ROS generation, which may attenuate oxidative
stress and modulate redox signaling in the heart and skeletal muscle. The mechanism of
regulation of mitochondrial cytochrome crelease, an initiating step of apoptosis, by NO is
not as clearly defined. However, it is known that low concentrations of NO prevent
cytochrome crelease, while high concentrations stimulate its release [88; 89]. Long term
studies examining apoptotic rate in myoglobin knockout mice may provide some insight into
mechanisms by which NO regulates apoptosis or into compensatory adaptive mechanisms to
prevent premature apoptosis.

Myoglobin regulates mitochondrial function through its nitrite reductase activity

The role of myoglobin, particularly in regulating mitochondrial function, has again been re-
assessed with the finding that nitrite is an endocrine reserve of bioactive NO. In both tissues
and blood, nitrite (1-10,.M found basally in heart and muscle) can be reduced to bioactive
NO through its reaction with a number of deoxygenated heme containing nitrite reductase
proteins[90]. Deoxygenated myoglobin has been found to be a particularly potent nitrite
reductase which, in the presence of a proton, reduces nitrite to NO and is oxidized to
metmyoglobin in the process (Reaction 2):

NO,~ + deoxyMb (FeZ*) + H* — NO + metMb (Fe3*) + OH~ (Reaction 2)

This second order reaction (k = 12 M~1s71 at pH 7.4 and 37°C) generates bioavailable NO,
which can then mediate signaling [3]. This is interesting given that this reaction shifts
myoglobin’s role from an NO scavenger to a NO generator.

We have shown in isolated mitochondria and intact cardiomyocytes that NO production by
this reaction can inhibit mitochondrial respiration at oxygen concentrations below the Psq of
myoglobin [3]. Interestingly, this is consistent with studies performed prior to the discovery
of myoglobin’s nitrite reductase activity in which nitrite was utilized as a pharmacological
method to oxidize and inactivate myoglobin to decipher myoglobin’s role in oxygen
diffusion to the mitochondrion [69]. In these classical studies, Doeller and Wittenberg
demonstrated that nitrite had no effect on the respiration of isolated mitochondria, but in the
presence of myoglobin in intact cardiomyocytes, nitrite inhibited respiratory rate [69]. While
they attributed this effect to inhibition of myoglobin dependent oxygen diffusion to the
mitochondria, it is interesting to speculate that this effect may have been due solely to the
nitrite reductase activity of myoglobin.

The physiological role of nitrite-myoglobin-mediated inhibition of respiration is likely most
relevant in hypoxic conditions. While inhibition of respiration (particularly when oxygen
supply is high) can be detrimental, inhibition of respiration could serve as a mechanism to
conserve the existing oxygen and extend oxygen gradients in the cell during hypoxia. As
mentioned above, the Ky, for oxygen at cytochrome ¢ oxidase (0.1-0.5M) is significantly
lower than the Psg of myoglobin (3.1.M). Thus, when oxygen supply begins to decrease,
myoglobin becomes desaturated and shifts to nitrite reduction to generate NO before
respiration rate becomes oxygen limited. It is important to note that oxygen is also a
substrate for nitric oxide synthase (Kp, for oxygen ~10-20,.M)[91]. Hence in hypoxic
conditions, reduction of nitrite potentially represents the predominant mechanism of NO
generation (Figure 2).

Given that the nitrite reductase reaction of myoglobin is dependent on the presence of a
proton and deoxygenation of myoglobin, it is particularly relevant in conditions of ischemia.

Nitric Oxide. Author manuscript; available in PMC 2013 May 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kamga et al.

Page 9

Indeed, nitrite has been shown to be protective in a number of models of ischemia/
reperfusion [92; 93; 94; 95; 96; 97]. In the heart, nitrite dependent protection after ischemia
is dependent on the presence of myoglobin as nitrite treatment does not decrease ischemia-
induced infarction in myoglobin knockout mice [37]. Consistent with myoglobin-dependent
generation of NO regulating respiration in this model, ischemic hearts of wildtype mice
show a decreased energetic status in the presence of myoglobin, while this effect was not
present in myoglobin knockout hearts [4]. Further, nitrite was able to inhibit mitochondrial
respiration in isolated cardiomyocytes from wildtype but not myoglobin knockout mice [4;
37]. In the context of ischemia, this protective effect is consistent with a phenomenon
known as “short term hibernation” in which oxygen consumption is downregulated in
response to a decreased oxygen supply. This dampens the rapid decrease in energy stores
during ischemia and eventually contributes to the restoration of metabolic balance in the
heart [98].

The role of myoglobin as a nitrite reductase in regulating mitochondrial function beyond
cytochrome ¢ oxidase inhibition, particularly in the context of ischemia/reperfusion, is an
area of ongoing investigation. We have previously shown that nitrite-dependent S-
nitrosation of thiols on mitochondrial complex I inhibits mitochondrial ROS generation at
reperfusion, and this phenomenon has been associated with the nitrite-dependent protection
after ischemia/reperfusion [39; 86]. It is unclear whether myoglobin catalyzes the nitrite-
dependent S-nitrosation of complex I. However, novel reductive anhydrase chemistry has
recently been proposed for hemoglobin by which hemoglobin catalyzes a multi-step reaction
resulting in the dehydration of one molecule of water from two nitrite molecules, generating
dinitrogen trioxide N,O3[99]. This species can then directly nitrosate thiols or homolyze to
NO and NO," While this chemistry has not explicitly been defined for myoglobin, it is
possible that similar chemistry be at play in the heart and skeletal muscle, leading to
nitrosative regulation of the mitochondrion.

Myoglobin: NO Dioxygenase versus Nitrite reductase

When examining the role of myoglobin in NO and nitrite signaling, it is important to
consider that both the heart and muscle operate at oxygen tensions around the Psg of
myoglobin such that under steady state conditions, the myoglobin pool remains
approximately half saturated with oxygen. Thus, it stands to reason that in physiological
conditions, both the nitrite reductase and NO dioxygenase reactions occur simultaneously
and myoglobin plays a dual role of NO generator and scavenger and effectively regulates the
concentration of bioavailable NO in the myocyte. However, both these roles of myoglobin
are modulated by oxygen tension, such that augmentation of oxygen supply increases
dioxygenase activity resulting in decreased NO bioavailability and oxygen consumption will
be upregulated in response. Likewise, a decrease in oxygen supply increases the pool of
deoxygenated myoglobin leading to greater rates of nitrite reduction and NO-dependent
respiratory inhibition. Through this intricate system, the functions of myoglobin, NO and
oxygen are critically linked to regulate the concentrations of one another as well as maintain
optimal mitochondrial function.

CONCLUSIONS

The last century brought major advancements in delineating the basic structure and function
of both the mitochondrion and myoglobin. Our understanding of the functional role of these
two sub-cellular structures continues to evolve, especially with the recognition of the role of
NO in physiology. It is now well accepted that mitochondria and myoglobin are intimately
linked both in the level of their expression as well as in their functional regulation of one
another and that oxygen and NO provide a crucial link between the two structures. The
majority of research has thus far focused on the role of myoglobin in regulating
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mitochondrial oxygen consumption. However, current and future studies will focus on the
reactions of myoglobin with NO/nitrite and determine how these interactions regulate all
aspects of mitochondrial function in health and disease.
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Figure 1. Myoglobin facilitates oxygen diffusion

Capillaries deliver oxygen to the myocyte, where myoglobin binds oxygen at the
sarcolemmal membrane. Myoglobin diffuses through the cell and releases oxygen at the
mitochondrion, where oxygen concentration is low.
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Figure 2. Myoglobin isa normoxic NO dioxygenase and hypoxic nitrite reductase

In normoxia, NOS enzymatically generates NO which is inactivated by oxygenated
myoglobin, preventing respiratory inhibition (left side). As oxygen levels begin to decrease,
and endogenous sources of NO are inhibited (nitric oxide synthase Ky, for oxygen
~10-20p.M), myoglobin becomes deoxygenated (Pso= 3.1 M) and shifts to nitrite reduction
to generate NO and inhibit respiration, thereby conserving existing oxygen.
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