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ABSTRACT

During cardiac ischemia-reperfusion (IR) injury, excessive generation of reactive oxygen species (ROS) and
overload of Ca2* at the mitochondrial level both lead to opening of the mitochondrial permeability transition
(PT) pore on reperfusion. This can result in the depletion of ATP, irreversible oxidation of proteins, lipids,
and DNA within the cardiomyocyte, and can trigger cell-death pathways. In contrast, mitochondria are also
implicated in the cardioprotective signaling processes of ischemic preconditioning (IPC), to prevent IR-re-
lated pathology. Nitric oxide (NO’) has emerged as a potent effector molecule for a variety of cardioprotec-
tive strategies, including IPC. Whereas NO' is most noted for its activation of the “classic”’ soluble guanylate
cyclase (sGC) signaling pathway, emerging evidence indicates that NO" can directly act on mitochondria, in-
dependent of the sGC pathway, affording acute cardioprotection against IR injury. These direct effects of NO*

on mitochondria are the focus of this review. Antioxid. Redox Signal. 10, 579-599.

INTRODUCTION

NITRIC oxmE (NO’) is a molecule with dichotomous activ-
ities in cardiac ischemia—reperfusion (IR) injury. Many
reports correlate the production of NO" to the oxidative stress
and cellular damage seen in IR injury. Conversely, the cardio-
protective effects of NO™ have been known since the late 1800s,
when NO' derivatives such as nitroglycerin were first used to
treat angina. The divergent effects of NO" in IR injury are based
on the broad spectrum of NO biochemistry involved in cell
death and cardioprotective pathways (129). Mitochondrial in-
tegrity correlates with IR injury, wherein lower myocardial re-
covery is seen under conditions in which ATP production be-
comes compromised and mitochondria become susceptible to
permeability transition (PT) pore opening (123). Several mech-
anisms exist by which NO' can act directly and indirectly on
the mitochondrion to preserve bioenergetic integrity through-
out IR injury. This review focuses on how NO' directly regu-
lates mitochondrial function, and the cardioprotective effects of
this regulation. Although a primary focus of this article is on

the protection elicited by ischemic preconditioning (IPC), it
should be noted that several of the signaling mechanisms to be
discussed are also applicable to other forms of preconditioning,
including that elicited by volatile anesthetics (149, 196, 256)
and several agents depicted in Fig. 1.

MITOCHONDRIAL ROS, Ca?>* HANDLING
AND REDOX STATUS

Mitochondrial ATP generation, redox signaling (128), Ca?™
handling (35, 94), and cell-death regulation (35, 111) are im-
portant in maintaining cellular homeostasis and myocardial in-
tegrity. In synthesizing ATP, reducing equivalents (NADH and
FADH,) are generated during the oxidative breakdown of sub-
strates, primarily fatty acids in the heart, to shuttle electrons
into the electron-transport chain (ETC). The electrons are trans-
ferred from one respiratory complex to another down an elec-
trochemical gradient to provide the energy needed to pump pro-
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tons from the mitochondrial matrix into the intermembrane
space. This proton gradient is then used by the ATP synthase
(complex V) to generate ATP.

Mitochondria are a major source of reactive oxygen species
(ROS), from sites within the ETC (117, 128, 167, 230) and the
Krebs cycle (231). The level of ROS generation (O, ~, HyO»,
OH’, efc.) defines the myocardial and mitochondrial redox en-
vironment. Overproduction of ROS, as seen after a prolonged
ischemic insult, leads to oxidative stress and mitochondrial dys-
function by irreversibly oxidizing proteins, DNA, and lipids
(128). However, lower levels of ROS production are known to
trigger cardioprotective signaling cascades that preserve mito-
chondrial integrity (160) and the myocardium throughout IR in-
jury.

Mitochondrial Ca?>* handling [for review, see (94)] is con-
trolled by influx and efflux pathways. The influx pathways con-
sist of the mitochondrial Ca* uniporter (MCU) and rapid-mode
uptake (RaM), as well as a putative mitochondrially localized
ryanodine receptor (mRyR) (19). Although the latter is believed
to consist of the type-1 sarcoplasmic RyR (19), the protein iden-
tities of the MCU and RaM have not been identified. Influx of
Ca®" into mitochondria is controlled by the membrane poten-
tial (AW,,). Mitochondrial Ca2* efflux involves both Na™-
dependent and independent pathways, with the former also
dependent on AW,,. Some debate exists as to whether the PT
pore (a nonselective channel in the mitochondrial membrane)
may also serve as a Ca>" efflux mechanism, either in its fully
open mode more normally associated with pathology (see later)
or in a transient “flickering” conformation reported to exist
under cardioprotective conditions (108). However, efflux of
Ca?* through the PT pore appears unlikely under physiologic
conditions, because such Ca’" efflux would be dependent on
passive diffusion ([Ca®>"]ic Would have to be higher than
[Ca“]cymsol). Additionally, in energetically active tissues such
as the heart, loss of AW, due to PT pore opening would be a
high price to pay for achieving Ca?* efflux.

At the mitochondrial level, overproduction of ROS and Ca?*
overload are known to trigger the pathologic opening of the PT
pore and cell-death cascades. Opening of the PT pore results in
mitochondrial swelling because of the equilibration of solutes
between the mitochondrial matrix and the cytosol. This swelling
in turn results in the rupture of the mitochondrial outer mem-
branes and the release of proapoptotic factors such as cy-
tochrome ¢ and apoptosis-inducing factor (AIF), to initiate
ATP-dependent apoptosis. Although a link between PT pore
opening and cytochrome c release was discovered more than a
decade ago, the precise mechanistic relation between these two
phenomena remains unclear (245), and the requirement for mi-
tochondrial swelling in this process is far from certain. In the
absence of ATP, cells undergo necrosis as an alternative death
cascade (99, 100), which has been associated with numerous
pathologies, including IR injury.

MITOCHONDRIAL DYSFUNCTION
IN IR INJURY

Several model systems of tissue damage that are relevant to
cardiac IR injury have been used to study mitochondrial dys-
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function. This includes hypoxia-reoxygenation, anoxia—reoxy-
genation, ischemia, ischemia-reperfusion, and autolysis. Al-
though the experimental details of these models are different,
they share many common features of mitochondrial pathology
and are therefore discussed together under the global title “IR
injury.”

Hallmarks of cardiac IR injury are found to occur on reper-
fusion of the myocardium. In terms of the mitochondria, reper-
fusion injury affects the oxidative phosphorylation (Ox-Phos)
pathway including the ETC (105, 106, 156, 187), adenine nu-
cleotide translocase (ANT) (9, 214), and Krebs cycle enzymes
(163, 202). In addition to Ox-Phos, reperfusion injury also leads
to cardiolipin oxidation (155, 157, 187), the induction of a large
proton leak across the mitochondrial inner membrane (22, 175),
Ca®" overload, overproduction of ROS, PT pore opening, and
cell death (22, 29, 70, 73, 86, 99, 105, 106, 174, 219, 220, 230,
236). A majority of these observations have been made in mi-
tochondria isolated from hearts after reperfusion, meaning that
the time course of mitochondrial damage during reperfusion in-
jury is difficult to study (because mitochondrial isolation typi-
cally takes 1-2 h). The exact timing of mitochondrial damage
during IR is an ongoing subject of investigation.

Despite evidence for mitochondrial dysfunction occurring on
reperfusion, the degree of dysfunction also depends on the
length of the ischemic insult, suggesting that ischemia itself is
detrimental. Accumulation of Ca?* and ROS generation does
occur within the mitochondrion during ischemia, despite mito-
chondria being de-energized (48). These events are linked to
ischemic hypercontracture and the reversal of mitochondrial
ATP synthase to use glycolytic ATP to maintain AW,,. Thus,
a reconciling paradigm is that the degree of mitochondrial dys-
function during ischemia, which is a function of the length of
ischemia, is a harbinger of more-severe mitochondrial dys-
function on reperfusion. In other words, more severe dysregu-
lation of mitochondria and contractile machinery during isch-
emia (indicated by hypercontracture) leads to more-severe
pathology on reperfusion.

MITOCHONDRIAL ROLE
IN CARDIOPROTECTION

In contrast to the detrimental effects of prolonged ischemia,
brief periods of ischemia initiate cardioprotective signaling cas-
cades that preserve both myocardial and mitochondrial func-
tion during subsequent prolonged ischemia. This endogenous
cardioprotective event was discovered more than 2 decades ago
and is known as ischemic preconditioning (IPC) (173). Two
“windows” of protection are elicited by IPC: the first acute
phase is triggered within minutes and lasts 2-3 h, and a later
delayed protective phase takes ~24 h to develop and lasts up
to 72 h. This review primarily focuses on acute IPC.

Figure 1 shows a number of the signaling pathways impli-
cated in IPC. Several well-known and emergent therapeutics
also trigger the same pathways, including pharmacologic pre-
conditioning (PPC) agents [e.g., opioids, adenosine mimetics
(256)], anesthetic preconditioning (APC) with volatile anes-
thetics (149), and physical interventions such as slow or inter-
mittent reperfusion (ischemic postconditioning) (263). Thus,



NITRIC OXIDE, MITOCHONDRIA, AND CARDIOPROTECTION

581

PDE Diet, Exercise Volatile

Inhibitors Statins, NO, [PC Anesthetics

Endothelin, Bradykinin, A-Ch |

NO’ Dor}7 \\

NO"«

Insulin
GFs ' Adenosine, Opioids, Ang-l :
=

(GFRs)

channel

(UCP/ANT )|

CsA

&

Diazoxide

FIG. 1. Signaling pathways in IPC. The three main signaling pathways implicated in the mechanism of IPC are the insulin —
PI3k kinase — Akt axis (110), the GPCR — DAG — PKCe axis (12, 65, 136, 181, 254), and the NO' — PKG — K™ otp chan-
nel axis (60, 67, 85, 144). Key convergence points at the mitochondrial level are the phosphorylation and inactivation of GSK-
3B (135), ROS generation by the ETC (10, 240), K" otp channel opening (87, 92, 122, 162), and the inhibition of PT pore opening
(100, 112). Roles are also proposed for NO', mitochondrial uncoupling (H" leak) (175), transient opening or “flickering” of the PT
pore (108), heat-shock proteins (137), K* ¢, channels (221), and PTEN (45). The pathways by which various protective agents elicit
cardioprotection also are shown (64, 76, 181, 247, 248). Arrows, Positive or stimulatory effects; T-bars, inhibitory effects.

x-PC signaling continues to be an area of interest, not only be-
cause it can help to explain how these therapeutic molecules
work, but also because it provides a deeper understanding of
preconditioning signaling pathways, which offers the hope of
improved therapeutics to be developed in the future.

While the spectrum of available cardioprotective strategies
continues to grow, one concept that emerges from Fig. 1 is that
mitochondria are the downstream targets of most if not all of
x-PC signaling. Key mitochondrial events include mild uncou-
pling (H* leak), opening of mitochondrial K™ o1p channels, in-
hibition of mitochondrial Ca?* overload, attenuation of ROS
generation, and inhibition of PT pore opening at reperfusion
(108, 109, 123, 129). Notably, several of the mitochondrial
events associated with IR injury are thought to occur in a lim-
ited manner during IPC. For example, a somewhat paradoxic
situation is proposed wherein transient “flickering” of the PT
pore during the triggering/initiation phase of IPC is thought sub-
sequently to prevent large-scale PT pore opening during IR in-
jury (108, 109). In addition, limited ROS generation has been

found to be essential in IPC signaling cascades, and the car-
dioprotective response was found to be blocked by antioxidants
(225). Similar to PT pore opening and ROS production, a large
increase in H* leak is found to occur in IR injury (affecting
mitochondrial ATP synthetic capacity). However, a small re-
versible increase in H leak is seen during IPC, which may act
to diminish ROS generation and Ca®>* overload at reperfusion
(175). Pharmacologic preconditioning agents, such as diazox-
ide (K™ o7p channel agonist) and dinitrophenol (DNP, induces
mitochondrial proton leak), also elicit cardioprotection in IR in-
jury by attenuating mitochondrial PT pore formation, ROS gen-
eration, and H* leak (108, 169, 185).

The overarching principle of x-PC signaling can be summa-
rized in the proverb “what doesn’t kill you makes you stronger.”
It is therefore important to note that this principle is played out
in its entirety in the microcosm of the mitochondrion. Whereas
Fig. 1 highlights a multitude of upstream signaling pathways
converging on mitochondria to elicit cardioprotection, a full dis-
cussion of these mechanisms is beyond the scope of this re-
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view. Therefore, the remainder of this article focuses on the
pathways affected by nitric oxide (NO").

NO® BIOCHEMISTRY AND SIGNALING

A second important paradigm emerging from Fig. 1 is the
critical role of NO' in various cardioprotective signaling path-
ways. This is discussed in more detail later, after a discussion
of NO biochemistry and signaling in general and the contro-
versial role of NO' in IR injury. The wide range of NO" sig-
naling arises from NO’ being a freely diffusible gas and hav-
ing diverse biochemistry, which leads to the formation of
multiple secondary intermediates, such as NO', NO*, NO~
(HNO), ONOO™, NO, 7, and NO;'. Collectively, these species
are referred to as reactive nitrogen species (RNS), or sometimes
as “NO” (without the radical dot). Each of these intermediates
can participate to varying degrees in the modification of bio-
molecules:

Protein modification

NO-dependent protein modification can be divided into ni-
trosylation, nitrosation, and nitration reactions (Fig. 2A). Nitro-
sylation involves NO' interaction with heme and metal centers,
as seen in sGC activation to initiate cGMP-dependent signal-
ing (129). Similarly, mitochondrial complex IV (cytochrome ¢
oxidase) is regulated by the formation of a nitrosyl-cytochome
a; complex (36). Nitrosation involves the modification of oxy-
gen (O-nitrosation), nitrogen (N-nitrosation), or sulfur (S-ni-
trosation) within amino acids (113). S-nitrosation of protein thi-
ols has been observed in vivo and is associated with physiologic
protein regulation and cellular signaling (17, 55, 115, 124, 125,
251, 255). Both N-nitrosation and O-nitrosation reactions are
typically seen only with high NO" exposure, are not as readily
reversible, and are more commonly designated as markers of
oxidative or nitrosative stress (113). Because of its irreversi-
bility, nitration of tyrosine residues (formation of 3-nitrotyro-
sine) has also been traditionally viewed as a marker of oxida-
tive stress resulting from ONOO™ and its radical products
(NOy', OH') (4, 192, 193). The generation of ONOO ™~ leads to
the nitration of proteins such as MnSOD (252), which is thought
to compromise mitochondrial integrity. Doubt has been cast
over defining N-Tyr as a finger print for ONOO™ generation,
because N-Tyr formation has also been shown to be driven by
myeloperoxidase (MPO) reactions. In addition, the irreversi-
bility of Tyr nitration has also been questioned, since the dis-
covery of potential “denitrase” enzymes (146). Nitrosylation,
nitration, and nitrosation at the mitochondrial level are known
to regulate respiration (30, 34, 174), Ca>* handling (72), H"
leak (29, 31), and ROS generation (174, 189). The implications
of NO-dependent regulation of these mitochondrial functions
throughout IR is discussed in detail later.

Lipid modification

Reactive nitrogen species can serve as either oxidants or an-
tioxidants depending on the conditions in the lipid environment.
Several RNS (most notably ONOO™) are known to contribute
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to oxidative stress by inducing lipid oxidation chain reactions
under conditions in which ROS and NO'" are being produced
(200). However, NO' can also serve as a highly lipid-soluble
chain-terminating antioxidant in lipid-oxidation cascades, when
present at higher amounts than ROS (119, 200). Among the
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FIG. 2. NO’-dependent modification of biomolecules. Ni-
tric oxide can noncovalently bind to heme-iron to yield a ni-
trosyl-heme (Fe-NO). In addition, reaction with O, can yield
RNS, which can oxidize proteins by forming disulfides (RSSR),
nitrosation (addition of NO), or nitration (addition of NO,) of
proteins. For example, NO™ reacts rapidly with O, ~, forming
peroxynitrite (ONOO™) that leads to protein-oxidation reac-
tions including nitrosation (197). It is also known that myeloper-
oxidase (MPO) can mediate nitration reactions using nitrite
(NO,7) and H,O, as substrates (239). Overall, oxidation reac-
tions (e.g., oxidation of glutathione) occur at the highest chem-
ical yield, but nitration (e.g., formation of nitrotyrosine) or ni-
trosation (e.g., formation of S-nitrosoglutathione) are also
potent mediators of biological responses (14). The nitrogen
monoxide radical (NO") can gain/lose an electron, yielding the
nitroxyl anion (NO~/HNO) or nitrosonium cation (NO™), re-
spectively. Both NO~ and NO™ have unique bioactivity rela-
tive to NO". For example, NO* is proposed to form S-ni-
trosothiols by reaction with the thiolate anion (RS™). Via
intermediates that are not fully understood, NO" can also lead
to the generation of nitrated lipids such as nitro-oleate and ni-
tro-linoleate (shown) (13). Nitro-lipids feature an electrophilic
carbon center (*), which makes possible the adduction of these
species onto nucleophiles (e.g., protein thiols). Other NO-de-
pendent reactions described in this review include the Fe-NO
complexes that form at low concentrations with cytochrome ¢
oxidase (38, 57, 204), and the S-nitrosothiols and nitrotyrosine
that form within mitochondrial enzymes such as complex I (58,
168, 201).
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newest findings in the field of RNS research is the recent dis-
covery of biologically active nitrated lipids (LNO,) at endoge-
nous micromolar levels in human tissues and plasma (13 183).
Nitro-lipids such as nitro-linoleate and nitro-oleate (Fig. 2B)
can be formed by several mechanisms, including (a) reaction
of NO' or RNS with lipid oxidation products; (b) at low pH,
the reaction of NO,™ with unsaturated lipids or reaction of ni-
trous acid with oxidized lipids; and (c) at physiologic pH, the
reaction of NO," with unsaturated lipids. Because mitochondr-
ial membranes are rich in polyunsaturated lipids (71, 187), it is
possible that endogenous generation of LNO, within mito-
chondria may occur during ischemia, because of a decrease in
pH, and NO' levels are elevated. The effects of LNO, on mi-
tochondria have not been defined but are thought to have a sig-
nificant impact in regulating this membranous organelle.

DNA

Although NO' itself is not widely recognized as a DNA-
“damaging” species, ONOO™ can oxidize several DNA bases.
Most notably, ONOO™ directly activates the DNA-repair en-
zyme PARP (226), which depletes NAD™ levels in the cell,
raising the possibility that ONOO™-induced PARP activation
contributes to the depletion of pyridine nucleotides that occurs
in IR injury. Interestingly, it has recently been shown that the
PARP inhibitor PJ-34 preserved NAD™ levels and was protec-
tive in a cardiomyocyte model of IR injury (80).

When considering the actions of a diverse signaling mole-
cule such as NO (Fig. 2) in the complicated signaling milieu
encountered in IR or x-PC, it is clear that consideration must
also be given to a host of other factors that can affect NO" bio-
chemistry and signaling. One notable example is pH, with sev-
eral RNS having pK, values at or close to 7 (e.g., ONOO™/
ONOOH couple pK,, is 6.8). Another is O, concentration, with
several RNS biochemical reactions being dependent on the pres-
ence or absence of O,. A third is microenvironment, in which
local concentrations of species such as glutathione (GSH; e.g.,
in mitochondria), or heme (e.g., myoglobin in the cardiomy-
ocyte) can have a huge impact on NO' signaling. Consideration
of the biochemistry of NO" yields a picture of an extremely spe-
cific set of signaling pathways, resulting in targeted actions of
a seemingly nonspecific free radical (129, 158).

THE DIVERGENT ROLES OF
NO'-IR INJURY

When considering the roles of NO in any cell-signaling pro-
cess, it is important to discuss the sources of NO generation.
Nitric oxide synthase (NOS) enzymes produce NO' endoge-
nously and are regulated by many of the upstream signaling
pathways that are activated during IR and x-PC [Fig. 1; for re-
view see (3)]. Studies on the cardioprotective and deleterious
effects of NO™ have involved manipulation of endothelial NOS
(eNOS) and inducible NOS (iNOS) activity. Attenuation of
myocardial infarct size and preservation of left ventricular de-
veloped pressure and lower left ventricular end-diastolic pres-
sure have been observed in mice overexpressing eNOS in a va-
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riety of models of ischemia-alone or IR injury, when compared
with wild-type mice (39, 132, 133). The NOS-dependent pro-
tection was found to be abrogated with the administration of a
commonly used NOS inhibitor, N(G)-nitro-L-arginine methyl
ester (L-NAME) (39 132). In agreement, studies using eNOS
knockout mice have found an augmentation in infarct size (131)
and myocardial necrosis (209) after IR injury. In terms of tim-
ing, eNOS is activated during the early window of precondi-
tioning and activates transcription factors and other enzymes,
including iNOS, in the late window of protection (129). The
activation of eNOS has also been reported to contribute to
the cardioprotective effects of postconditioning (brief intermit-
tent reperfusion periods after ischemia). As seen in the eNOS
transgenic and knockout studies, the cardioprotective effect of
postconditioning was sensitive to L-NAME (129, 234). Fur-
thermore, support for the essential role NOS plays in cardio-
protection is seen with the sexual dimorphism in responses to
IR injury; estrogen has been found to increase NOS expression,
which may help explain why premenopausal women possess a
lower risk of heart disease when compared with age-matched
men (66).

Several studies suggest the presence of a mitochondrial iso-
form of NOS (mtNOS), although the reproducibility of these
studies appears to be limited to a small number of laboratories
(88, 140, 238). Several recent articles have questioned the ex-
istence of mtNOS, with major controversies surrounding the
purity of mitochondria, a 150,000-fold variation in the reported
rates of NO generation, and several experimental artifacts in
NO-measurement systems (28, 150). It was reported that a NOS
protein in the plant Arabidopsis thaliana (atNOS) is targeted to
the mitochondrion, and more recently a mammalian orthologue
of this protein was proposed as a candidate for mtNOS (96,
260). However, further investigation has found that the protein
is a GTPase, not an NOS (63, 95, 259). Thus, the search for a
unique mtNOS protein continues.

NOS enzymes have also been shown to play a deleterious
role in IR injury. For example, iNOS ™/~ mice were shown to
have lower mortality and enhanced left ventricular contractil-
ity when compared with wild-type mice after coronary occlu-
sion (79). Also, exposing mitochondria to high concentrations
of NO' (micromolar) has been shown to initiate PT pore open-
ing (33). These results, along with other studies, have defined
NO" as a dual-faced molecule in IR injury, which contributes
to both cardioprotective and deleterious signaling pathways
within the myocardium. In this regard, understanding how to
deliver NO' (i.e., timing, concentration, location) may facilitate
beneficial therapeutic exploitation of NO' signaling in IR in-
jury, while minimizing the deleterious effects of NO'. In the
following sections, the specific cardioprotective actions of NO
are discussed in more detail.

THE DIVERGENT ROLES OF NO:
CARDIOPROTECTION VIA
“CLASSIC” NO" SIGNALING

The cardioprotective effects of NO™ during IR include va-
sodilatation, inhibition of platelet aggregation, antiinflamma-
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tory responses, and antiapoptotic processes (126, 129, 201). The
“classic” NO' signaling pathway (i.e., binding of NO" to sGC,
generation of cGMP, activation of protein kinase G) has been
heavily implicated in the process of NO-mediated cardiopro-
tection (148, 201). However, the sGC/cGMP pathway is not the
only cardioprotective response triggered by NO'".

As highlighted in Fig. 1, several cardioprotective pathways
appear to converge on both NO and the mitochondrion to elicit
cardioprotection. Some mitochondrial targets of the classic
c¢cGMP/PKG signaling pathway have also been identified, in-
cluding the opening of the mitochondrial K™ o1p channel (60),
the triggering of mitochondrial biogenesis via the activation of
PGC-1a (178), the expression of mitochondrial redox-regula-
tory proteins (thioredoxin, HSP70, MnSOD) (53, 54), and the
inhibition of the PT pore (144). Several issues remain to be re-
solved with such signaling pathways, most notably the ques-
tion of how a PKG phosphorylation signal crosses the mito-
chondrial membranes (191). The details of the downstream NO
signals that mediate cardioprotective responses require further
definition; we discuss the mitochondrion as a target for NO-de-
pendent cardioprotection. In particular, focus is given to non-
classic NO signaling pathways and those involving the direct
interaction of NO species on the mitochondrion during pre-
conditioning.

NO" AND MITOCHONDRIA-DEPENDENT
CARDIOPROTECTION

Increasing evidence indicates that NO is a key mitochondr-
ial regulator; for a number of reasons, the mitochondrion can
be considered a cellular “hub” for NO signaling. First, mito-
chondria within the cardiomyocyte are in close proximity (1-2
um) to the production site of NO™ (194, 233). Second, NO' is
freely diffusible and partitions into membranous environments
such as mitochondria, which contribute ~30% of the typical
cardiomyocyte volume (32). Last, mitochondria are enriched in
metal centers and thiols, and they generate ROS that interact
with NO' to produce a number of secondary intermediates im-
portant for NO signaling (Fig. 2).

Before describing the protective effects of NO signaling, it
is important briefly to discuss the deleterious side of NO at
the mitochondrial level. Many of the deleterious effects can
be attributed to the overproduction of NO" by iNOS or ad-
ministration of NO donors at high concentrations, which cause
irreversible oxidation of proteins, lipids, and DNA. Indeed,
well before the identity of endothelium-derived relaxing fac-
tor was known, it was discovered that macrophages were able
to generate a species (now identified as NO") that could in-
hibit cellular respiration (91). In contrast, lower endogenous
production of NO™ and smaller concentrations of NO donors
have been found to protect mitochondria during situations
such as IR injury. An example of this is the dose-response
dependence of isolated mitochondria to PT pore opening with
NO'’ treatments (33). High levels of NO" (>5 uM) were found
to induce PT pore formation, whereas lower levels of NO
(100 nM to 1 uM) were found to inhibit pore opening. The
following effects of NO on mitochondrial function are defined
predominately in terms of cardioprotection, because they are
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compared with x-PC agents that induce NO-independent car-
dioprotection (Fig. 3).

Electron transport chain (overview)

During ischemia/hypoxia/anoxia, the lack of O, causes a
backup of electrons and reduction of cytochromes within the
ETC. On reperfusion, these electrons are passed onto O, both
via the conventional route at complex IV to generate H,O and
via complexes I and III to generate ROS. These ROS can ei-
ther initiate cardioprotective signaling cascades, or, if produced
at high levels, lead to oxidative stress. The cardioprotective ef-
fects of NO signaling on the ETC are thought to occur by (a)
reversibly inhibiting electron entry into the ETC, (b) generat-
ing low levels of ROS to initiate cardioprotective cascades, and
(c) inhibiting cytochrome ¢ peroxidase activity.

Reversibly inhibiting proximal components of the ETC by
NO is thought to result in the slow reintroduction of electrons
into the ETC on reperfusion. Pharmacologic agents that re-
versibly inhibit complexes I and II are cardioprotective, and
their response may be elicited by forcing the ETC to undergo
a “gradual wakeup” from ischemia on reperfusion (42, 174).
This gradual wakeup is thought to attenuate such events as mi-
tochondrial Ca?* overload, ROS overproduction, and PT pore
formation (Fig. 4). However, a limited amount of ROS is needed
to initiate preconditioning signaling pathways (160), which
could be triggered by interactions of NO with distal compo-
nents of the ETC, such as complex III and IV (Fig. 3). Nitric
oxide also prevents oxidative damage to cardiolipin (241) by
inhibiting cytochrome ¢ peroxidase activity. Taken together, the
ETC is a site of direct NO-dependent regulation and controls
mitochondrial ROS generation, Ca®* overload, and PT pore for-
mation.

Complex I (NADH dehydrogenase)

This complex is a 46-subunit protein complex consisting of
nine Fe-S centers, an FMN site, and numerous thiols. Electrons
are passed from NADH though complex I onto coenzyme Q
(CoQ), resulting in pumping of protons into the intermembrane
space. In terms of IR injury, complex I is the first ETC enzyme
to sustain damage (199) leading to an elevation of ROS pro-
duction (237). A number of factors can contribute to elevated
ROS generation from complex I, including thiol oxidation, Fe-
S integrity, and electron buildup due to downstream ETC inhi-
bition. Reversible inhibition of complex I by volatile anesthet-
ics or other inhibitors has been found to be cardioprotective for
both mitochondria and cardiac tissue. For example, treatment
with the barbiturate amytal (2-2.5 mM) before ischemia pre-
serves mitochondrial ETC function, cytochrome ¢ content, and
pyridine nucleotide levels (49, 237).

In terms of NO-dependent regulation, complex I is reversibly
inhibited by S-nitrosation (21, 42, 52, 58, 68) (Fig. 3), and is
S-nitrosated under cardioprotective conditions in both car-
diomyocyte and perfused heart model systems (174). Studies
from our laboratory identified the 75-kDa subunit of complex
I to be a target of S-nitrosation, which is in agreement with
other groups that have reported on the probability of this sub-
unit being S-nitrosated based on amino acid sequence (52).
Modification of this site inhibits complex I-linked NADH ox-
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idation and therefore entry of electrons into complex I and the
ETC (42, 174). Notably, the degree of inhibition of complex I
by S-nitrosation never increases above ~30-40%, which may
be important in timely reversal of the modification and recov-
ery throughout reperfusion. In addition to attenuating electron
entry into the ETC, reversible inhibition of complex I may also
affect the NADH/NAD™ pool. Higher levels of NADH could
be used to preserve the mitochondrial antioxidant machinery
(glutathione and thioredoxin) (128), and NADH is known to
regulate the PT pore potently.

Complex Il (succinate dehydrogenase)

This complex is a component of the ETC and the Krebs cy-
cle, which passes electrons from FADH, onto CoQ. The inhi-
bition of complex II by 3-NP has been found to be cardiopro-
tective by limiting ROS levels and reducing infarct size after
reperfusion in a rat model of IR injury (235). In addition, dia-
zoxide, a known cardioprotective agent (244), is known to in-
hibit complex II (206). Nitric oxide—dependent reactions in-
volving complex II are not as defined as complex I
S-nitrosation, although complex II was found to be reversibly
inhibited in isolated mitochondria after administration of a ni-
troxyl (HNO) donor (212) (Fig. 3). It was found that HNO mod-
ified complex II thiols in a manner independent of S-nitrosa-
tion, and that this was reversible by glutathione. Limited
evidence exists for the formation of HNO in the mitochondrion
(44, 210), but it has been suggested to be a product of SNO
breakdown (1, 7). Previously HNO was defined as a marker for
NO cytotoxicity, but like several other RNS, is now being rec-
ognized as a cardioprotective agent (186). Further evidence is
needed to determine whether HNO directly interacts with com-
plex II under physiologic conditions.

Co-enzyme Q

Electrons are passed from complexes I and II to complex III,
via CoQ. The reduced form of CoQ (ubiquinol) can function as
an antioxidant and, based on reduction potentials, can react with
NO species such as NO', NO,', and ONOO™ (190). During isch-
emia, ubiquinol concentrations would be elevated, and its anti-
oxidant properties may serve an important role to scavenge the
burst of ROS and RNS on reperfusion (Fig. 3). Therefore,
ubiquinol can be thought of as a mechanism by which mito-
chondria regulate RNS concentrations, and this may be one mech-
anism by which mitochondrially targeted ubiquinol derivatives,
such as MitoQ, afford cardioprotection in IR injury (127).

Complex Il (ubiquinol cytochrome
¢ oxidoreductase)

Complex I1I transfers electrons from ubiquinol to cytochrome
c and is a site of ROS generation within the mitochondrion
(117). It has been reported that NO" binding to the bc; segment
of complex III can result in elevated ROS generation (189) (Fig.
3). The level of ROS generated is proportional to the concen-
tration of ubiquinol, in which the ROS produced by complex
III could be viewed as a trigger for oxidative stress or the ini-
tiator for cardioprotective signaling needed for the second win-
dow of cardioprotection (189).
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It should be noted, however, that the effect of NO on gener-
ation of ROS from the ETC is controversial and far from set-
tled. Although it has been hypothesized (32) that NO can lead
to an increase in mitochondrial ROS, data supporting this are
sparse (189). Further doubt over this hypothesis is cast by the
fact that inhibition of mitochondria at complex IV with CN™
does not increase ROS generation (43). In addition, although
treatment of mitochondria with large doses of NO donors un-
der nonphysiologic conditions (25°C) leads to increased ROS
generation from complex I (21), we recently showed the oppo-
site (i.e., S-nitrosation of complex I leads to a decrease in ROS
generation) (174). Therefore, further investigation is needed to
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determine if NO in vivo can trigger the generation of ROS
needed to initiate preconditioning and other signaling pathways.

Cytochrome c/cardiolipin

Cytochrome c¢ functions in the ETC to pass electrons from
complex III to complex I'V. Cardiolipin is a mitochondrial phos-
pholipid that has been reported to be oxidized during IR (155,
157, 187). Oxidation of cardiolipin is linked with permeabi-
lization of the outer membrane and jeopardizes the integrity of
membrane-bound enzymes such as complex I (188). Recently,
the oxidation of cardiolipin has been proposed to occur via a
peroxidase activity adopted by cytochrome ¢ (15). Under nor-
mal conditions, a hexa-coordinate arrangement is found around
the heme iron of cytochrome ¢, and small molecules such as
NO', CO, O,, and H,0O, cannot access the heme. However, loss
of the axial ligand results in a shift to a penta-coordinate heme,
to initiate peroxidase activity. Nitric oxide has been shown in-
hibit the peroxidase activity of the cardiolipin/cytochrome ¢
complex via nitrosylation, and therefore protect the mitochon-
dria from outer membrane permeabilization (Fig. 3), but fur-
ther investigation is needed to determine whether this is an in
vivo phenomenon (241). In addition, it is reported that nitrosy-
lation of cytochrome c triggers its release from the inner mem-
brane, which would appear to contradict such findings (207).

Complex 1V (cytochrome c oxidase)

Probably the best characterized effect of NO' on the mito-
chondrion is the reversible inhibition of complex IV. Complex
IV is the terminal component of the ETC where electrons are
passed on to O, via a binuclear heme—copper center (heme a3
and Cug), to form H,0O. The heme—copper center can react with
NO' and be nitrosylated via two different mechanisms, which
result in the release of NO" or NO, ™, depending on whether
NO'’ binds to a reduced or oxidized binuclear site (204). The
mechanism of NO’-dependent complex IV inhibition has been
found to be dependent on a number of factors that control the
redox environment within the enzyme, including electron flux,
O, tension, and AW, (20, 30, 34, 40, 89). Inhibition of com-
plex IV by NO" would elicit a cardioprotective response by pre-
serving the limited O, supply to tissues farther away from the
blood supply (229). In agreement, other molecules that bind to
the binuclear site within complex [V, like carbon monoxide, are
also cardioprotective (56) (Fig. 3).

Redox-regulatory and heat-shock proteins

The mitochondrial redox status is tightly regulated by a net-
work of molecules and enzymes. This network has been found
to be both irreversibly modified by RNS (e.g., nitration of Mn-
SOD) and regulated by reversible NO modifications, such as
S-nitrosation. This section focuses on how the mitochondrial
redox network regulates and is regulated by S-nitrosation to
elicit cardioprotective responses.

Glutathione (GSH) has been reported as key regulator of mi-
tochondrial S-nitrosation. Glutathione is the most abundant
antioxidant within the cell and exists at local concentrations up
to 10 mM (107). The mitochondrial pool of GSH has been re-
ported to contribute to the preservation of protein thiols in the
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relatively “ROS-abundant” environment of the mitochondrion.
In the presence of RNS, GSH is S-nitrosated, and S-nitroso-glu-
tathione (GSNO) reacts with thiols to frans-nitrosate mito-
chondrial proteins (Fig. 3). It has also been proposed that in the
presence of reduced glutathione, S-nitrosated peptides may be-
come glutathionylated, another reversible thiol modification
(52). Trans-nitrosation with other endogenous S-nitrosating
agents, such as Cys-NO, can also occur inside the mitochon-
dria. The transport of small S-nitrosothiols like Cys-NO has
been found to be more efficient than GSNO (261).

A number of possible mechanisms have been reported to re-
verse trans-nitrosation reactions. One of the most recent findings
in this field involves the regulation of thiols with the mitochon-
drial isoform of glutaredoxin (Glrx2). This enzyme is responsible
for the reduction of disulfides and has been reported to reverse
glutathionylation reactions (Fig. 3). Activation of Glrx2 has been
observed in the presence of GSNO and the ONOO™ donor Sin-
1. However, under the same conditions, the cytosolic isoform
Glrx1 was found to be irreversibly inhibited by both GSNO and
ONOO™ (107). This specific example highlights how mitochon-
dria have evolved the ability to regulate SNO signaling. Other mi-
tochondrial redox enzymes have been reported to be regulated by
NO and to regulate NO-dependent signaling. Thus, preservation
of their activity may serve as a switch point between NO-depen-
dent cardioprotection and oxidative stress (Fig. 3).

Direct interaction of NO with mitochondrial proteins is not
necessary for NO to elicit cardioprotective effects on the mito-
chondrial redox environment. For example, the activation of
NOS enzymes leads to the upregulation of both MnSOD and
thioredoxin in a cGMP-dependent manner and is important in
the second window of preconditioning (129). Lipid molecules
are also affected by the redox environment of the mitochon-
drion. Although this is a relatively new field, the potential car-
dioprotective effects of nitro-linoleate (Fig. 2B) include cGMP-
dependent vasodilatation (159), ligand activity for peroxisome
proliferator—activated receptors (e.g., PPAR-vy) (208), and in-
duction of heme oxygenase (HO-1) (250). Interestingly, PPAR-
v ligands can reduce myocardial infarct size (246), and HO-1
has been implicated in cardioprotection during the second win-
dow of IPC (161).

Heat-shock proteins (Hsps) were initially characterized as in-
ducible by heat stress, but now they are recognized to be ex-
pressed during hypoxia, IR, inflammation, heavy metal toxicity,
endotoxins, and ROS exposure (215). Mitochondria have con-
stitutively active isoforms, including Hsp10, Hsp60, and
GRP75, which are used to prevent protein aggregation inside
the mitochondrial matrix. Upregulation of Hsp 32, 60, and 72
during IR was found to be cardioprotective in tissue that un-
derwent mild hyperthermic stress before ischemia. Under these
conditions, mitochondrial ultrastructure and mitochondrial res-
piratory complex activity were preserved when compared with
tissue that did not undergo hyperthermic stress (203). A possi-
ble mechanism may include the ability of Hsp60 to increase
eNOS activity and downregulate iNOS activity (47). Besides
alterations in gene regulation, posttranslational modifications
may also regulate heat-shock protein activity and would prob-
ably be more relevant with the acute window of precondition-
ing. Proteomic studies have identified Hsp60 and GRP75 as be-
ing S-nitrosated, which may suggest a role for NO-dependent
regulation of Hsps (104).
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Krebs cycle

The Krebs cycle comprises a series of enzymes that are rich
in both metal centers and reactive thiols, making them prime
targets for regulation by RNS. However, direct interaction of
the Krebs cycle with RNS is usually reported as a marker for
oxidative stress, as seen with the nitration and irreversible in-
hibition of pyruvate dehydrogenase (166) and aconitase (101)
(Fig. 3). Certain Krebs cycle enzymes have previously been
shown to be reversibly regulated by ROS, including aconitase,
a-ketoglutarate dehydrogenase, and succinate dehydrogenase
(6, 41, 182). Besides limited information regarding the inter-
actions of HNO with complex II (succinate dehydrogenase)
(212), little evidence exists that RNS can affect other Krebs cy-
cle enzymes. However, it is possible that reversible inhibition
of the Krebs cycle would result in the slow reintroduction of
electrons into the ETC and the gradual wakeup of mitochondr-
ial metabolism on reperfusion.

Mitochondrial K* srp channel

One of the most important mitochondrial proteins recognized
to be involved in preconditioning is the K* otp channel. The ac-
tual mechanism by which K™ stp channel opening elicits car-
dioprotection is not yet clear, and debate surrounds the order of
events with respect to ROS generation (i.e., evidence suggests
that ROS generation is an upstream trigger for K* atp channel
opening, and that K* opp channel opening is a trigger for ROS
generation) (78). Nevertheless, from the standpoint of NO sig-
naling, several studies showed that NO can directly affect the
K* atp channel via S-nitrosation (Fig. 3) (205). In addition, the
mito-K* Arp channel is thought to be a downstream target for
PKG, in classic cGMP/NO signaling (60). However, in the lat-
ter case, the mechanism by which PKG signaling is transmitted
into the mitochondrion remains unclear (144). Furthermore, all
studies on the K™ o1p channel are subject to several caveats. First,
much controversy surrounds the actual existence of bona fide
K™ atp channel subunits (KIR, SUR) in mitochondria, with con-
flicting results surrounding the use of antibodies and Western
blots (5, 151). Second, many of the pharmacologic tools used to
probe K* o1p channel function are nonspecific. Most notably, the
K" atp channel opener diazoxide is a known inhibitor of com-
plex II (206), and a protonophoric uncoupler (121), whereas the
K* atp channel blocker 5-HD is a 8-oxidation substrate (102).
The non-K* srp channel effects of both diazoxide and 5-HD
were recently reviewed extensively (75, 102, 103), with the re-
sult that a large proportion of the literature on this topic may re-
quire reassessment. The mechanism of K™ srp-mediated protec-
tion is thought to include mild mitochondrial swelling, which
may affect the formation of the PT pore (24). Although it has
been argued that small K™ fluxes that would result from open-
ing of K* op channels (and K" ¢, channels) in IPC would mildly
uncouple mitochondria, it should be recognized that the magni-
tude of such K* fluxes is not large enough to account for the
magnitude of H* leak seen in IPC (175).

Ca’* handling

It is becoming increasingly obvious that the entire Ca>*-han-
dling machinery of the cell is sensitive to redox regulation, and
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it appears that mitochondria are no different in this regard. Pro-
teins relevant to Ca?" handling that are regulated by NO in-
clude the L-type Ca>* channel, TRP channels, RyR, and K* s 1p
channels (205, 222, 224, 257). It was recently reported that mi-
tochondria also contain an RyR (19), although it is not known
if this is NO sensitive.

From a purely bioenergetic standpoint, the simple observa-
tion that both mitochondrial Ca?>* uptake and efflux depend on
AW, is enough to explain most of the effects of NO on mito-
chondrial Ca®" (i.e., NO inhibits respiration, which de-ener-
gizes the mitochondrial membrane, thereby limiting Ca®* up-
take) (33). However, a number of other AW,-independent
mechanisms exist by which NO could affect mitochondrial
Ca?* uptake, including the possible S-nitrosation of mitochon-
drial Ca?*-uptake proteins (Fig. 3). The molecular identities of
the mitochondrial Ca®"-uptake mechanisms (mitochondrial
uniporter, rapid-mode uptake (RAM), and the mitochondrial
ryanodine receptor) remain to be defined, but like other Ca?*
channels (224), could be targets of S-nitrosation.

PT pore formation and apoptosis

The overproduction of ROS and mitochondrial Ca?* over-
load are known to trigger PT pore formation. Downstream ef-
fects as a result of PT pore opening include cytochrome ¢
release, mitochondrial swelling, membrane depolarization, in-
hibition of ATP production, caspase activation, apoptosis and/or
necrosis, and additional ROS production, which initiates mito-
chondrial and cellular dysfunction.

At pathologically high levels, NO" can induce apoptosis both
via the activation of p53, and via release of cytochrome ¢ from
the mitochondrial inner membrane and activation of caspases
(145, 194, 253). Although high levels of NO™ can cause PT pore
formation, smaller concentrations of NO' inhibit the PT pore
(33). Lower levels of NO' protect the mitochondrion against
apoptotic agents such as TNF-«, serum starvation, hypoxia, and
H,0, (97, 194). Mechanisms by which NO inhibits PT pore
formation include the prevention of Bcl-2 cleavage by caspase
3 (145), mild dissipation of the mitochondrial membrane po-
tential (AW,,), and inhibition of Ca®>™ uptake (33). In terms of
cardioprotection, the NO" donor DETA-NONOate was found
to inhibit cyclosporin A—sensitive Ca®"-induced mitochondrial
swelling in mitochondria isolated from hearts subjected to IR
(33, 243). Another study observed that aged endothelium, with
decreased eNOS activity, and eNOS knockout mice were more
susceptible to proapoptotic stimuli, which were reversed by NO
donors (118).

Understanding how NO regulates the cell-death cascades and
PT pore formation is essential in understanding NO-dependent
cardioprotection. For example, caspases 3 and 9 are inhibited
by S-nitrosation (164) and are probably the best-described
mechanisms by which NO elicits an antiapoptotic signal. The
direct effects of NO on PT pore regulation are as questionable
as the components of the PT pore itself, but cannot be disre-
garded. The molecular composition of the PT pore remains a
subject of considerable debate and is thought to include such
components as the voltage-dependent anion channel (VDAC)
of the outer membrane, the ANT of the inner membrane, and
cyclophilin D of the mitochondrial matrix (98, 99). Recent at-
tention has focused on mitochondrial “contact sites” (areas
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where the inner and outer mitochondrial membranes are in close
proximity), as regulators of PT pore formation (24). Because
VDAC and ANT reside in the outer and inner membrane, re-
spectively, it is thought that they regulate the PT pore through
contact-site formation. It should be noted that recent studies us-
ing VDAC and ANT knockout mice have called into question
the role that these proteins play in PT pore formation (11, 147),
with the current consensus being that, in these knockout ani-
mals, other mitochondrial proteins may be able to substitute for
the roles of ANT and VDAC, to reconstitute an active PT pore.
Nevertheless, the ANT is known to contain PT pore-regulatory
thiols that are redox sensitive (61). Currently, it is not known
if the ANT thiols are direct targets for RNS (Fig. 3), because
the extreme hydrophobicity of ANT renders it refractory to the
proteomic tools typically used to identify NO modifications
(e.g., 2D gels). In addition to the ANT, creatine kinase (CK)
also is associated with mitochondrial contact-site formation and
is targeted for modification by NO (93) and ONOO™~ (217).
Thus, the possibility of NO directly inhibiting PT pore open-
ing by regulating CK and contact-site formation is also raised
(Fig. 3).

H" leak

Mild proton leak (uncoupling) is a cardioprotective phe-
nomenon found in IPC. H" leak is the permeability of the mi-
tochondrial inner membrane to protons and is regulated by sev-
eral proteins, including the ANT and the uncoupling proteins
(UCPs) (77). UCPs were originally discovered in brown adi-
pose tissue (UCP-1), but in 1997, several laboratories (84, 153)
reported the existence of UCP homologues in other tissues, in-
cluding the heart. UCPs contain several well-conserved solvent-
accessible Cys residues, and UCP3 contains a PKG consensus
phosphorylation sequence. In addition, several stimuli that up-
regulate NOS also increase UCP expression, and NO™ has been
shown to downregulate UCP2 expression (32).

It is known that ROS and electrophilic oxidized lipids (e.g.,
4-HNE) can activate UCPs (23). However, the recent discov-
ery of nitro-lipids, which (like 4-HNE) are electrophilic, raises
the possibility that NO-derived reactive lipid species may acti-
vate UCPs. Notably, ONOO™ is known to stimulate mito-
chondrial H* leak (31), and although this oxidant is tradition-
ally regarded as detrimental to mitochondrial function, studies
suggest that ONOO™ may be cardioprotective under certain
conditions (33, 154, 179, 180). Thus, a small H* leak may ac-
count for some of these protective effects of RNS.

Several strategies that upregulate H* leak have been shown
to be cardioprotective, including uncoupling reagents such as
FCCP and DNP (25, 26, 169) and transgenic overexpression of
UCPs (116, 228). The cardioprotective effects of a mild H*
would include the attenuation of ROS and mitochondrial Ca?*
by a small dissipation of AW, (27, 258). This is seen after IPC
and has been associated with the activation of UCP2. The
buildup of ischemic metabolites such as AMP can initiate IR-
induced H" leak via activation of ANT (175). Whereas a mild
H* leak is seen as cardioprotective, a large IR-induced H* leak
is seen as deleterious, and appears to be related to PT pore for-
mation (175).

Thus, overall, NO can act on several targets within the mi-
tochondrion, and importantly, most if not all of these targets
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are implicated in IR injury and IPC. Therefore, the ability of
NO to elicit cardioprotection would appear to be mediated at
least in part by its direct effects on the mitochondrion. Having
established the mitochondrion as a target for the cardioprotec-
tive effects of NO, we now turn our attention to the delivery of
NO as a therapeutic molecule.

NO" DONORS

A number of NO donors have proven to be invaluable tools
in studying the effects of NO on the mitochondrion (74, 76, 83,
138, 198, 242). In addition, NO donors have been developed
as cardioprotective agents. This section reviews some com-
monly used NO donors that afford cardioprotection in IR in-
jury, and although a number of these compounds have been re-
viewed before, the information provided focuses on how the
metabolism of each compound will affect mitochondria.

Organic nitrates and nitrites

Commonly used nitrates and nitrites include nitroglycerin,
amyl nitrite, and isosorbide mono- and dinitrates. Nitroglycerin
has been used to treat angina patients since 1857 (18, 177), and
its metabolism is a complex process, which involves bioacti-
vation (172) by mitochondrial aldehyde dehydrogenase isoform
2 (ALDH-2). Interestingly, the liberation of NO' during me-
tabolism is not necessary to provide protection, suggesting the
formation of another cardioprotective NO derivative, such as
NO,~ (50). Nitrate tolerance is the main drawback to organic
nitrate therapy, and although far from being completely under-
stood, the mechanism of tolerance appears to involve the inhi-
bition of mitochondrial ALDH-2 by the generation of ROS,
ONOO™, and even nitroglycerin itself (172).

Nitrosyl complexes

The production of NO" by sodium nitroprusside (SNP) is de-
pendent on the NO'" release from a square bipyramidal ferrous
iron and cyanide complex, via a one-electron transfer by a re-
ducing agent, or on exposure to light. Actually, SNP is a source
of NO*, which is a nitrosating species and can posttransla-
tionally modify amino acids (2). The primary downfall of SNP
is CN™ release on the release of NO'. The dosage for SNP is
usually small enough for the released CN™ to be metabolized
to thiocyanate by a mitochondrial enzyme in the liver (rho-
danase). However, if problems exist with this metabolic path-
way, SNP treatment can lead to CN™ poisoning via inhibition
of mitochondrial cytochrome ¢ oxidase (complex IV). Evidence
indicates also that SNP may be involved in mutagenesis (177).

S-nitrosothiols (RSNOs)

Common cardioprotective SNOs include S-nitrosogluta-
thione (GSNO), S-nitrosopenicillamine (SNAP), S-nitrosohe-
moglobin (SNO-Hb), S-nitrosocysteine, and SNO-albumin. The
administration of RSNOs before ischemia has been found to be
cardioprotective in a number of models of IR injury (16, 148,
174). The transport and metabolism of SNOs in the cardiomy-
ocyte appears to be dependent on the individual SNO. For ex-
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ample, the transport of Cys-NO has been reported to involve
the L-amino acid transporter (261). However, GSNO is thought
to liberate NO" outside the cell and generate nitrosating species
(e.g., N2O3) in cellular membranes (218). This adds to the com-
plexity of NO-dependent signaling and gives rise to the possi-
bility that different S-nitrosating agents probably control dif-
ferent targets both within and outside the cell.

One SNO of particular interest is SNO-Hb, because it has
been proposed (although recently questioned) that this species
may act as an O,-sensitive NO donor within the circulation
(216). It is hypothesized that the R — T state transition of Hb,
which occurs on deoxygenation (HbOg — Hb), favors the re-
lease of NO from the SNO at the 8% cysteine. Thus, NO is re-
leased only under hypoxic conditions, leading to the idea that
SNO-Hb acts as an antihypoxic signal, by selectively deliver-
ing NO to hypoxic areas, causing vasodilatation that reverses
the hypoxia. Several issues with this hypothesis include large
variations in the amount of SNO-Hb reported in vivo, along
with a lack of identity for the precise NO-related species that
is formed on SNO-Hb breakdown (90). In addition, how NO
actually exits the red blood cell is unclear, given that oxy-Hb
itself is a sink for NO. Nevertheless, it was recently reported
that administration of SNO-Hb can directly elicit cardioprotec-
tion from IR injury (8, 176).

Nitric oxide—releasing nonsteroidal
antiinflammatory drugs (NO-NSAIDS)

The NO-NSAIDs belong to two categories, which are either
SNO derivatives or nitrate ester derivatives. Originally, the NO-
NSAIDs were developed to reduce the gastrointestinal toxicity
of the NSAIDs (82). The generation of NO-NSAIDs resulted
in a dual-action drug that, when metabolized, had antiinflam-
matory effects and generated NO'. The NO' released from the
NO-NSAIDs has been found to elevate both SNOs and NOy in
the plasma and the urine (82). In terms of NO'-dependent car-
dioprotection, NO-NSAIDs, such as 2-acetoxybenzoate 2-[1-ni-
troxy-methyl]-phenyl ester (NCX 4016), have been found to S-
nitrosate and inhibit caspases (81). Although these compounds
release NO' in the plasma to initiate cardioprotective responses
in the endothelium, the ability of this NO" to directly act on the
cardiomyocyte or cardiac mitochondria is not known.

1-substituted diazen-1-ium-1,2-diolates
(NONOates)

The NONOates were developed during the 1990s (165) and
can be divided into NO™ and HNO donors (170). These compounds
are stable at alkaline pH, but break down at physiologic pH to re-
lease two equivalents of NO per molecule. The rate of decompo-
sition is determined by the rest of the molecule, with half-lives
varying from seconds (Proli-NONOate) to minutes (Spermine-
NONOate), to hours (DETA-NONOate). The primary downfall
of the NONOates is their release of NO' in the bloodstream, and
hence they initiate systemic vasodilatation. Angeli’s salt, which
is an HNO donor (NONOate), is discussed later.

Nitrite (NO>™)

Nitrite is a stable NO species found throughout the circula-
tion at micromolar levels. However, in the presence of a nitrite
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reductase, such as deoxy-Hb, NO,™ is converted to NO’, and
therefore serves as a circulating NO™ pool (59). The use of NO, ™
as a cardioprotective agent has been seen in experiments in
which intraperitoneal administration of NO, ™ to mice decreases
the amount of necrosis and tissue damage seen after IR injury
of the heart or liver (76). Furthermore, recent findings suggest
that NO,~ delivery in drinking water may elicit similar pro-
tective effects (211). The concept of NO,~ as an NO' donor
has many of the same limitations as SNO-Hb, in that the NO
(or redox equivalent thereof) still has to exit the erythrocyte to
act as a signal. However, other proteins within the cellular mi-
lieu also can serve as nitrite reductases, such as myoglobin (213)
and complex IV (46). The fact that complex IV can both make
and be inhibited by NO" serves to highlight NO,~ as another
NO donor, the reactivities of which are associated with and
tightly controlled by the mitochondrion.

Peroxynitrite (ONOO™)

Like other NO-related molecules, peroxynitrite (ONOO™) is
a double-edged sword in cardiovascular biology. The formation
of ONOO™ involves the rapid reaction of NO™ with superoxide
(027) (~5 X 10° M/sec) (197), and compounds such as Sin-
1, which produce both O, and NO°, have been used as
ONOO™ donors to study ONOO ™ -mediated events. The mito-
chondrion, being a source of ROS, is both a site of ONOO™
generation, and a target for ONOO™ modification. At the mi-
tochondrial level, ONOO™ can cause such events as complex
I S-nitrosation (37), PT pore formation (29), nitration of Mn-
SOD (168), and activation of H* leak (31). In contrast, ONOO ™
has been reported to be cardioprotective when administered in
small concentrations (154, 179, 180, 197). However, downfalls
of studying ONOO™ in biologic systems include delineating the
effects of ONOO™ from its decomposition products (e.g., OH’
and NO,") and the probability of direct ONOO™ modification
in vivo (170) [nitration of MnSOD (168)]. Furthermore, it
should be emphasized that although ONOO ™ can be chemically
synthesized and administered in vitro, ONOO™ in vivo cannot
exist without the prior existence of NO’, and the fact that these
two molecules (NO™ and ONOO ™) react with each other, makes
the translation of in vitro experiments with pure ONOO™ very
difficult (152).

Nitroxyl (NO™)

Nitroxyl is generated from the one-electron reduction of
NO’ and has recently emerged as an important redox con-
gener of NO'. The pK, of NO™ has been reported to be 11
(212), and therefore, under physiologic conditions, NO~ is
protonated (HNO). To study the biologic effects of HNO,
donors such as Angeli’s salt and Piloty’s acid have been used.
In terms of IR injury, HNO has been reported to be the coun-
terbalance of other NO" donors, such as Deta-NONOate, by
contributing to deleterious biomolecular oxidation (249).
However, recent studies have found HNO to be a cardiopro-
tective agent when administered under suitable conditions
(186). This is seen with the administration of Angeli’s salt
(1 uM) before IR, which has been found to improve con-
tractility and limit infarct size (184). Regulation of complex
II as described earlier may prove to be one HNO-dependent
cardioprotective mechanism (212).
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Endogenous NO signaling

As highlighted in Fig. 1, several endogenous signaling re-
actions can lead to the upregulation of eNOS, or enhancement
of NO' bioavailability, which is cardioprotective. Adminis-
tration of antioxidants, statins, ACE inhibitors, angiotension
II-receptor blockers, Ca>* channel blockers, and B-blockers
are examples of indirect NO™ donors that cause an upregula-
tion of eNOS (201).

DELIVERING NO" TO MITOCHONDRIA

For a number of reasons, delivering NO to the mitochondrion
would be cardioprotective. First, targeting the mitochondria
may avoid potentially deleterious side effects of delivering NO
systemically, such as vasodilatation, which would affect car-
diac afterload and/or preload and affect contractile function.
Second, one could decrease the dosage, as is the case with any
targeted drug. Last, targeting molecules such as RSNOs to the
mitochondrion would serve as a two-for-one therapeutic, be-
cause metabolism of RSNOs would result in a NO-dependent
signal along with the regeneration of a parent thiol that can
serve as an antioxidant. The supplementary antioxidant may
serve to help maintain the redox status and reverse NO-depen-
dent modifications on reperfusion. Several antioxidant mole-
cules have been targeted to the mitochondria (62, 142, 262) and
are currently providing starting points for the development of
mitochondrially targeted NO donors. Strategies for delivering
NO to the mitochondria include using molecules that accumu-
late in mitochondria because of their hydrophobicity and posi-
tive charge, molecules that enter mitochondria via carrier pro-
teins unique to the organelle, and prodrugs that are metabolized
by uniquely mitochondrial enzymes to reveal an active entity.

With these strategies, several mitochondrially targeted NO
donors have been patented (US-20060122267) and are being
synthesized (Fig. 5). The best characterized of this series of com-
pounds is S-nitroso-mercaptopropionyl glycine (SNO-MPG).
The parent compound (mercaptopropionyl glycine, MPG) was
used to develop a mitochondrial S-nitrosating agent based on its
structural similarities with mitochondrial substrates (51). Ad-
ministration of SNO-MPG to isolated mitochondria, cardiomy-
ocytes, and Langendorff-perfused hearts was found to enhance
mitochondrial S-nitrosation, complex I inhibition, and cardio-
protection, when compared with S-nitrosating agents that did not
preferentially accumulate inside mitochondria (174). The use of
MPG itself has been found to be cardioprotective in IR injury
(227, 232), but administration of equivalent or lower concen-
trations of SNO-MPG before ischemia enhanced cardioprotec-
tion. The development of drugs such as SNO-MPG may pro-
vide a new paradigm in NO-dependent cardioprotection.

It should be noted that obstacles remain to be faced on the
road to further developing mitochondrially targeted NO donors.
This includes how the molecule will reach the mitochondrion
in vivo. Among the NO donors described earlier, many of the
downfalls arise from the lack of ability of the molecule to leave
the plasma and endothelium to reach cardiomyocyte mito-
chondria. Developing NO donors that generate more-stable in-
termediates, such as SNOs or nitrite, may therefore be more
practical than developing donors that generate ONOO™ and
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FIG. 5. Mitochondrially targeted NO* donors. Mitochon-
drial NO donors have been developed (U.S. patent
20060122267) and are designed to target the mitochondria
based on membrane potential, hydrophobicity, and substrate
specificity. The cardioprotective effects of SNO-MPG (174)
have been the best characterized, leading to enhanced mito-
chondrial S-nitrosation and cardioprotection when compared
with treatments using the parent thiol (MPG) or GSNO. S-ni-
troso-thiocarnitine and GSNO-choline ester are currently under
investigation to see if they elicit a similar response.

SNO-thiocarnitine

NO' within the vascular space. The ability of these compounds
to cross the blood-brain barrier may raise further complications,
because it was shown that complex I is reversibly inhibited af-
ter administration of SNO-MPG (174), and it is known that
complex I inhibitors such as rotenone can lead to Parkinson dis-
ease (120). If SNO-MPG is administered on a daily regimen to
patients, similar to nitroglycerin, and SNO-MPG can readily
cross the blood—brain barrier, the possibility exists that patients
could potentially have complex I deficiencies such as Parkin-
son disease. This applies not only to NO and SNO, but also to
all ETC-inhibition—based therapies. Another obstacle involved
with any NO-based therapy is the issue of tolerance, most ob-
viously seen with nitroglycerin (see earlier).

NO EFFECTS ON PERIPHERAL AND
TEMPORALLY REMOVED RESPONSES
TO IR INJURY

Although much of the discussion in this review focused on
the acute effects of NO, and events at the mitochondrial level
that occur during IR injury itself, it should not be forgotten that
the response of the heart and the whole organism to IR injury
is a prolonged process, which involves complex inflammatory
responses, tissue remodeling, and neurohormonal changes (130,
134, 223). Nitric oxide intermediates have the potential to af-
fect a number of these processes. For example, iNOS-derived
NO' has been reported to contribute to the development of con-
gestive heart failure, which often occurs long after a myocar-
dial infarction (69). Postischemic remodeling often includes
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FIG. 6. Overview of NO-dependent mitochondr-
ial cardioprotection. This figure serves to highlight
that the cardioprotective effects of NO are mediated
via a mix of both inhibitory and stimulatory actions on
a variety of protein targets. Nitric oxide directly regu-
lates mitochondrial functions, such as ETC activity,
Ca?" handling, and PT pore activation, which under
the right conditions can protect the mitochondria from
IR injury. The cardioprotective nature of NO is de-
pendent on the ability of the species to modify a spe-
cific target and the ability of the mitochondrion to reg-
ulate the modification process.

cardiac hypertrophy, and we previously showed that an upreg-
ulation of iNOS leads to an NO-mediated bioenergetic defect
in a rat model of hypertrophy (69). This is in agreement with
studies suggesting that NO is an important factor governing mi-
tochondrial function in human failing hearts (171). In contrast,
overexpression or upregulation of iNOS has also been shown
to be cardioprotective in models of heart failure or IR injury
(114, 138). Mechanisms accounting for this cardioprotective ef-
fect may include the antiinflammatory effects of NO and the
quelling of the adhesion of neutrophils to the reactive endo-
thelial surface in the 2448 h after an MI. Similarly, although
systemic vasodilatation induced by NO may help the recovery
of the heart by reducing its workload, too little venous return
would also lead to improper ventricular filling, which could be
detrimental to cardiac output. Thus, overall, careful timing of
NO delivery before, during, and after IR injury is essential to
gain the maximal therapeutic benefit.

CONCLUSIONS AND CLINICAL OUTLOOK

Nitric oxide and NO intermediates are essential in both phar-
macologic (anesthetic) and ischemic preconditioning. Although
the study of cardioprotective effects of NO has centered on the
sGC signaling pathway, emerging evidence now shows that
sGC-independent effects also are important. The mitochondrion
is a cellular hub for both preconditioning and NO signaling
(Figs. 1 and 6), and therefore represents a point of convergence
in cardioprotection.

Currently, the clinical treatment of both acute myocardial in-
farction and elective cardiac ischemia (e.g., during bypass sur-
gery) draw on a very limited range of cardioprotective drugs.
Mortality rates from cardiac ischemic injury remain high, de-
spite several decades of research in this area. Recently, isch-
emic preconditioning and anesthetic preconditioning have be-
gun to be applied in clinical settings (195). However, with this
move from bench to bedside has come the realization that a va-
riety of confounding factors may limit applicability of IPC
and/or APC in humans. For example, it is known that cy-
cloxygenase inhibitors can diminish the efficacy of APC (196).
In addition, diabetics also appear refractory to APC and IPC
(139, 141, 143). One interesting observation that emerges from
Fig. 1 is that NO effects on mitochondria in IPC appear to by-
pass much of the cell-signaling “alphabet soup” that is essen-
tial for most preconditioning pathways. Thus, the possibility

arises that if a given patient population is refractory to precon-
ditioning, due to a defect in one of these signaling pathways
(e.g., defective insulin signaling in diabetics), then NO may be
able to bypass such a defect and still elicit cardioprotection.

ABBREVIATIONS

AC, adenylate cyclase; AIF, apoptosis-inducible factor; Akt,
protein kinase B; ALDH,, aldehyde dehydrogenase isoform 2;
ANT, adenine nucleotide translocase; APC, anesthetic precon-
ditioning; Bcl, B-cell lymphoma family protein (Bcl-2, Bax,
etc.); cGMP, cyclic guanosine monophosphate; CK, creatine ki-
nase; CoQ, coenzyme Q; CsA, cyclosporin A, Cys-NO, S-ni-
trosocysteine; DAG, diacylglycerol; DNP, 2.4-dinitrophenol;
eNOS, endothelial NOS; ETC, electron-transport chain;
FADH,, flavin adenine dinucleotide; FCCP, carbonylcyanide-
p-trifluoromethoxyphenylhydrazone; GF, growth factor; GFRs,
growth factor receptors; Glrx1, glutaredoxin isoform 1; GPCR,
G protein—coupled receptor; GRP75, glucose-regulated protein
75; GSH, glutathione; GSK-38, glycogen synthase kinase 33;
GSNO, S-nitrosoglutathione; HSPs, heat-shock proteins;
HSP70, heat-shock protein 70; H,O,, hydrogen peroxide; IPC,
ischemic preconditioning; IP3, inositol triphosphate; IR injury,
ischemia—reperfusion injury; K* atp, ATP-sensitive K* chan-
nel; K¢, Ca?"-sensitive K* channel; L-NAME, N(G)-nitro-
L-arginine methyl ester; LNO,, nitrated lipids; MAPK, mito-
gen-activated kinases (ERK1/2, p38, efc.); MCU, mitochondrial
uniporter; MnSOD, manganese superoxide dismutase; MPO,
myloperoxidase; mtNOS, mitochondrial NOS; mTOR, mam-
malian target of rapamycin; NADH, nicotinamide adenine
dinucleotide; NCX 4016, 2-acetoxybenzoate 2-[I-nitroxy-
methyl]-phenyl ester; NO', nitric oxide; NO, nitric oxide de-
rivative; NO™, nitrosonium cation; NO ™, nitroxyl anion; NO, ™,
nitrite; NO,', nitrous oxide; NONOates, 1-substituted diazen-
1-ium-1,2-diolates; MI, myocardial infarction; NOS, nitric ox-
ide synthase; NO-NSAIDs, nitric oxide—releasing nonsteroidal
antiinflammatory drugs; N-Tyr, tyrosine nitration; O, ~, su-
peroxide radical; OH’, hydroxyl radical; ONOO™, peroxyni-
trite; ONOOH, peroxynitrous acid; Ox-Phos, oxidative phos-
phorylation; p70s6k, 70-kDa ribosomal protein S6 kinase;
p90rsk, 90-kDa ribosomal S6 kinase (MAPKAPK1); PARP,
poly(ADP-ribose) polymerase; PDE, phosphodiesterase; PDK-
1, PI3K-dependent protein kinase 1; PGC-la, peroxisome
proliferator—activated receptor-y coactivator; PI3K, phospho-
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inositide-3 kinase; PJ-34, N-(6-ox0-5,6-dihydrophenanthridin-
2-yl)-N,N-dimethylacetamide. HCl; PKA, cAMP-dependent
protein kinase; PKCS/e, Ca®"- and diacylglycerol-dependent
protein kinase (6/e isoforms); PKG, protein kinase G; PLC/
PLD, phospholipase C/D, PPC, pharmacologic preconditioning;
PT pore, permeability transition pore; PTEN, phosphatase and
tensin homologue; RaM, rapid-mode uptake; RNS, reactive
nitrogen species; ROS, reactive oxygen species; RSNOs, S-
nitrosothiols; RyR, ryanodine receptor; SfA, sanglifehrin A;
sGC, soluble guanylate cyclase; SNAP, S-nitrosopenicillamine;
SNO-Hb, S-nitrosohemaglobin; SNP, sodium nitroprusside;
Src, tyrosine kinase product of c-src gene; TNF-«, tumor ne-
crosis factor-a; TRP channels, transient receptor potential chan-
nels; UCP, uncoupling protein; VDAC, voltage-dependant an-
ion channel; x-PC, preconditioning; AW, mitochondrial
membrane potential; 3-NP, 3-nitroproprionic acid; 4-HNE, 4-
hydroxynonenal; 5-HD, 5-hydroxydecanoate.

ACKNOWLEDGMENTS

Work in the authors’ laboratory is funded by a grant from
the National Institutes of Health (Heart, Lung, and Blood In-
stitute, HL-071158). We are grateful to Sergiy Nadtochiy
(Rochester) for discussion of the manuscript.

REFERENCES

1. Adak S, Wang Q, and Stuehr DJ. Arginine conversion to nitrox-
ide by tetrahydrobiopterin-free neuronal nitric-oxide synthase: im-
plications for mechanism. J Biol Chem 275: 33554-33561, 2000.

2. Al-Sa’doni H and Ferro A. S-Nitrosothiols: a class of nitric ox-
ide-donor drugs. Clin Sci (Lond) 98: 507-520, 2000.

3. Alderton WK, Cooper CE, and Knowles RG. Nitric oxide syn-
thases: structure, function and inhibition. Biochem J 357: 593—
615, 2001.

4. Alvarez MN, Trujillo M, and Radi R. Peroxynitrite formation
from biochemical and cellular fluxes of nitric oxide and super-
oxide. Methods Enzvimol 359: 353-366, 2002.

5. Ardehali H, Chen Z, Ko Y, Mejia-Alvarez R, and Marban E. Mul-
tiprotein complex containing succinate dehydrogenase confers mi-
tochondrial ATP-sensitive K+ channel activity. Proc Natl Acad
Sci U S A 101: 11880-11885, 2004.

6. Armstrong JS, Whiteman M, Yang H, and Jones DP. The redox
regulation of intermediary metabolism by a superoxide-aconitase
rheostat. Bioessays 26: 894-900, 2004.

7. Arnelle DR and Stamler JS. NO+, NO, and NO— donation by
S-nitrosothiols: implications for regulation of physiological func-
tions by S- n1tr09ylatlon and acceleration of disulfide formation.

318: 279-285, 1995.

8. Asanuma H, Nakai K, Sanada S, Minamino T, Takashima S, Ogita
H, Fujita M, Hirata A, Wakeno M, Takahama H, Kim J, Asakura
M, Sakuma I, Kitabatake A, Hori M, Komamura K, and Kitakaze
M. S-nitrosylated and pegylated hemoglobin, a newly developed
artificial oxygen carrier, exerts cardioprotection against ischemic
hearts. LMol Cell Cardiol 42: 924-930, 2007.

9. Asimakis GK and Conti VR. Myocardial ischemia: correlation of
mitochondrial adenine nucleotide and respiratory function. J Mol
Cell Cardiol 16: 439-447, 1984.

10. Baines CP, Goto M, and Downey JM. Oxygen radicals released
during ischemic preconditioning contribute to cardioprotection in
the rabbit myocardium. 29: 207-216, 1997.

11. Baines CP, Kaiser RA, Sheiko T, Craigen WJ, and Molkentin JD.
Voltage-dependent anion channels are dispensable for mitochon-
drial-dependent cell death. Nat Cell Biol 9: 550-555, 2007.

—_

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

2.

593

Baines CP, Song CX, Zheng YT, Wang GW, Zhang J, Wang OL,
Guo Y, Bolli R, Cardwell EM, and Ping P. Protein kinase Cep-
silon interacts with and inhibits the permeability transition pore
in cardiac mitochondria. Circ Res 92: 873-880, 2003.

. Baker PR, Schopfer FJ, Sweeney S, and Freeman BA. Red cell

membrane and plasma linoleic acid nitration products: synthesis,

clinical identification, and quantitation. Proc Nazl Acgd Sci
US A 101: 11577-11582, 2004.

. Balazy M, Kaminski PM, Mao K, Tan J, and Wolin MS. S-Ni-

troglutathione, a product of the reaction between peroxynitrite and
glutathione that generates nitric oxide. J Biol Chem 273: 32009—
32015, 1998.

. Belikova NA, Vladimirov YA, Osipov AN, Kapralov AA, Tyurin

VA, Potapovich MV, Basova LV, Peterson J, Kurnikov IV, and
Kagan VE. Peroxidase activity and structural transitions of cy-
tochrome ¢ bound to cardiolipin-containing membranes. Bio-
chemistry 45: 4998-5009, 2006.

. Bell RM, Maddock HL, and Yellon DM. The cardioprotective and

mitochondrial depolarising properties of exogenous nitric oxide
in mouse heart. Cardigvasc Res 57: 405-415, 2003.

. Benhar M and Stamler JS. A central role for S-nitrosylation in

apoptosis. Nat Cell Biol 7: 645-646, 2005.

. Berlin R. Historical aspects of nitrate therapy. Drugs 33(suppl 4):

1-4, 1987.

. Beutner G, Sharma VK, Lin L, Ryu SY, Dirksen RT, and Sheu

SS. Type 1 ryanodine receptor in cardiac mitochondria: transducer
of excitation-metabolism coupling. Bigchiu Bignhuc Actg 1717:
1-10, 2005.

Blackmore RS, Greenwood C, and Gibson QH. Studies of the pri-
mary oxygen intermediate in the reaction of fully reduced cy-
tochrome oxidase. J Biol Chem 266: 19245-19249, 1991.
Borutaite V and Brown GC. S-nitrosothiol inhibition of mito-
chondrial complex I causes a reversible increase in mitochondr-
ial hydrogen peroxide production. Bigchim Bignhus Actg 1757:
562-566, 2006.

Borutaite V, Mildaziene V, Brown GC, and Brand MD. Control
and kinetic analysis of ischemia-damaged heart mitochondria:
which parts of the oxidative phosphorylation system are affected
by ischemia? Bigchinm Bignhus Actg 1272 154-158, 1995.
Brand MD, Buckingham JA, Esteves TC, Green K, Lambert AJ,
Miwa S, Murphy MP, Pakay JL, Talbot DA, and Echtay KS. Mi-
tochondrial superoxide and aging: uncoupling-protein activity and
superoxide production. Bigchem Soc Svmp 71: 203-213, 2004.
Brdiczka DG, Zorov DB, and Sheu SS. Mitochondrial contact
sites: their role in energy metabolism and apoptosis. Biochim Bio-
phys Acta 1762: 148-163, 2006.

Brennan JP, Berry RG, Baghai M, Duchen MR, and Shattock MJ.
FCCP is cardioprotective at concentrations that cause mitochon-
drial oxidation without detectable depolarisation. Cgrdiovasc Res
72: 322-330, 2006.

Brennan JP, Southworth R, Medina RA, Davidson SM, Duchen
MR and Shattock MJ. Mitochondrial uncoupling, with low con-
centration FCCP, induces ROS-dependent cardioprotection inde-
pendent of KATP channel activation. Cardigvasc Res 72: 313—
321, 2006.

Brookes PS. Mitochondrial H(+) leak and ROS generation: an
odd couple. Lrge Radic Biol Med 38: 12-23, 2005.

Brookes PS. Mitochondrial nitric oxide synthase. Mitochondrion
3: 187-204, 2004.

Brookes PS and Ddrley Usmar VM. Role of calcium and super-
oxide dismutase in sensitizing mitochondria to peroxynitrite-in-
duced permeability transition. gkl e laiad
286: H39-H46, 2004.

Brookes PS, Kraus DW, Shiva S, Doeller JE, Barone MC, Patel
RP, Lancaster JR Jr, and Darley-Usmar V. Control of mitochon-
drial respiration by NO*, effects of low oxygen and respiratory
state. J Biol Chem 278: 31603-31609, 2003.

Brookes PS, Land JM, Clark JB, and Heales SJ. Peroxynitrite and
brain mitochondria: evidence for increased proton leak. J Neu-
rochem 70: 2195-2202, 1998.

Brookes PS, Levonen AL, Shiva S, Sarti P, and Darley-Usmar VM.
Mitochondria: regulators of signal transduction by reactive oxygen

and nitrogen species. Lrgg Radic Bigl Mcd 33: 755-764, 2002.




594

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

SI.

52.

53.

Brookes PS, Salinas EP, Darley-Usmar K, Eiserich JP, Freeman
BA, Darley-Usmar VM, and Anderson PG. Concentration-de-
pendent effects of nitric oxide on mitochondrial permeability tran-
sition and cytochrome c release. J Biol Chem 275: 20474-20479,
2000.
Brookes PS, Shiva S, Patel RP, and Darley-Usmar VM. Mea-
surement of mitochondrial respiratory thresholds and the control
of respiration by nitric oxide. Methods Enzvmol 359: 305-319,
2002.
Brookes PS, Yoon Y, Robotham JL, Anders MW, and Sheu SS.
Calc1um ATP, and ROS a mitochondrial love-hate triangle. Am
287: C817-C833, 2004.
Brown GC. Regulatlon of mitochondrial respiration by nitric ox-
ide inhibition of cytochrome c oxidase. Rigchim Bignhvs Aclg
1504: 46-57, 2001.
Brown GC and Borutaite V. Inhibition of mitochondrial respira-
tory complex I by nitric oxide, peroxynitrite and S-nitrosothiols.
Bigchim Bionhvs Actg 1658: 44-49, 2004.
Brown GC and Cooper CE. Nanomolar concentrations of nitric
oxide reversibly inhibit synaptosomal respiration by competing
with oxygen at cytochrome oxidase. FEBS Lett 356: 295-298,
1994.
Brunner F, Maier R, Andrew P, Wolkart G, Zechner R, and Mayer
B. Attenuation of myocardial ischemia/reperfusion injury in mice
with myocyte-specific overexpression of endothelial nitric oxide
synthase. Cardiovasc Res 57: 55-62, 2003.
Brunori M, Giuffre A, Forte E, Mastronicola D, Barone MC, and
Sarti P. Control of cytochrome ¢ oxidase activity by nitric oxide.
Bigchim Biophys Actg 1655: 365-371, 2004.
Bulteau AL, Ikeda-Saito M, and Szweda LI. Redox-dependent
modulation of aconitase activity in intact mitochondria. Bio-
chemistry 42: 14846-14855, 2003.
Burwell LS, Nadtochiy SM, Tompkins AJ, Young S, and Brookes
PS. Direct evidence for S-nitrosation of mitochondrial complex 1.
Biochem J 394: 627-634, 2006.
Cadenas E and Boveris A. Enhancement of hydrogen peroxide
formation by protophores and ionophores in antimycin-supple-
mented mitochondria. Biochem J 188: 31-37, 1980.
Cadenas E, Poderoso JJ, Antunes F, and Boveris A. Analysis of
the pathways of nitric oxide utilization in mitochondria. Free
Radic Res 33: 747-756, 2000.
Cai Z and Semenza GL. PTEN activity is modulated during isch-
emia and reperfusion: involvement in the induction and decay of
preconditioning. Circ Res 97: 1351-1359, 2005.
Castello PR, David PS, McClure T, Crook Z, and Poyton RO. Mi-
tochondrial cytochrome oxidase produces nitric oxide under hy-
poxic conditions: implications for oxygen sensing and hypoxic
signaling in eukaryotes. Cell Metab 3: 277-287, 2006.
Chan JY, Cheng HL, Chou JL, Li FC, Dai KY, Chan SH, and
Chang AY. Heat shock protein 60 or 70 activates nitric-oxide syn-
thase (NOS) I- and inhibits NOS II-associated signaling and de-
presses the mitochondrial apoptotic cascade during brain stem
death. J Biol Chem 282: 4585-4600, 2007.
Chen Q, Camara AK, Stowe DF, Hoppel CL, and Lesnefsky EJ.
Modulation of electron transport protects cardiac mitochondria
and decreases myocardial injury during ischemia and reperfusion.
Al bhusal Lell Dhucial 297: C137-C147, 2007.
Chen Q, Moghaddas S, Hoppel CL, and Lesnefsky EJ. Reversible
blockade of electron transport during ischemia protects mito-
chondria and decreases myocardial injury following reperfusion.

Llharmacol Fxp Ther 319: 1405-1412,2006.

Chen Z, Zhang J, and Stamler JS. Identification of the enzymatic
mechanism of nitroglycerin bioactivation. Proc Natl Acad Sci
U S A 99: 8306-8311, 2002.

Chiba T, Kitoo H, and Toshioka N. Studies on thiol and disulfide
compounds, I: absorption distribution metabolism and excretion
of 35 S-2-mercaptopropionylglycine. Yagkuggky Zagsshi 93:
112-118, 1973.

Chinta SJ and Andersen JK. Reversible inhibition of mitochon-
drial complex I activity following chronic dopaminergic glu-
tathione depletion in vitro: implications for Parkinson’s disease.

41: 1442-1448, 2006.
Chiueh CC, Andoh T, and Chock PB. Induction of thioredoxin

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

BURWELL AND BROOKES

and mitochondrial survival proteins mediates preconditioning-in-
duced cardioprotection and neuroprotection. Agg N Y Acgd Sci
1042: 403-418, 2005.

Chiueh CC, Andoh T, and Chock PB. Roles of thioredoxin in ni-
tric oxide-dependent preconditioning-induced tolerance against
MPTP neurotoxin. Joxical Appl Pharugcal 207: 96-102, 2005.
Ckless K, van d, V, and Janssen-Heininger Y. Oxidative-ni-
trosative stress and posttranslational protein modifications: im-
plications to lung structure-function relations. Arginase modulates
NFkB activity via a nitric oxide-dependent mechanism. Am _J
Respir Cell Mol Bigl 36: 645-653, 2007.

Clark JE, Naughton P, Shurey S, Green CJ, Johnson TR, Mann
BE, Foresti R, and Motterlini R. Cardioprotective actions by a
water-soluble carbon monoxide-releasing molecule. Circ Res 93:
e2—e8, 2003.

Cleeter MW, Cooper JM, Darley-Usmar VM, Moncada S, and
Schapira AH. Reversible inhibition of cytochrome ¢ oxidase, the
terminal enzyme of the mitochondrial respiratory chain, by nitric
oxide: implications for neurodegenerative diseases. FEBS Lett
345: 50-54, 1994.

Clementi E, Brown GC, Feelisch M, and Moncada S. Persistent
inhibition of cell respiration by nitric oxide: crucial role of S-ni-
trosylation of mitochondrial complex I and protective action of
glutathione. RraeNatl Acgd Sci IZS A 95: 7631-7636, 1998.
Cosby K, Partovi KS, Crawford JH, Patel RP, Reiter CD, Martyr
S, Yang BK, Waclawiw MA, Zalos G, Xu X, Huang KT, Shields
H, Kim-Shapiro DB, Schechter AN, Cannon RO III, and Glad-
win MT. Nitrite reduction to nitric oxide by deoxyhemoglobin va-
sodilates the human circulation. Nat Med 9: 1498—1505, 2003.
Costa AD, Garlid KD, West IC, Lincoln TM, Downey JM, Co-
hen MV, and Critz SD. Protein kinase G transmits the cardio-
protective signal from cytosol to mitochondria. Circ_Res 97:
329-336, 2005.

Costantini P, Belzacq AS, Vieira HL, Larochette N, de Pablo MA,
Zamzami N, Susin SA, Brenner C, and Kroemer G. Oxidation of
a critical thiol residue of the adenine nucleotide translocator en-
forces Bcl-2-independent permeability transition pore opening
and apoptosis. Oncogene 19: 307-314, 2000.

Coulter CV, Kelso GF, Lin TK, Smith RA, and Murphy MP. Mi-
tochondrially targeted antioxidants and thiol reagents. Free Radic
Biol Med 28: 1547-1554, 2000.

Crawford NM, Galli M, Tischner R, Heimer YM, Okamoto M,
and Mack A. Response to Zemojtel et al: Plant nitric oxide syn-
thase: back to square one. Irends Plant Sci 11: 526-527, 2006.
Critz SD, Cohen MV, and Downey JM. Mechanisms of acetyl-
choline- and bradykinin-induced preconditioning. Vasc Pharma-
col 42: 201-209, 2005.

Cross HR, Murphy E, Bolli R, Ping P, and Steenbergen C. Ex-
pression of activated PKC epsilon (PKC epsilon) protects the isch-
emic heart, without attenuating ischemic H(+) production. J Mol
Cell Cardiol 34: 361-367, 2002.

Cross HR, Murphy E, and Steenbergen C. Ca(2+) loading and
adrenergic stimulation reveal male/female differences in suscep-
tibility to ischemia-reperfusion injury. Aglbhusel Hegrl Cirg
Physiol 283: H481-H489, 2002.

Cuong DV, Kim N, Youm JB, Joo H, Warda M, Lee JW, Park
WS, Kim T, Kang S, Kim H, and Han J. Nitric oxide-cGMP-pro-
tein kinase G signaling pathway induces anoxic preconditioning
through activation of ATP-sensitive K+ channels in rat hearts.
i e B lasigl 790: H1808-H1817, 2006.
Dahm CC, Moore K, and Murphy MP. Persistent S-nitrosation of
complex I and other mitochondrial membrane proteins by S-ni-
trosothiols but not nitric oxide or peroxynitrite: implications for
the interaction of nitric oxide with mitochondria. J Biol Chem
281: 10056-10065, 2006.

Dai L, Brookes PS, Darley-Usmar VM, and Anderson PG. Bioen-
ergetics in cardiac hypertrophy: mitochondrial respiration as a
pathological target of NO*. Sl g eiatlebisial 78 1:
H2261-H2269, 2001.

Darley-Usmar VM, Smith DR, O’Leary VJ, Stone D, Hardy DL,
and Clark JB. Hypoxia-reoxygenation induced damage in the my-
ocardium: the role of mitochondria. Biochem Soc Trans 18: 526—
528, 1990.




NITRIC OXIDE, MITOCHONDRIA, AND CARDIOPROTECTION

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Daum G. Lipids of mitochondria. Bigchim Riophus Actg 8272:
1-42, 1985.

Davidson SM and Yellon DM. The role of nitric oxide in mito-
chondria: focus on “modulation of mitochondrial Ca2+ by nitric
oxide in cultured bovine vascular endothelial cells.” Am J Phys-
iol Cell Physiol 289: C775-C777, 2005.
Di LF, Canton M, Menabo R, Dodoni G, and Bernardi P. Mito-
chondria and reperfusion injury: the role of permeability transi-
tion. Bgsic Res Cardiol 98: 235-241, 2003.
Draper NJ and Shah AM. Beneficial effects of a nitric oxide donor
on recovery of contractile function following brief hypoxia in iso-
lated rat heart. LMol Cell Cardiol 29: 1195-1205, 1997.
Drose S, Brandt U, and Hanley PJ. K+-independent actions of
diazoxide question the role of inner membrane KATP channels
in mitochondrial cytoprotective signaling. J_Biol Chem 281:
23733-23739, 2006.
Duranski MR, Greer JJ, Dejam A, Jaganmohan S, Hogg N,
Langston W, Patel RP, Yet SF, Wang X, Kevil CG, Gladwin MT,
and Lefer DJ. Cytoprotective effects of nitrite during in vivo isch-
emia-reperfusion of the heart and liver. J Clin Invest 115: 1232—
1240, 2005.
Echtay KS, Pakay JL, Esteves TC, and Brand MD. Hydrox-
ynonenal and uncoupling proteins: a model for protection against
oxidative damage. Biofactors 24: 119-130, 2005.
Facundo HT, Carreira RS, de Paula JG, Santos CC, Ferranti R,
Laurindo FR, and Kowaltowski AJ. Ischemic preconditioning re-
quires increases in reactive oxygen release independent of mito-
chondrial K+ channel activity. Lrgg Radic Biol Med 40: 469479,
2006.
Feng Q, Lu X, Jones DL, Shen J, and Arnold JM. Increased in-
ducible nitric oxide synthase expression contributes to myocar-
dial dysfunction and higher mortality after myocardial infarction
in mice. Circulation 104: 700-704, 2001.
Fiorillo C, Ponziani V, Giannini L, Cecchi C, Celli A, Nassi N,
Lanzilao L, Caporale R and Nassi P. Protective effects of the
PARP-1 inhibitor PJ34 in hypoxic-reoxygenated cardiomyoblasts.
Cell Mol Life Sci 63: 3061-3071, 2006.
Fiorucci S. NO-releasing NSAIDs are caspase inhibitors. Trends
Immunol 22: 232-235, 2001.
Fiorucci S, Antonelli E, Burgaud JL and Morelli A. Nitric oxide-
releasing NSAIDs: a review of their current status. Drug Saf 24:
801-811, 2001.
Fiorucci S, Di LA, Renga B, Farneti S, Morelli A, and Cirino
G. Nitric oxide (NO)-releasing naproxen (HCT-3012 [(S)-6-
methoxy-alpha-methyl-2-naphthaleneacetic acid 4-(nitrooxy)butyl
ester]) interactions with aspirin in gastric mucosa of arthritic rats
reveal a role for aspirin-triggered lipoxin, prostaglandins, and NO
in gastric protection. LRAgrmgcol Fan Ther311: 1264-1271, 2004.
Fleury C, Neverova M, Collins S, Raimbault S, Champigny O,
Levi-Meyrueis C, Bouillaud F, Seldin MF, Surwit RS, Ricquier
D, and Warden CH. Uncoupling protein-2: a novel gene linked
to obesity and hyperinsulinemia. Nat Genet 15: 269-272, 1997.
Garcia-Dorado D, Rodriguez-Sinovas A, Ruiz-Meana M, Inserte
J, Agullo L, and Cabestrero A. The end-effectors of precondi-
tioning protection against myocardial cell death secondary to isch-
emia-reperfusion. Cardiovasc Res 70: 274-285, 2006.
Garcia-Rivas GJ, Carvajal K, Correa F, and Zazueta C. Ru360, a
specific mitochondrial calcium uptake inhibitor, improves cardiac
post-ischaemic functional recovery in rats in vivo. Br_J Pharma-
col 149: 829-837, 2006.
Garlid KD, Dos SP, Xie ZJ, Costa AD, and Paucek P. Mito-
chondrial potassium transport: the role of the mitochondrial ATP-
sensmve K(+) channel in cardiac function and cardioprotection.
1606: 1-21, 2003.
Ghafourifar P and Sen CK. Mitochondrial nitric oxide synthase.
Front Biosci 12: 1072-1078, 2007.
Giuffre A, Barone MC, Mastronicola D, D’Itri E, Sarti P, and
Brunori M. Reaction of nitric oxide with the turnover intermedi-
ates of cytochrome c oxidase: reaction pathway and functional ef-
fects. Biochemistry 39: 15446-15453, 2000.
Gladwin MT, Lancaster JR Jr, Freeman BA, and Schechter AN.
Nitric oxide’s reactions with hemoglobin: a view through the
SNO-storm. Nat Med 9: 496-500, 2003.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

595

Granger DL, Taintor RR, Cook JL, and Hibbs JB Jr. Injury of
neoplastic cells by murine macrophages leads to inhibition of mi-
tochondrial respiration. J Clin Invest 65: 357-370, 1980.
Gross GJ and Fryer RM. Sarcolemmal versus mitochondrial ATP-
sensitive K+ channels and myocardial preconditioning. Circ Res
84: 973-979, 1999.
Gross WL, Bak MI, Ingwall JS, Arstall MA, Smith TW, Balli-
gand JL, and Kelly RA. Nitric oxide inhibits creatine kinase and
regulates rat heart contractile reserve. DrgeNatlAcgd Scl LS A
93: 5604-5609, 1996.
Gunter TE, Yule DI, Gunter KK, Eliseev RA, and Salter JD. Cal-
cium and mitochondria. FEBS Lett 567: 96—102, 2004.
Guo FQ. Response to Zemojtel et al: Plant nitric oxide synthase:
AtNOSI is just the beginning 2. Irends Plant Sci 11: 527-528,
2006.
Guo FQ and Crawford NM. Arabidopsis nitric oxide synthasel is
targeted to mitochondria and protects against oxidative damage
and dark-induced senescence. Plant Cell 17: 3436-3450, 2005.
Haendeler J, Zeiher AM, and Dimmeler S. Nitric oxide and apop-
tosis. Vitam Horm 57: 49-77, 1999.
Halestrap A. Biochemistry: a pore way to die. Nature 434:
578-579, 2005.
Halestrap AP. Calcium, mitochondria and reperfusion injury: a
pore way to die. 34: 232-237, 2006.
Halestrap AP, Clarke SJ, and Javadov SA. Mitochondrial perme-
ability transition pore opening during myocardial reperfusion: a
target for cardioprotection. Cgrdiovasc Res 61: 372-385, 2004.
Han D, Canali R, Garcia J, Aguilera R, Gallaher TK, and Cade-
nas E. Sites and mechanisms of aconitase inactivation by perox-
ynitrite: modulation by citrate and glutathione. Biochemistry 44:
11986-11996, 2005.
Hanley PJ and Daut J. K(ATP) channels and preconditioning: a
re-examination of the role of mitochondrial K(ATP) channels and
an overview of alternative mechanisms. LMol Cell Cardiol 39:
17-50, 2005.
Hanley PJ, Mickel M, Loffler M, Brandt U, and Daut J. K(ATP)
channel-independent targets of diazoxide and 5-hydroxyde-
canoate in the heart. J Physiol 542: 735-741, 2002.
Hao G, Derakhshan B, Shi L, Campagne F, and Gross SS.
SNOSID, a proteomic method for identification of cysteine S-ni-
trosylation sites in complex protein mixtures. Rroc Narl Acad Sci
U S A 103: 1012-1017, 2006.
Hardy DL, Clark JB, Darley-Usmar VM, and Smith DR. Reoxy-
genation of the hypoxic myocardium causes a mitochondrial com-
plex I defect. Biochem Soc Traus 18: 549, 1990.
Hardy L, Clark JB, Darley-Usmar VM, Smith DR, and Stone D.
Reoxygenation-dependent decrease in mitochondrial NADH:CoQ
reductase (complex I) activity in the hypoxic/reoxygenated rat
heart. Biochem J 274: 133-137, 1991.
Hashemy SI, Johansson C, Berndt C, Lillig CH, and Holmgren
A. Oxidation and S-nitrosylation of cysteines in human cytosolic
and mitochondrial glutaredoxins: effects on structure and activ-
ity. J Biol Chem 282: 14428-14436, 2007.
Hausenloy D, Wynne A, Duchen M, and Yellon D. Transient mi-
tochondrial permeability transition pore opening mediates precon-
ditioning-induced protection. Circulation 109: 1714-1717, 2004.
Hausenloy DJ, Duchen MR, and Yellon DM. Inhibiting mito-
chondrial permeability transition pore opening at reperfusion pro-
tects against ischaemia-reperfusion injury. Cardiovasc Res 60:
617-625, 2003.
Hausenloy DJ, Tsang A, and Yellon DM. The reperfusion injury
salvage kinase pathway: a common target for both ischemic pre-
conditioning and postconditioning. Lreuds Cardiongsc Med 15:
69-75, 2005.
Hausenloy DJ and Yellon DM. The mitochondrial permeability tran-
sition pore: its fundamental role in mediating cell death during is-
chaemia and reperfusion. LMol Cell Cardiol 35: 339-341, 2003.
Hausenloy DJ, Yellon DM, Mani-Babu S, and Duchen MR. Pre-
conditioning protects by inhibiting the mitochondrial permeabil-
ity transition. el el gialiielasial 787: H841-H849,
2004.
Heck DE. *NO, RSNO, ONOO—, NO+, *NOO, NOx: dynamic
regulation of oxidant scavenging, nitric oxide stores, and cyclic




596

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

GMP-independent cell signaling. Apfiguid Redox Sicugl 3:
249-260, 2001.

Heger J, Godecke A, Flogel U, Merx MW, Molojavyi A, Kuhn-
Velten WN, and Schrader J. Cardiac-specific overexpression of
inducible nitric oxide synthase does not result in severe cardiac
dysfunction. Circ Res 90: 93-99, 2002.
Hess DT, Matsumoto A, Kim SO, Marshall HE, and Stamler JS.
Protein S-nitrosylation: purview and parameters. Ngz Rev Mol Cell
Biol 6: 150-166, 2005.
Hoerter J, Gonzalez-Barroso MD, Couplan E, Mateo P, Gelly C,
Cassard-Doulcier AM, Diolez P, and Bouillaud F. Mitochondrial
uncoupling protein 1 expressed in the heart of transgenic mice
protects against ischemic-reperfusion damage. Circulation 110:
528-533, 2004.
Hoffman DL, Salter JD, and Brookes PS. Response of mito-
chondrial reactive oxygen species generation to steady-state oxy-
gen tension: 1mpllcat10ns for hypoxic cell signaling. Am J Phys-
L 292: H101-H108, 2007.
Hoffmann J, Haendeler J, Aicher A, Rossig L, Vasa M, Zeiher
AM, and Dimmeler S. Aging enhances the sensitivity of endo-
thelial cells toward apoptotic stimuli: important role of nitric ox-
ide. Circ Res 89: 709-715, 2001.
Hogg N, Kalyanaraman B, Joseph J, Struck A, and Parthasarathy
S. Inhibition of low-density lipoprotein oxidation by nitric oxide:
potential role in atherogenesis. FEBS Lett 334: 170-174, 1993.
Hoglinger GU, Oertel WH, and Hirsch EC. The rotenone model
of parkinsonism: the five years inspection. J Neural Transm Suppl
269-272, 2006.
Holmuhamedov EL, Jahangir A, Oberlin A, Komarov A, Colom-
bini M, and Terzic A. Potassium channel openers are uncoupling
protonophores: implication in cardioprotection. FEBS Lett 568:
167-170, 2004.
Holmuhamedov EL, Wang L, and Terzic A. ATP-sensitive K+
channel openers prevent Ca2+ overload in rat cardiac mitochon-

dria. J_Physiol (Lond) 519: 347-360, 1999.

Honda HM and Ping P. Mitochondrial permeability transition in
cardiac cell injury and death. Cgrdigugse Duyes Ther 20: 425—
432, 2006.

Hopper R, Lancaster B, and Garthwaite J. On the regulation of
NMDA receptors by nitric oxide. Eur J Neurosci 19: 1675-1682,
2004.

Hu H, Chiamvimonvat N, Yamagishi T, and Marban E. Direct in-
hibition of expressed cardiac L-type Ca2+ channels by S-ni-
trosothiol nitric oxide donors. Circ Res 81: 742-752, 1997.
Huang PL, Huang Z, Mashimo H, Bloch KD, Moskowitz MA,
Bevan JA, and Fishman MC. Hypertension in mice lacking the
gene for endothelial nitric oxide synthase. Nature 377: 239-242,
1995.

James AM, Sharpley MS, Manas AR, Frerman FE, Hirst J, Smith
RA, and Murphy MP. Interaction of the mitochondria-targeted
antioxidant mitoQ with phospholipid bilayers and ubiquinone ox-
idoreductases. J Biol Chem 2007.

Jones DP. DlSI’upthH of mitochondrial redox circuitry in oxida-
tive stress. 163: 38-53, 2006.

Jones SP and Bolli R. The ubiquitous role of nitric oxide in car-
dioprotection. LMol Cell Cardiol 40: 16-23, 2006.

Jones SP, Girod WG, Granger DN, Palazzo AJ, and Lefer DJ.
Reperfusion injury is not affected by blockade of P-selectin in the
diabetic mouse heart. Am J Physiol 277: H763-H769, 1999.
Jones SP, Girod WG, Palazzo AJ, Granger DN, Grisham MB,
Jourd’heuil D, Huang PL, and Lefer DJ. Myocardial ischemia-
reperfusion injury is exacerbated in absence of endothelial cell ni-
tric oxide synthase. Am_J Physiol 276: H1567-H1573, 1999.
Jones SP, Greer JJ, Kakkar AK, Ware PD, Turnage RH, Hicks
M, van HR, de CR, Kawashima S, Yokoyama M, and Lefer DJ.
Endothelial nitric oxide synthase overexpression attenuates myo-
cardial reperfusion injury. gkl e tienb e/ 786:
H276-H282, 2004.

Jones SP, Greer JJ, van HR, Duncker DJ, de CR, and Lefer DJ.
Endothelial nitric oxide synthase overexpression attenuates con-
gestive heart failure in mice. RugeelNatldeddeSaillSed 100:
4891-4896, 2003.

Jones SP and Lefer DJ. Myocardial reperfusion injury: insights

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

BURWELL AND BROOKES

gained from gene-targeted mice. News Phvsiol Sci 15: 303-308,
2000.

Juhaszova M, Zorov DB, Kim SH, Pepe S, Fu Q, Fishbein KW,
Ziman BD, Wang S, Ytrehus K, Antos CL, Olson EN, and Sol-
lott SJ. Glycogen synthase kinase-3beta mediates convergence of
protection signaling to inhibit the mitochondrial permeability tran-
sition pore. J Clin Invest 113: 1535-1549, 2004.
Kabir AM, Clark JE, Tanno M, Cao X, Hothershal JS, Dashnyam
S, Gorog DA, Bellahcene M, Shattock MJ, and Marber MS. Car-
dioprotection initiated by reactive oxygen spec1es is dependent on
the activation of PKCe. 291:
H1893-H1899, 2006.
Kadono T, Zhang XQ, Srinivasan S, Ishida H, Barry WH, and
Benjamin 1J. CRYAB and HSPB2 deficiency increases myocyte
mitochondrial permeability transition and mitochondrial calcium
uptake. LMol Cell Cardiol 40: 783-789, 2006.
Kanno S, Lee PC, Zhang Y, Ho C, Griffith BP, Shears LL, and
Billiar TR. Attenuation of myocardial ischemia/reperfusion injury
by superinduction of inducible nitric oxide synthase. Circulation
101: 2742-2748, 2000.
Katakam PV, Jordan JE, Snipes JA, Tulbert CD, Miller AW, and
Busija DW. Myocardial preconditioning against ischemia-reperfu-
sion injury 1s abolished in Zucker obese rats with insulin resistance.
292: R920-R926, 2007.
Kato K and Giulivi C. Critical overview of mitochondrial nitric-
oxide synthase. Front Biosci 11: 2725-2738, 2006.
Kehl F, Krolikowski JG, Mraovic B, Pagel PS, Warltier DC, and
Kersten JR. Hyperglycemia prevents isoflurane-induced precon-
ditioning against myocardial infarction. Anesthesiology 96:
183-188, 2002.
Kelso GF, Porteous CM, Hughes G, Ledgerwood EC, Gane AM,
Smith RA, and Murphy MP. Prevention of mitochondrial oxida-
tive damage using targeted antioxidants. Agp N Y Acad Sci 959:
263-274, 2002.
Kersten JR, Schmeling TJ, Orth KG, Pagel PS, and Warltier DC.
Acute hyperglycemia abolishes ischemic preconditioning in vivo.
Am J Physiol 275: H721-H725, 1998.
Kim JS, Ohshima S, Pediaditakis P, and Lemasters JJ. Nitric ox-
ide: a signaling molecule against mitochondrial permeability tran-
sition- and pH-dependent cell death after reperfusion. Free Radic
Biol Med 37: 1943-1950, 2004.
Kim YM, Bombeck CA, and Billiar TR. Nitric oxide as a bi-
functional regulator of apoptosis. Circ Res 84: 253-256, 1999.
Koeck T, Fu X, Hazen SL, Crabb JW, Stuehr DJ, and Aulak KS.
Rapid and selective oxygen-regulated protein tyrosine denitration
and nitration in mitochondria. J Biol Chem 279: 27257-27262,
2004.
Kokoszka JE, Waymire KG, Levy SE, Sligh JE, Cai J, Jones DP,
MacGregor GR, and Wallace DC. The ADP/ATP translocator is
not essential for the mitochondrial permeability transition pore.
Nature 427: 461-465, 2004.
Konorev EA, Tarpey MM, Joseph J, Baker JE, and Kalyanara-
man B. S-nitrosoglutathione improves functional recovery in the
isolated rat heart after cardioplegic ischemic arrest: evidence for
a cardioprotective effect of nitric oxide. LPhguugcal Fap Ther
274: 200-206, 1995.
Kwok WM and Aizawa K. Preconditioning of the myocardium
by volatile anesthetics. (it tiitmkiiiol
Agents 2: 249-255, 2004.
Lacza Z, Pankotai E, Csordas A, Gero D, Kiss L, Horvath EM,
Kollai M, Busija DW, and Szabo C. Mitochondrial NO and re-
active nitrogen species production: does mtNOS exist? Nitric Ox-
ide 14: 162-168, 2006.
Lacza Z, Snipes JA, Miller AW, Szabo C, Grover G, and Busija
DW. Heart mitochondria contain functional ATP-dependent K+
channels. LMol Cell Cardiol 35: 1339-1347, 2003.
Lancaster JR Jr. Nitroxidative, nitrosative, and nitrative stress: ki-
netic predictions of reactive nitrogen species chemistry under bi-
ological conditions. Chem Res Toxicol 19: 1160-1174, 2006.
Larkin S, Mull E, Miao W, Pittner R, Albrandt K, Moore C, Young
A, Denaro M, and Beaumont K. Regulation of the third member
of the uncoupling protein family, UCP3, by cold and thyroid hor-
mone. RigeheuRignlaRetlauuuy 240: 222-227,1997.



NITRIC OXIDE, MITOCHONDRIA, AND CARDIOPROTECTION

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

Lefer DJ, Scalia R, Campbell B, Nossuli T, Hayward R, Salamon
M, Grayson J, and Lefer AM. Peroxynitrite inhibits leukocyte-en-
dothelial cell interactions and protects against ischemia-reperfu-
sion injury in rats. J Clin Invest 99: 684—691, 1997.

Lesnefsky EJ, Chen Q, Moghaddas S, Hassan MO, Tandler B,
and Hoppel CL. Blockade of electron transport during ischemia
protects cardiac mitochondria. J Biol Chem 279: 47961-47967,
2004.

Lesnefsky EJ, Moghaddas S, Tandler B, Kerner J, and Hoppel
CL. Mitochondrial dysfunction in cardiac disease: ischemia-reper-
fusion, aging, and heart failure. LMol Cell Cardiol 33: 1065—
1089, 2001.

Lesnefsky EJ, Slabe TJ, Stoll MS, Minkler PE, and Hoppel CL.
Myocardial ischemia selectively depletes cardiolipin in rabbit
heart subsarcolemmal mitochondria. diielebkasialHogilCire
Physiol 280: H2770-H2778, 2001.

Levonen AL, Patel RP, Brookes P, Go YM, Jo H, Parthasarathy
S, Anderson PG, and Harley-Usmar VM. Mechanisms of cell sig-
naling by nitric oxide and peroxynitrite: from mitochondria to
MAP kinases. dggigxid Redox Siongl 3: 215-229, 2001.

Lima ES, Bonini MG, Augusto O, Barbeiro HV, Souza HP, and
Abdalla DS. Nitrated lipids decompose to nitric oxide and lipid
radicals and cause vasorelaxation. LrgeRadic Rigl Mcd 39:
532-539, 2005.

Lisa FD, Canton M, Menabo R, Kaludercic N, and Bernardi P.
Mitochondria and cardioprotection. Heart Fail Rey 12: 249-260,
2007.

Liu X, Pachori AS, Ward CA, Davis JP, Gnecchi M, Kong D,
Zhang L, Murduck J, Yet SF, Perrella MA, Pratt RE, Dzau VJ,
and Melo LG. Heme oxygenase-1 (HO-1) inhibits postmyocar-
dial infarct remodeling and restores ventricular function. FASEB
J 20: 207-216, 2006.

Liu Y, Sato T, O’Rourke B, and Marban E. Mitochondrial ATP-
dependent potassium channels: novel effectors of cardioprotec-
tion? Circulation 97: 2463-2469, 1998.

Lucas DT and Szweda LI. Declines in mitochondrial respiration
during cardiac reperfusion: age-dependent inactivation of alpha-
ketoglutarate dehydrogenase. RrgeNatLAcgd Sci IS A 96: 6689—
6693, 1999.

Mannick JB, Schonhoff C, Papeta N, Ghafourifar P, Szibor M,
Fang K, and Gaston B. S-Nitrosylation of mitochondrial caspases.
J Cell Biol 154: 1111-1116, 2001.

Maragos CM, Morley D, Wink DA, Dunams TM, Saavedra JE,
Hoffman A, Bove AA, Isaac L, Hrabie JA, and Keefer LK. Com-
plexes of .NO with nucleophiles as agents for the controlled bio-
logical release of nitric oxide: vasorelaxant effects. J Med Chem
34: 3242-3247, 1991.

Martin E, Rosenthal RE, and Fiskum G. Pyruvate dehydrogenase
complex: metabolic link to ischemic brain injury and target of ox-
idative stress. J Neurosci Res 79: 240-247, 2005.

Messner KR and Imlay JA. Mechanism of superoxide and hy-
drogen peroxide formation by fumarate reductase, succinate de-
hydrogenase, and aspartate oxidase. J Biol Chem 277: 42563—
42571, 2002.

Millan-Crow LA and Thompson JA. Tyrosine modifications and
inactivation of active site manganese superoxide dismutase mu-
tant (Y34F) by peroxynitrite. Azch Riockhem Bignhys 366: 8288,
1999.

Minners J, van den Bos EJ, Yellon DM, Schwalb H, Opie LH,
and Sack MN. Dinitrophenol, cyclosporin A, and trimetazidine
modulate preconditioning in the isolated rat heart: support for a
mitochondrial role in cardioprotection. Cardigovasc Res 47: 6873,
2000.

Miranda KM, Yamada K, Espey MG, Thomas DD, DeGraff W,
Mitchell JB, Krishna MC, Colton CA, and Wink DA. Further ev-
idence for distinct reactive intermediates from nitroxyl and per-
oxynitrite: effects of buffer composition on the chemistry of An-
geli’s salt and synthetic peroxynitrite. Azch Biochem Biophys 401:
134-144, 2002.

Mital S, Loke KE, Addonizio LJ, Oz MC, and Hintze TH. Left
ventricular assist device implantation augments nitric oxide de-
pendent control of mitochondrial respiration in failing human

hearts. LAz Coll Cardial 36: 1897-1902, 2000.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

597

Munzel T, Daiber A, and Mulsch A. Explaining the phenomenon
of nitrate tolerance. Circ Res 97: 618-628, 2005.

Murry CE, Jennings RB, and Reimer KA. Preconditioning with
ischemia: a delay of lethal cell injury in ischemic myocardium.
Circulation 74: 1124-1136, 1986.

Nadtochiy SM, Burwell LS, and Brookes PS. Cardioprotection
and mitochondrial S-nitrosation: effects of S-nitroso-2-mercapto-
propionyl glycine (SNO-MPG) in cardiac ischemia-reperfusion
injury. LMol Cell Cardiol 42: 812-825, 2007.

Nadtochiy SM, Tompkins AJ, and Brookes PS. Different mech-
anisms of mitochondrial proton leak in ischaemia/reperfusion in-
jury and preconditioning: implications for pathology and cardio-
protection. Biochem J 395: 611-618, 2006.

Nakai K, Togashi H, Yasukohchi T, Sakuma I, Fujii S, Yoshioka
M, Satoh H, and Kitabatake A. Preparation and characterization
of SNO-PEG-hemoglobin as a candidate for oxygen transporting
material. gt J Artf Qregns 24: 322-328, 2001.

Napoli C and Ignarro LJ. Nitric oxide-releasing drugs. Annu Rey
Dharmacol Toxicol 43: 97-123, 2003.

Nisoli E, Clementi E, Paolucci C, Cozzi V, Tonello C, Sciorati
C, Bracale R, Valerio A, Francolini M, Moncada S, and Carruba
MO. Mitochondrial biogenesis in mammals: the role of endoge-
nous nitric oxide. Science 299: 896-899, 2003.

Nossuli TO, Hayward R, Jensen D, Scalia R, and Lefer AM. Mech-
anisms of cardioprotection by peroxynitrite in myocardial ischemia
and reperfusion injury. Am J Physiol 275: H509-H519, 1998.
Nossuli TO, Hayward R, Scalia R, and Lefer AM. Peroxynitrite
reduces myocardial infarct size and preserves coronary endothe-
lium after ischemia and reperfusion in cats. Circulation 96: 2317—
2324, 1997.

Novalija E, Kevin LG, Camara AK, Bosnjak ZJ, Kampine JP, and
Stowe DF. Reactive oxygen species precede the epsilon isoform
of protein kinase C in the anesthetic preconditioning signaling
cascade. Anesthesiology 99: 421-428, 2003.

Nulton-Persson AC, Starke DW, Mieyal JJ, and Szweda LI. Re-
versible inactivation of alpha-ketoglutarate dehydrogenase in re-
sponse to alterations in the mitochondrial glutathione status. Bio-
chemistry 42: 4235-4242, 2003.

O’Donnell VB, Eiserich JP, Chumley PH, Jablonsky MJ, Krishna
NR, Kirk M, Barnes S, Harley-Usmar VM, and Freeman BA. Ni-
tration of unsaturated fatty acids by nitric oxide-derived reactive
nitrogen species peroxynitrite, nitrous acid, nitrogen dioxide, and
nitronium ion. Chem Res Toxicol 12: 83-92, 1999.

Pagliaro P, Mancardi D, Rastaldo R, Penna C, Gattullo D, Mi-
randa KM, Feelisch M, Wink DA, Kass DA, and Paolocci N. Ni-
troxyl affords thiol-sensitive myocardial protective effects akin to
early preconditioning. Ergg Radic Bigl Mcd 34: 33-43, 2003.
Pain T, Yang XM, Critz SD, Yue Y, Nakano A, Liu GS, Heusch
G, Cohen MV, and Downey JM. Opening of mitochondrial
K(ATP) channels triggers the preconditioned state by generating
free radicals. Circ Res 87: 460—466, 2000.

Paolocci N, Jackson MI, Lopez BE, Miranda K, Tocchetti CG,
Wink DA, Hobbs AJ, and Fukuto JM. The pharmacology of ni-
troxyl (HNO) and its therapeutic potential: not just the Janus face
of NO. Phagrmgcol Ther 113: 442-458, 2007.

Paradies G, Ruggiero FM, Petrosillo G, and Quagliariello E. Per-
oxidative damage to cardiac mitochondria: cytochrome oxidase
and cardiolipin alterations. FEBS Lett 424: 155-158, 1998.
Petrosillo G, Di VN, Ruggiero FM, Pistolese M, D’Agostino D,
Tiravanti E, Fiore T, and Paradies G. Mitochondrial dysfunction
associated with cardiac ischemia/reperfusion can be attenuated by
oxygen tension control: role of oxygen-free radicals and cardi-
olipin. Bigchim Rignhyus Actg 1710: 78-86, 2005.

Poderoso JJ, Carreras MC, Lisdero C, Riobo N, Schopfer F, and
Boveris A. Nitric oxide inhibits electron transfer and increases su-
peroxide radical production in rat heart mitochondria and submi-
tochondrial particles. Azch Rigchem Rignhyus 328: 85-92, 1996.
Poderoso JJ, Carreras MC, Schopfer F, Lisdero CL, Riobo NA,
Giulivi C, Boveris AD, Boveris A, and Cadenas E. The reaction
of nitric oxide with ubiquinol: kinetic properties and biological
significance. Erge Radic Biol Med 26: 925-935, 1999.

Qin Q, Yang XM, Cui L, Critz SD, Cohen MV, Browner NC,
Lincoln TM, and Downey JM. Exogenous NO triggers precondi-



598

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

tlomng via a cGMP and mltoKATP dependent mechanism. Am
287: H712-H718, 2004.
Radi R. Nitric oxide, oxidants, and protein tyrosine nitration. Proc
101: 4003-4008, 2004.
Radi R, Cassina A, Hodara R, Quijano C, and Castro L. Perox-
ynitrite reactions and formation in mitochondria. Eree Radic Bigl
Med 33: 1451-1464, 2002.
Ramachandran A, Levonen AL, Brookes PS, Ceaser E, Shiva S,
Barone MC, and Darley-Usmar V. Mitochondria, nitric oxide, and
cardiovascular dysfunction. Lrge Radic Bigl Med 33: 1465-1474,
2002.
Rezkalla SH and Kloner RA. Preconditioning in humans. Heart
Fail Rev 2007.
Riess ML, Stowe DF, and Warltier DC. Cardiac pharmacological
precondmomng with Volatlle anesthetlcs from bench to bedside?
286: H1603-H1607, 2004.
Ronson RS, Nakamura M, and Vinten-Johansen J. The cardio-
vascular effects and implications of peroxynitrite. Cardiovasc Res
44: 47-59, 1999.
Rossoni G, Manfredi B, Colonna VD, Bernareggi M, and Berti
F. The nitroderivative of aspirin, NCX 4016, reduces infarct size
caused by myocardial ischemia-reperfusion in the anesthetized rat.
J Pharmacol Exp Ther 297: 380-387, 2001.
Rouslin W. Mitochondrial complexes I, II, III, IV, and V in myo-
cardial ischemia and autolysis. Am_J Physiol 244: H743-H748,
1983.
Rubbo H, Radi R, Trujillo M, Telleri R, Kalyanaraman B, Barnes
S, Kirk M, and Freeman BA. Nitric oxide regulation of superox-
ide and peroxynitrite-dependent lipid peroxidation: formation of
novel nitrogen-containing oxidized lipid derivatives. J Biol Chem
269: 26066-26075, 1994.
Rubio AR and Morales-Segura MA. Nitric oxide, an iceberg in
cardiovascular physiology: far beyond vessel tone control. Arch
Med Res 35: 1-11, 2004.
Sadek HA, Humphries KM, Szweda PA, and Szweda LI. Selec-
tive inactivation of redox-sensitive mitochondrial enzymes dur-
ing cardiac reperfusion. Azch Riockew Bignhys 406: 222-228,
2002.
Sammut IA and Harrison JC. Cardiac mitochondrial complex ac-
tivity is enhanced by heat shock proteins. Clig Fxn Pharmacal
Physiol 30: 110-115, 2003.
Sarti P, Giuffre A, Forte E, Mastronicola D, Barone MC, and
Brunori M. Nitric oxide and cytochrome ¢ oxidase: mechanisms
of inhibition and NO degradation. BigeheiRignltReetauuuiy
274: 183-187, 2000.
Sasaki N, Sato T, Ohler A, O’Rourke B, and Marban E. Activa-
tion of mitochondrial ATP-dependent potassium channels by ni-
tric oxide. Circulation 101: 439-445, 2000.
Schafer G, Wegener C, Portenhauser R, and Bojanovski D. Dia-
zoxide, an inhibitor of succinate oxidation. Bigchem Pharmacol
18: 2678-2681, 1969.
Schonhoff CM, Gaston B, and Mannick JB. Nitrosylation of cy-
tochrome c¢ during apoptosis. J Biol Chem 278: 18265-18270,
2003.
Schopfer FJ, Lin Y, Baker PR, Cui T, Garcia-Barrio M, Zhang J,
Chen K, Chen YE, and Freeman BA. Nitrolinoleic acid: an en-
dogenous peroxisome proliferator-activated receptor gamma li-
gand. Brge Narl Acad Scr JLSA 102: 2340-2345, 2005.
Sharp BR, Jones SP, Rimmer DM, and Lefer DJ. Differential re-
sponse to myocardial reperfusion injury in eNOS-deficient mice.
il e e laisiad 787 H2422-H2426, 2002.
Sharpe MA and Cooper CE. Reactions of nitric oxide with mito-
chondrial cytochrome c: a novel mechanism for the formation of
nitroxyl anion and peroxynitrite. Biochem J 332: 9-19, 1998.
Shiva S, Sack MN, Greer JJ, Duranski M, Ringwood LA, Burwell
L, Wang X, MacArthur PH, Shoja A, Raghavachari N, Calvert JW,
Brookes PS, Lefer DJ, and Gladwin MT. Nitrite augments toler-
ance to ischemia-reperfusion injury via the modulation of mito-
chondrial electron transfer. J Exp Med 204: 2089-2102, 2007.
Shiva S, Crawford JH, Ramachandran A, Ceaser EK, Hillson T,
Brookes PS, Patel RP, and Darley-Usmar VM. Mechanisms of
the interaction of nitroxyl with mitochondria. Biochem J 379:
359-366, 2004.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

231.

232.

BURWELL AND BROOKES

Shiva S, Huang Z, Grubina R, Sun J, Ringwood LA, MacArthur
PH, Xu X, Murphy E, Darley-Usmar VM, and Gladwin MT. De-
oxymyoglobin is a nitrite reductase that generates nitric oxide
and regulates mitochondrial respiration. Circ Res 100: 654—661,
2007.
Shug AL and Subramanian R. Modulation of adenine nucleotide
translocase activity during myocardial ischemia. Z_Kardiol
76(suppl 5): 26-33, 1987.
Snoeckx LH, Cornelussen RN, van Nieuwenhoven FA, Reneman
RS, and van d, V. Heat shock proteins and cardiovascular patho-
physiology. Physiol Rey 81: 1461-1497, 2001.
Sonveaux P, Kaz AM, Snyder SA, Richardson RA, Cardenas-
Navia LI, Braun RD, Pawloski JR, Tozer GM, Bonaventura J,
McMahon TJ, Stamler JS, and Dewhirst MW. Oxygen regulation
of tumor perfusion by S-nitrosohemoglobin reveals a pressor ac-
tivity of nitric oxide. Circ Res 96: 1119-1126, 2005.
Stachowiak O, Dolder M, Wallimann T, and Richter C. Mito-
chondrial creatine kinase is a prime target of peroxynitrite-induced
modification and inactivation. J Biol Chem 273: 16694—-16699,
1998.
Steffen M, Sarkela TM, Gybina AA, Steele TW, Trasseth NJ,
Kuehl D, and Giulivi C. Metabolism of S-nitrosoglutathione in
intact mitochondria. Biochem J 356: 395-402, 2001.
Stone D, Darley-Usmar V, Smith DR, and O’Leary V. Hypoxia-
reoxygenation induced increase in cellular Ca2+ in myocytes and
perfused hearts: the role of mitochondria. LMol Cell Cardiol 21:
963-973, 1989.
Stone D, Darley-Usmar VM, and Martin JF. Calcium fluxes and
reperfusion damage: the role of mitochondria. In: Myocardial Re-
sponse to Acute Injury, edited by Parratt JR. Basingstoke, UK:
Macmillan, 1992 pp. 67-79.
Stowe DF, Aldakkak M, Camara AK, Riess ML, Heinen A,
Varadarajan SG, and Jiang MT. Cardiac mitochondrial precondi-
tioning by Big Ca2+-sensitive K+ channel opening requires su-
peroxide radical generation. el basiabtlecibtiiebinsial 790:
H434-H440, 2006.
Stoyanovsky D, Murphy T, Anno PR, Kim YM, and Salama G.
Nitric oxide activates skeletal and cardiac ryanodine receptors.
Cell Calcium 21: 19-29, 1997.
Struthers AD. Pathophysiology of heart failure following myo-
cardial infarction. Heart 91(suppl 2): ii14-iil6, 2005.
Sun J, Picht E, Ginsburg KS, Bers DM, Steenbergen C, and Mur-
phy E. Hypercontractile female hearts exhibit increased S-nitro-
sylation of the L-type Ca2+ channel alphal subunit and reduced
ischemia/reperfusion injury. Circ Res 98: 403—411, 2006.
Sun JZ, Tang XL, Park SW, Qiu Y, Turrens JF, and Bolli R. Ev-
idence for an essential role of reactive oxygen species in the gen-
esis of late preconditioning against myocardial stunning in con-
scious pigs. J Clin Invest 97: 562-576, 1996.
Szabo C. Poly(ADP-ribose) polymerase activation by reactive ni-
trogen species: relevance for the pathogenesis of inflammation.
Nitric Oxide 14: 169-179, 2006.
Tanonaka K, Iwai T, Motegi K, and Takeo S. Effects of N-(2-
mercaptopropionyl)-glycine on mitochondrial function in isch-
emic-reperfused heart. Cgrdiovasc Res 57: 416-425, 2003.
Teshima Y, Akao M, Jones SP, and Marban E. Uncoupling pro-
tein-2 overexpression inhibits mitochondrial death pathway in car-
diomyocytes. Circ Res 93: 192-200, 2003.
Thomas DD, Liu X, Kantrow SP, and Lancaster JR Jr. The bio-
logical lifetime of nitric oxide: implications for the perivascular
dynamics of NO and O,. BrgeNatldcgd Sl LLS A 98: 355-360,
2001.
Tompkins AJ, Burwell LS, Digerness SB, Zaragoza C, Holman
WL, and Brookes PS. Mitochondrial dysfunction in cardiac isch-
emla reperfusmn injury: ROS from complex I, without inhibition.
1762: 223-231, 2006.
Tretter L and dam Vizi V. Alpha-ketoglutarate dehydrogenase: a
target and generator of oxidative stress. Roil Tuguc R .S Tond B
Biol Sci 360: 2335-2345, 2005.
Tripathi Y, Hegde BM, Rai YS, and Raghuveer CV. Effect of N-
2-mercaptopropionylglycine in limiting myocardial reperfusion
injury following 90 minutes of ischemia in dogs. [ndian J Phys-
ol Pharmacol 44: 290-296, 2000.




NITRIC OXIDE, MITOCHONDRIA, AND CARDIOPROTECTION

233.

234.

235.

236.

237.

238.

239.

240.

241.

242.

243.

244.

245.

246.

247.

248.

249.

Trochu JN, Bouhour JB, Kaley G, and Hintze TH. Role of endo-
thelium-derived nitric oxide in the regulation of cardiac oxygen
metabolism: implications in health and disease. Circ Res 87:
1108-1117, 2000.
Tsang A, Hausenloy DJ, Mocanu MM, and Yellon DM. Post-
conditioning: a form of “modified reperfusion” protects the my-
ocardium by activating the phosphatidylinositol 3-kinase-Akt
pathway. Circ Res 95: 230-232, 2004.
Turan N, Csonka C, Csont T, Giricz Z, Fodor G, Bencsik P, Gy-
ongyosi M, Cakici I, and Ferdinandy P. The role of peroxynitrite
in chemical preconditioning with 3-nitropropionic acid in rat
hearts. Cardigvasc Res 70: 384-390, 2006.
Turrens JF, Beconi M, Barilla J, Chavez UB, and McCord JM.
Mitochondrial generation of oxygen radicals during reoxygena-
tion of ischemic tissues. Free Radic Res Commun 12—-13, Pt 2:
681-689, 1991.
Turrens JF and Boveris A. Generation of superoxide anion by the
NADH dehydrogenase of bovine heart mitochondria. Biochem J
191: 421-427, 1980.
Valdez LB and Boveris A. Mitochondrial nitric oxide synthase, a
voltage-dependent enzyme, is responsible for nitric oxide diffu-
sion to cytosol. Front Biosci 12: 1210-1219, 2007.
van der Vliet A, Eiserich JP, Halliwell B, and Cross CE. Forma-
tion of reactive nitrogen species during peroxidase-catalyzed ox-
idation of nitrite: a potential additional mechanism of nitric ox-
ide-dependent toxicity. J Biol Chem 272: 7617-7625, 1997.
vanden Hoek TL, Becker LB, Shao Z, Li C, and Schumacker PT.
Reactive oxygen species released from mitochondria during brief
hypoxia induce preconditioning in cardiomyocytes. J Biol Chem
273: 18092-18098, 1998.
Vlasova II, Tyurin VA, Kapralov AA, Kurnikov IV, Osipov AN,
Potapovich MV, Stoyanovsky DA, and Kagan VE. Nitric oxide
inhibits peroxidase activity of cytochrome c/cardiolipin complex
and blocks cardiolipin oxidation. J Biol Chem 281: 14554-14562,
2006.
Wainwright CL, Miller AM, Work LM, and Del SP. NCX4016
(NO-aspirin) reduces infarct size and suppresses arrhythmias fol-
lowing myocardial ischaemia/reperfusion in pigs. Br_J Pharma-
col 135: 18821888, 2002.
Wang G, Liem DA, Vondriska TM, Honda HM, Korge P, Pan-
taleon DM, Qiao X, Wang Y, Weiss JN, and Ping P. Nitric ox-
ide donors protect murine myocardium against infarction via mod-
ulation of mitochondrial permeability transition. Am_J Physiol
Hearr Cire Physiol 288: H1290-H1295, 2005.
Wang Y, Hirai K, and Ashraf M. Activation of mitochondrial
ATP-sensitive K(+) channel for cardiac protection against isch-
emic injury is dependent on protein kinase C activity. Circ Res
85: 731-741, 1999.
Waterhouse NJ, Ricci JE, and Green DR. And all of a sudden it’s
over: mitochondrial outer-membrane permeabilization in apopto-
sis. Biochimie 84: 113-121, 2002.
Wayman NS, Hattori Y, McDonald MC, Mota-Filipe H, Cuz-
zocrea S, Pisano B, Chatterjee PK, and Thiemermann C. Ligands
of the peroxisome proliferator-activated receptors (PPAR-gamma
and PPAR-alpha) reduce myocardial infarct size. FASEB J 16:
1027-1040, 2002.
Webb A, Bond R, McLean P, Uppal R, Benjamin N, and
Ahluwalia A. Reduction of nitrite to nitric oxide during ischemia
protects against myocardial ischemia-reperfusion damage. Proc
1 101: 13683-13688, 2004.
Weber NC, Toma O, Wolter JI, Obal D, Mullenheim J, Preckel
B, and Schlack W. The noble gas xenon induces pharmacologi-
cal preconditioning in the rat heart in vivo via induction of PKC-
epsilon and p38 MAPK. Br.J Pharmacol 144: 123-132, 2005.
Wink DA, Feelisch M, Fukuto J, Chistodoulou D, Jourd’heuil D,
Grisham MB, Vodovotz Y, Cook JA, Krishna M, DeGraff WG,
Kim S, Gamson J, and Mitchell JB. The cytotoxicity of nitroxyl:
possible implications for the pathophysiological role of NO. Arch

Biochem Biophvs 351: 66-74, 1998.

250.

251.

252.

253.

254.

255.

256.

257.

258.

259.

260.

261.

262.

263.

599

Wright MM, Schopfer FJ, Baker PR, Vidyasagar V, Powell P,
Chumley P, Iles KE, Freeman BA, and Agarwal A. Fatty acid
transduction of nitric oxide signaling: nitrolinoleic acid potently
activates endothelial heme oxygenase 1 expression. Proc Natl
Acad Sci U S A 103: 42994304, 2006.

Xu L, Eu JP, Meissner G, and Stamler JS. Activation of the car-
diac calcium release channel (ryanodine receptor) by poly-S-ni-
trosylation. Science 279: 234-237, 1998.

Xu S, Ying J, Jiang B, Guo W, Adachi T, Sharov V, Lazar H,
Menzoian J, Knyushko TV, Bigelow D, Schoneich C, and Cohen
RA. Detection of sequence-specific tyrosine nitration of man-
ganese SOD and SERCA in cardiovascular disease and aging. Am
imbbasial et e Rhasial 290: H2220-H2227, 2006.

Yabuki M, Tsutsui K, Horton AA, Yoshioka T, and Utsumi K.
Caspase activation and cytochrome c release during HL-60 cell
apoptosis induced by a nitric oxide donor. Eree Radic Res 32:
507-514, 2000.

Yamamura K, Steenbergen C, and Murphy E. Protein kinase C
and preconditioning: role of the sarcoplasmic reticulum. Am J
BhasielHegu Clre Phucial 289: H2484-H2490, 2005.

Yasinska IM and Sumbayev VV. S-nitrosation of Cys-800 of HIF-
lalpha protein activates its interaction with p300 and stimulates
its transcriptional activity. FEBS Lett 549: 105-109, 2003.
Yellon DM and Downey JM. Preconditioning the myocardium:
from cellular physiology to clinical cardiology. Physiol Rev 83:
1113-1151, 2003.

Yoshida T, Inoue R, Morii T, Takahashi N, Yamamoto S, Hara
Y, Tominaga M, Shimizu S, Sato Y, and Mori Y. Nitric oxide ac-
tivates TRP channels by cysteine S-nitrosylation. Nat Chem Biol
2: 596-607, 2006.

Zaugg M and Schaub MC. Signaling and cellular mechanisms in
cardiac protection by ischemic and pharmacological precondi-
tioning. LMuscle Res Cell Manl 24: 219-249, 2003.

Zemojtel T, Frohlich A, Palmieri MC, Kolanczyk M, Mikula I,
Wyrwicz LS, Wanker EE, Mundlos S, Vingron M, Martasek P,
and Durner J. Plant nitric oxide synthase: a never-ending story?
Lrends Plgnt Sci 11: 524-525, 2006.

Zemojtel T, Wade RC, and Dandekar T. In search of the proto-
type of nitric oxide synthase. FEBS Lett 554: 1-5, 2003.

Zhang Y and Hogg N. The mechanism of transmembrane S-ni-
trosothiol transport. SegeNatl Acgd S LS4 101: 7891-7896,
2004.

Zhao K, Zhao GM, Wu D, Soong Y, Birk AV, Schiller PW, and
Szeto HH. Cell-permeable peptide antioxidants targeted to inner
mitochondrial membrane inhibit mitochondrial swelling, oxida-
tive cell death, and reperfusion injury. J_Biol Chem 279:
34682-34690, 2004.

Zhao ZQ, Corvera JS, Halkos ME, Kerendi F, Wang NP, Guyton
RA, and Vinten-Johansen J. Inhibition of myocardial injury by
ischemic postconditioning during reperfusion: comparison with

ischemic preconditioning. gt laiattliccinticebiisial 785:
H579-H588, 2003.

Address reprint requests to:

Paul S. Brookes, Ph.D.

Department of Anesthesiology, Box 604
University of Rochester Medical Center
601 Elmwood Avenue

Rochester, NY 14642

E-mail: paul_brookes @urmc.rochester.edu

Date of first submission to ARS Central, July 20, 2007; date of
final revised submission, July 26, 2007; date of acceptance, Au-
gust 12, 2007.






Thisarticle has been cited by:

1. Meilying Yang, Amadou K.S. Camara, Bassam T. Wakim, Yifan Zhou, Ashish K. Gadicherla, Wai-Meng Kwok, David
F. Stowe. 2012. Tyrosine nitration of voltage-dependent anion channels in cardiac ischemia-reperfusion: reduction by
peroxynitrite scavenging. Biochimica et Biophysica Acta (BBA) - Bioenergetics 1817:11, 2049-2059. [ CrossRef]

2.Bradley A. Maron , Shiow-Shih Tang , Joseph Loscalzo . S-Nitrosothiols and the S-Nitrosoproteome of the Cardiovascular
System. Antioxidants & Redox Sgnaling, ahead of print. [Abstract] [Full Text HTML] [Full Text PDF] [Full Text PDF with
Links]

3. Jackie Yan-Yan Chan, AilsaChui-Ying Y uen, RobbieY at-Kan Chan, Shun-Wan Chan. 2012. A Review of the Cardiovascular
Benefits and Antioxidant Properties of Allicin. Phytotherapy Research n/a-n/a. [ CrossRef]

4. loannis Anestopoulos, Anthula Kavo, loannis Tentes, Alexandros Kortsaris, Mihalis Panayiotidis, Antigone Lazou, Aglaia
Pappa. 2012. Silibinin protects H9c2 cardiac cells from oxidative stress and inhibits phenylephrine-induced hypertrophy:
potential mechanisms. The Journal of Nutritional Biochemistry . [CrossRef]

5. Zhenzhen Chen, Qingling Li, Qiangian Sun, Hao Chen, Xu Wang, Na Li, Miao Yin, Yanxia Xie, Hongmin Li, Bo Tang.
2012. Simultaneous Determination of Reactive Oxygen and Nitrogen Species in Mitochondrial Compartments of Apoptotic
HepG2 Cellsand PC12 Cells Based On Microchip Electrophoresis—L aser-Induced Fluorescence. Analytical Chemistry 84:11,
4687-4694. [CrossRef]

6. Wei Wu, Peng Liu, Janyong Li. 2012. Necroptosis: An emerging form of programmed cell death. Critical Reviews in
Oncology/Hematology 82:3, 249-258. [ CrossRef]

7. Andreas Redel, Jan Stumpner, Thorsten M. Smul, Markus Lange, Virginija Jazbutyte, Douglas G. Ridyard, Norbert Roewer,
Franz Kehl. 2012. Endothelial Nitric Oxide Synthase Mediates the First and Inducible Nitric Oxide Synthase M ediates the
Second Window of Desflurane-Induced Preconditioning. Journal of Cardiothoracic and Vascular Anesthesia . [ CrossRef]

8. Markus M. Bachschmid, Stefan Schildknecht, Reiko Matsui, Rebecca Zee, Dagmar Haeussler, Richard A. Cohen, David
Pimental, Bernd van der Loo. 2012. Vascular aging: Chronic oxidative stress and impairment of redox signaling—
consequences for vascular homeostasis and disease. Annals of Medicine 1-20. [ CrossRef]

9. Philip Y. Lam, Kam Ming Ko. 2012. Schisandrin B as a Hormetic Agent for Preventing Age-Related Neurodegenerative
Diseases. Oxidative Medicine and Cellular Longevity 2012, 1-9. [ CrossRef]

10. Jun Y oshioka, William A. Chutkow, Samuel Lee, Jae Bum Kim, Jie Yan, Rong Tian, Merry L. Lindsey, Edward P. Feener,
Christine E. Seidman, Jonathan G. Seidman, Richard T. Lee. 2011. Deletion of thioredoxin-interacting proteinin miceimpairs
mitochondrial function but protects the myocardium from ischemia-reperfusion injury. Journal of Clinical Investigation .
[CrossRef]

11. MilosFilipovic, Jan Miljkovic, AndreaALL GAEUER, Ricardo Chaurio, Tatyana Shubina, Martin Herrmann, Ivanalvanovic-
Burmazovic. 2011. Biochemical insight into physiological effects of H2S: reaction with peroxynitrite and formation of anew
nitric oxide donor, sulfinyl nitrite. Biochemical Journal . [CrossRef]

12. P. M. Abadir, D. B. Foster, M. Crow, C. A. Cooke, J. J. Rucker, A. Jain, B. J. Smith, T. N. Burks, R. D. Cohn, N. S. Fedarko,
R. M. Carey, B. O'Rourke, J. D. Walston. 2011. Identification and characterization of afunctional mitochondrial angiotensin
system. Proceedings of the National Academy of Sciences 108:36, 14849-14854. [ CrossRef]

13. Ester Spagnolli, Warren M. Zapol The Role of Reactive Oxygen and Nitrogen Species in Ischemia/Reperfusion Injury 63-77.
[CrossRef]

14. Elizabeth Murphy, Charles Steenbergen. 2011. What makes the mitochondria a killer? Can we condition them to be less
destructive?. Biochimica et Biophysica Acta (BBA) - Molecular Cell Research 1813:7, 1302-1308. [ CrossRef]

15. Bruno B. Queliconi, Andrew P. Wojtovich, Sergiy M. Nadtochiy, Alicia J. Kowatowski, Paul S. Brookes. 2011. Redox
regulation of the mitochondrial KATP channel in cardioprotection. Biochimica et Biophysica Acta (BBA) - Molecular Cell
Research 1813:7, 1309-1315. [CrossRef]

16. Sergiy M. Nadtochiy, Emily K. Redman. 2011. Mediterranean diet and cardioprotection: The role of nitrite, polyunsaturated
fatty acids, and polyphenols. Nutrition 27:7-8, 733-744. [ CrossRef]

17. Bernhard Kadenbach, Rabia Ramzan, Rainer M oosdorf, Sebastian VVogt. 2011. Therole of mitochondrial membrane potential
in ischemic heart failure. Mitochondrion . [CrossRef]

18. Pasguale Pagliaro , Francesca Moro , Francesca Tullio , Maria-Giulia Perrelli , Claudia Penna . 2011. Cardioprotective

Pathways During Reperfusion: Focus on Redox Signaling and Other Modalities of Cell Signaling. Antioxidants & Redox
Sgnaling 14:5, 833-850. [Abstract] [Full Text HTML] [Full Text PDF] [Full Text PDF with Links]


http://dx.doi.org/10.1016/j.bbabio.2012.06.004
http://dx.doi.org/10.1089/ars.2012.4744
http://online.liebertpub.com/doi/full/10.1089/ars.2012.4744
http://online.liebertpub.com/doi/pdf/10.1089/ars.2012.4744
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2012.4744
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2012.4744
http://dx.doi.org/10.1002/ptr.4796
http://dx.doi.org/10.1016/j.jnutbio.2012.02.009
http://dx.doi.org/10.1021/ac300255n
http://dx.doi.org/10.1016/j.critrevonc.2011.08.004
http://dx.doi.org/10.1053/j.jvca.2012.04.015
http://dx.doi.org/10.3109/07853890.2011.645498
http://dx.doi.org/10.1155/2012/250825
http://dx.doi.org/10.1172/JCI44927
http://dx.doi.org/10.1042/BJ20111389
http://dx.doi.org/10.1073/pnas.1101507108
http://dx.doi.org/10.1002/9781119975427.ch5
http://dx.doi.org/10.1016/j.bbamcr.2010.09.003
http://dx.doi.org/10.1016/j.bbamcr.2010.11.005
http://dx.doi.org/10.1016/j.nut.2010.12.006
http://dx.doi.org/10.1016/j.mito.2011.06.001
http://dx.doi.org/10.1089/ars.2010.3245
http://online.liebertpub.com/doi/full/10.1089/ars.2010.3245
http://online.liebertpub.com/doi/pdf/10.1089/ars.2010.3245
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2010.3245

19. Qunli Cheng, Filip Sedlic, Danijel Pravdic, Zeljko J. Bosnjak, Wai-Meng Kwok. 2011. Biphasic effect of nitric oxide on the
cardiac voltage-dependent anion channel. FEBS Letters 585:2, 328-334. [ CrossRef]

20. Eddie Weitzberg, Michael Hezel, Jon O. Lundberg. 2010. Nitrate-Nitrite-Nitric Oxide Pathway. Anesthesiology 113:6,
1460-1475. [CrossRef]

21. M. Gucek, E. Murphy. 2010. What can we learn about cardioprotection from the cardiac mitochondrial proteome?.
Cardiovascular Research 88:2, 211-218. [CrossRef]

22.Lesley A. Kane, Richard J. Youle. 2010. Mitochondrial fission and fusion and their roles in the heart. Journal of Molecular
Medicine 88:10, 971-979. [ CrossRef]

23. Amadou K.S. Camara, Edward J. Lesnefsky , David F. Stowe . 2010. Potential Therapeutic Benefits of Strategies Directed

to Mitochondria. Antioxidants & Redox Signaling 13:3, 279-347. [Abstract] [Full Text HTML] [Full Text PDF] [Full Text
PDF with Links]

24. Robert M. Bell, Derek M. Yellon. 2010. Thereis Moreto Life than Revascularization: Therapeutic Targeting of Myocardial
Ischemia/Reperfusion Injury. Cardiovascular Therapeutics no-no. [ CrossRef]

25. AttilaKiss, Laszl6 Juhész, Gydrgy Seprényi, Krisztina Kupai, Jozsef Kaszaki, Agnes Végh. 2010. The role of nitric oxide,
superoxide and peroxynitrite in the anti-arrhythmic effects of preconditioning and peroxynitrite infusion in anaesthetized
dogs. British Journal of Pharmacology 160:5, 1263-1272. [ CrossRef]

26. Elinor J. Griffiths, Dirki Balaska, Wendy H.Y. Cheng. 2010. The ups and downs of mitochondrial calcium signalling in the
heart. Biochimica et Biophysica Acta (BBA) - Bioenergetics 1797:6-7, 856-864. [ CrossRef]

27.2010. Periodic acceleration (pGz) prior to whole body Ischemia reperfusion injury provides early cardioprotective
preconditioning. Life Sciences 86:19-20, 707-715. [ CrossRef]

28. Julien Amour, AnnaK. Brzezinska, Zachary Jager, Corbin Sullivan, Dorothee Weihrauch, Jianhai Du, NikolinaVladic, Yang
Shi, David C. Warltier, Phillip F. Pratt, Judy R. Kersten. 2010. Hyperglycemia Adversely Modulates Endothelial Nitric Oxide
Synthase during Anesthetic Preconditi oning through Tetrahydrobi opterin—and Heat Shock Protein 90-mediated M echanisms.
Anesthesiology 112:3, 576-585. [ CrossRef]

29. Sruti Shiva. 2010. Mitochondria as metabolizers and targets of nitrite. Nitric Oxide 22:2, 64-74. [ CrossRef]

30. Giorgio Lenaz, Paola StrocchiReactive Oxygen Species in the Induction of Toxicity . [CrossRef]

31.Ling Li, Bo Zhang, Yugian Tao, Ying Wang, Huan Wei, Jia Zhao, Ruxun Huang, Zhong Pei. 2009. dI-3-n-butylphthalide
protects endothelial cells against oxidative/nitrosative stress, mitochondrial damage and subsequent cell death after oxygen
glucose deprivation in vitro. Brain Research 1290, 91-101. [CrossRef]

32. SDROSE. 2009. Ambivalent effects of diazoxide on mitochondrial ROS production at respiratory chain complexes| and I11.
Biochimica et Biophysica Acta (BBA) - General Subjects 1790:6, 558-565. [ CrossRef]

33.Lindsay S. Burwell, Sergiy M. Nadtochiy, Paul S. Brookes. 2009. Cardioprotection by metabolic shut-down and gradual
wake-up. Journal of Molecular and Cellular Cardiology 46:6, 804-810. [ CrossRef]

34. Sergiy M. Nadtochiy, Lindsay S. Burwell, Christopher A. Ingraham, Cody M. Spencer, Alan E. Friedman, Carl A. Pinkert,
Paul S. Brookes. 2009. Invivo cardioprotection by S-nitroso-2-mercaptopropionyl glycine. Journal of Molecular and Cellular
Cardiology 46:6, 960-968. [ CrossRef]

35. D. Brian Foster, Jennifer E. Van Eyk, Eduardo Marban, Brian O’ Rourke. 2009. Redox signaling and protein phosphorylation
in mitochondria: progress and prospects. Journal of Bioenergetics and Biomembranes 41:2, 159-168. [ CrossRef]

36. Andrew P. Wojtovich, Paul S. Brookes. 2009. The complex Il inhibitor atpenin A5 protects against cardiac ischemia
reperfusion injury viaactivation of mitochondrial KATP channels. Basic Research in Cardiology 104:2, 121-129. [ CrossRef]

37.Vikas Kumar, Nailya Kitaeff, Mark B. Hampton, Mark B. Cannell, Christine C. Winterbourn. 2009. Reversible oxidation
of mitochondrial peroxiredoxin 3 in mouse heart subjected to ischemia and reperfusion. FEBS Letters 583:6, 997-1000.
[CrossRef]

38. Rong Zhang, Y asushi Mio, Philip F. Pratt, Nicole Lohr, David C. Warltier, Harry T. Whelan, Daling Zhu, Elizabeth R. Jacobs,
Meetha Medhora, Martin Bienengraeber. 2009. Near infrared light protects cardiomyocytes from hypoxia and reoxygenation
injury by anitric oxide dependent mechanism. Journal of Molecular and Cellular Cardiology 46:1, 4-14. [CrossRef]

39. S. M. Nadtochiy, P. R.S. Baker, B. A. Freeman, P. S. Brookes. 2008. Mitochondrial nitroalkeneformation and mild uncoupling
in ischaemic preconditioning: implications for cardioprotection. Cardiovascular Research 82:2, 333-340. [ CrossRef]

40. Maik Hittemann, Icksoo Lee, AlenaPecinova, Petr Pecina, Karin Przyklenk, Jeffrey W. Doan. 2008. Regulation of oxidative

phosphorylation, the mitochondrial membrane potential, and their role in human disease. Journal of Bioenergetics and
Biomembranes 40:5, 445-456. [ CrossRef]


http://dx.doi.org/10.1016/j.febslet.2010.12.008
http://dx.doi.org/10.1097/ALN.0b013e3181fcf3cc
http://dx.doi.org/10.1093/cvr/cvq277
http://dx.doi.org/10.1007/s00109-010-0674-6
http://dx.doi.org/10.1089/ars.2009.2788
http://online.liebertpub.com/doi/full/10.1089/ars.2009.2788
http://online.liebertpub.com/doi/pdf/10.1089/ars.2009.2788
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2009.2788
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2009.2788
http://dx.doi.org/10.1111/j.1755-5922.2010.00190.x
http://dx.doi.org/10.1111/j.1476-5381.2010.00774.x
http://dx.doi.org/10.1016/j.bbabio.2010.02.022
http://dx.doi.org/10.1016/j.lfs.2010.02.022
http://dx.doi.org/10.1097/ALN.0b013e3181cded1f
http://dx.doi.org/10.1016/j.niox.2009.09.002
http://dx.doi.org/10.1002/9780470744307.gat024
http://dx.doi.org/10.1016/j.brainres.2009.07.020
http://dx.doi.org/10.1016/j.bbagen.2009.01.011
http://dx.doi.org/10.1016/j.yjmcc.2009.02.026
http://dx.doi.org/10.1016/j.yjmcc.2009.01.012
http://dx.doi.org/10.1007/s10863-009-9217-7
http://dx.doi.org/10.1007/s00395-009-0001-y
http://dx.doi.org/10.1016/j.febslet.2009.02.018
http://dx.doi.org/10.1016/j.yjmcc.2008.09.707
http://dx.doi.org/10.1093/cvr/cvn323
http://dx.doi.org/10.1007/s10863-008-9169-3

41. D Brian Foster, Brian O’ Rourke, Jennifer E Van Eyk. 2008. What can mitochondrial proteomicstell usabout cardioprotection
afforded by preconditioning?. Expert Review of Proteomics 5:5, 633-636. [ CrossRef]

42. Andrew P. Wojtovich, Paul S. Brookes. 2008. The endogenous mitochondrial complex Il inhibitor malonate regulates
mitochondrial ATP-sensitive potassium channels: Implications for ischemic preconditioning. Biochimica et Biophysica Acta
(BBA) - Bioenergetics 1777:7-8, 882-889. [ CrossRef]

43. Jeffrey S. Armstrong . 2008. Mitochondria-Directed Therapeutics. Antioxidants & Redox Sgnaling 10:3, 575-578. [Abstract]
[Full Text PDF] [Full Text PDF with Links]


http://dx.doi.org/10.1586/14789450.5.5.633
http://dx.doi.org/10.1016/j.bbabio.2008.03.025
http://dx.doi.org/10.1089/ars.2007.1929
http://online.liebertpub.com/doi/pdf/10.1089/ars.2007.1929
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2007.1929

