
Chapter 2
Mechanisms of Redox Signaling
in Cardiovascular Disease

Rebecca L. Charles, Joseph R. Burgoyne, and Philip Eaton

Abstract Arrays of chemical oxidants are produced in healthy cells, where they
function as important signaling molecules that are crucial in homeostatic reg-
ulation and cellular adaptation. The molecular basis of “redox signaling” is a
series of oxido-reductive chemical reactions in which oxidants or reductants post-
translationally alter the structure of proteins. These modifications equate to signal
sensing events, in which an alteration in protein redox status may couple to a change
in its function. This coupling of sensing to function is a true transduction event,
allowing conversion of the cellular redox state into altered enzymatic activities.
Here we review redox signaling in the cardiovascular system, considering the variety
of post-translational oxidative modifications that explain redox sensing and signal
transduction by proteins at the molecular level.
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2.1 Overview of Cardiovascular Disease

Diseases of the cardiovascular system are common, broadly encompassing patholo-
gies involving dysfunction of blood vessels and the heart. The consequences of
aberrant blood vessel and cardiac function are complex and multiple, potentially
affecting most tissues and organs in the body. This is expected, as the supply of
blood is crucial to healthy cellular function; so when this becomes compromised,
system-wide problems may be anticipated.
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A number of well-established risk factors predict the likelihood of an adverse car-
diovascular event. Many of these are nonmodifiable such as age, sex, ethnicity, and
genetics. Other risk factors such as elevated serum lipids (cholesterol, triglycerides),
high blood pressure, physical inactivity, obesity, and smoking are modifiable, either
by lifestyle changes or with pharmaceuticals.

In the absence of an established genetic predisposition to cardiovascular disease,
the “typical” Western lifestyle is itself associated with increased risk. This is because
this lifestyle is linked with increases in the modifiable risk factors outlined above.
A typical scenario involves a diet that is excessively calorific in which the amount
of fat intake is too high. These factors alone, but especially when coupled with lack
of exercise or with smoking, commonly compromise blood vessel function [1]. This
dysfunction involves blood vessels not dilating appropriately in response to typical
biological cues to do so. Thus the vessels become more constricted, resulting in
elevated blood pressure. At the same time, arterial blood vessels also tend to develop
atherosclerosis [2], a process whereby elevated levels of serum fats become modified
and deposited in the vessel walls, initiating a complex inflammatory process which
ultimately damages the vessel. The accumulation of these atheromatous plaques
narrows the lumen of the arteries to impede blood flow, resulting in an inadequate
blood supply to meet the metabolic demands of many tissues (ischemia). When
sustained ischemia occurs in the coronary blood vessels, the myocardium can die
(or infarct), which is known as a heart attack. If an infarction is not fatal, a typical
scenario is subsequent progression to heart failure, a condition in which the heart
cannot pump adequate blood to meet the body’s demand. Heart failure can also
manifest independently of infarction, most notably in cases of sustained elevations
in blood pressure (hypertension) [3].

2.2 Oxidative Stress—A Recurrent Hallmark of Cardiovascular
Pathologies

Clearly, a modern Western lifestyle increases the risk of the events outlined above
that lead to heart failure, as well as other cardiovascular diseases (angina, heart
attack, stroke, peripheral vascular and renal dysfunction) associated with loss of a
regulated blood supply. In this chapter we consider the role of oxidants in the patho-
genesis of these cardiovascular diseases. When each of the individual components
of the complex, multifactorial processes that lead to cardiovascular disease is dis-
sected, it is clear that alterations in cellular redox (especially oxidative stress) is a
common theme at every level. For example, recent reviews consider and highlight
the importance of redox alterations in smoking [4], hyperlipidemia and atheroscle-
rosis [5], hypertension [6], ischemia [7], cell death during and after infarction [8],
and hypertrophy and heart failure [9]. Intriguingly, oxidant stress is also asso-
ciated with postischemic reperfusion injury despite the resupply of blood being
ultimately essential for tissue survival [10]. Similarly, cardioprotective interventions



2 Mechanisms of Redox Signaling in Cardiovascular Disease 45

such as ischemic preconditioning and postconditioning [11], as well as many drug
interventions that limit damage during ischemia and reperfusion, require redox-
dependent signaling events [12].

2.3 Nondeleterious Roles for Oxidants

Whilst it is clear that cellular redox is altered at many points during scenarios that
culminate in cardiovascular disease, it is tempting to generalize that all adverse
events are explained by oxidation. The traditional view of most diseases, including
those of the cardiovascular system, is that aberrant generation of oxidant molecules
is a major mechanism of injury [13]. The idea is that oxidants oxidise biomolecules
(equated to damage) within cells to render them dysfunctional, providing a mecha-
nism of damage. Whilst there is a wealth of evidence supporting oxidant-mediated
damage, it is increasingly appreciated that oxidants can play important regulatory
roles. The failure of antioxidant therapy trials, which have generally shown no ben-
efit, or indeed in many cases have been harmful [14, 15], may be because they
interrupt the fundamental need for oxidant production and sensing to maintain
homeostasis. Broad spectrum antioxidant treatment may block important funda-
mental regulatory pathways, as well as attenuate adaptation to cellular stress. One
answer to this problem could be to selectively remove damaging oxidants, whilst
leaving the homeostatic species. However, this may not be possible if the damaging
species is the same as the regulatory (albeit present at higher abundance). Despite
this, if the damaging species were formed at specific cellular locations, such as the
mitochondria, one possibility might be to use targeted antioxidants designed to accu-
mulate only there [16], perhaps leaving the regulatory oxidants in other locations to
carry out their homeostatic functions.

Overall, the case for oxidants in mediating disease has likely been overstated,
with certain antioxidant regimes potentially causing “reductive stress,” an often
overlooked potential perpetrator of dysfunction. Lack of oxygen availability, as
occurs during hypoxia and ischemia, is commonly assumed to induce oxidative
stress. Whilst there is evidence for this [10], there is also evidence for reductive
stress under these conditions (NADH accumulation) [17, 18]. Elevations in the
abundant cellular reducing equivalent glutathione (GSH) appear crucial to develop-
ment of cardiomyopathy during overexpression of mutant chaperone proteins [19].
Increases in cellular reducing equivalents can potentially enhance free radical accu-
mulation, consistent with them being electron donors [17]. Similarly, antioxidant
therapies ultimately supply cells with a source of electrons which could feed into
detrimental free radical–generating pathways. Antioxidants may also prevent adap-
tive pathways that are triggered in response to oxidant stress, such as ischaemic
preconditioning [20]. In some scenarios, such as ischaemic preconditioning, oxi-
dants may signal a concomitant or impending change to the cell, triggering an
appropriate adaptive response. This response requires the oxidants to be sensed and
transduced into a functional adaptive response. Thus, covering these warning signs
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with an “antioxidant blanket” may prevent adaptation, offering an explanation for
how these reducing agents can be harmful.

2.4 Cellular Oxidants

A change in the balance between oxidants and antioxidants towards a pro-oxidising
(beyond certain limits) environment culminates in oxidative stress. However, not
only is it difficult to precisely define these limits, but perhaps the use of the term
“stress” is not always appropriate or helpful. This is because the word may infer a
negative consequence, which is not always the case. “Oxidative stress” may reflect
the historical misconception that oxidants are simply harmful, playing no positive
or regulatory roles. Oxidative stress may occur as a result of increased formation
of reactive oxygen species (ROS) or reduction in antioxidant species [21]. When
the reverse occurs and reducing equivalents accumulate, reductive stress occurs.
Accumulation of reducing equivalents may feed into pro-oxidant pathways, high-
lighting a scenario of concomitant oxido-reductive stress. Consequently, the redox
state of tissue is heavily dependent on the parameter measured, especially as not all
redox endpoints are in equilibrium or co-locate within cells. Thus, whilst ischemia
increases NADH:NAD+ (i.e., reduction), enhanced free radical production (and
oxidation) can also simultaneously occur [22].

Cellular redox is a term that reflects the net state as the cell generates reduc-
ing and oxidising equivalents. This redox state is governed by the amount, rate of
production and consumption of these agents, and the equilibria between the vari-
ous redox couples. Many oxidants and antioxidants are not in equilibrium, and so
not reacting efficiently with one another. A number of biologically important oxi-
dant and antioxidant molecules, and their reaction chemistry, are described below.
ROS form when electrons add to oxygen, producing various reduced states. A sin-
gle electron addition to O2 forms the superoxide anion radical (O2

•–). Donation of a
second electron, as occurs during superoxide dismutation, forms hydrogen peroxide
(H2O2), the properties of which allow it to function as an efficient second messenger
signaling molecule. If a third electron is donated to O2, the highly reactive hydroxyl
radical (OH•) is formed, which occurs when superoxide reacts via Fenton chemistry
with iron (Fe2+) or by peroxynitrite (OONO–) decomposition. OONO– is generated
when O2

•– reacts with nitric oxide (NO), and mediates both oxidant and nitrating
reactions. Catecholamines can generate oxidants by auto-oxidation or via the enzy-
matic action of monoamine oxidase, which produces H2O2. Although oxidants can
form spontaneously, there are specific oxidase enzymes whose function is to gener-
ate these various oxidant species, such as myeloperoxidase, which converts H2O2
to hypochlorous acid (HOCl), xanthine oxidase, NAD(P)H oxidases, cytochrome
P450, and uncoupled NO synthases (NOS) [23]. The mitochondria also generate
ROS, which appear to be of regulatory importance [24].

Whilst NO exerts many of its effects through the NO-cGMP-PKG pathway, it
also functions via covalently adducting to protein thiols (S-nitrosylation) [25]. NO
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can alter protein activity by adducting to noncysteine residues or by weak binding
to aromatic side chains of proteins [26]. However, NO may potentially react with
other small redox-active species to produce related molecules that exert alternate
functional effects. For example, the one electron reduced form of NO is nitroxyl
(HNO), which more readily reacts with thiols than NO. It is notable that nitroxyl
has cardioprotective properties offering a similar degree of protection to ischaemic
preconditioning [27]. The bioactivity of lipids can be modulated by nitration, which
can alter their interactions with proteins and so control function [28]. Although pre-
viously thought to be a biologically inert oxidation product of NO, nitrite (NO2

−)
has recently been shown to be bioactive, providing protection against injury during
ischemia and reperfusion [29]. Indeed, nitrite has now been shown to be enzymati-
cally reduced to NO [30], which likely mediates PKG signaling and protection [31],
as well as other functional consequences such as vasorelaxation [32].

2.5 Protein Oxidation Involved in Redox Signaling

Integral to the transduction of a molecular oxidant signal into a cellular response
is the post-translational oxidative modification of redox-active proteins. Oxidative
modification of a great many amino acids can occur, but perhaps the best studied
are methionine, tyrosine, tryptophan, histidine, lysine, and, most notably, cysteine,
which is considered in detail below.

Some modes of protein oxidation (especially those that can occur at a cysteinyl
thiol) have the essential elements of a post-translational regulatory system, including
sensitivity, specificity, and reversibility (see Fig. 2.1). The stoichiometry of protein
oxidation can be directly and proportionately coupled to the cellular concentration
of oxidants, the biosynthesis of which may also be carefully regulated. This can
involve phosphoregulation of oxidase activity [33], although oxidant generation may
also be controlled by post-translational oxidative modifications themselves. When a
protein becomes oxidised, its function may be altered, perhaps most simply serving
as an on or off switch. In more complex scenarios, protein redox alterations may
serve as a rheostat, to modulate protein-protein interactions (see Fig. 2.1). Cysteinyl
thiols, especially those that ionise to the thiolate state (i.e., those with a low pKa)
are especially disposed to oxidative addition reactions, and thereafter, depending on
the precise modification, their reversal back to the basal state. A variety of oxida-
tive alterations of thiols can occur, depending on the species and concentration of
oxidants that they encounter. The most studied of these modifications include sul-
foxidation, S-thiolation, S-nitrosylation, and inter- and intra-disulfide formation. A
number of electrophilic lipids can also form adducts with thiols, although such
species can also target lysine and histidine residues [34]. S-thiolation involves a
disulfide bond forming between a protein and a low molecular weight thiol, result-
ing in a mixed disulfide. S-glutathiolation is the most common form of S-thiolation,
due to glutathione’s abundance. Other small thiols such as cysteine, homocysteine,
and lipoic acid can also form mixed disulfides with proteins. This diversity of
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Fig. 2.1 Oxidant molecules can function as signals and be transduced into a regulatory response.
Protein thiols that ionise to the thiolate anion state can undergo a range of post-translational oxida-
tive modifications, some of which are shown here. The thiolate state is present at neutral pH in
cysteine residues with a low pKa, which is promoted by proximity to amino acids with basic side
changes such as arginine or lysine. Increases in cellular pH will also increase the thiolate state,
and enhance the likelihood of thiol oxidation. These redox state–controlled structural alterations
couple to changes in enzymatic activities. Thus, depending on the protein modified and the precise
oxidative modifications that occur, protein activities and interactions can be altered in a number of
ways to enable homeostatic regulation and cellular adaptation to stress

oxidative modification provides a potential mechanism for allowing a graded or
differential functional effect, depending on the precise structural change, as estab-
lished in H-Ras [35]. S-oxidation by glutathione can inactivate a protein, especially
when the thiol is catalytically essential, as occurs with protein phosphatase 1B [36,
37], cAMP-dependent protein kinase [38], and tyrosine hydroxylase [39]. In con-
trast, S-glutathiolation activates HIV-1 protease [40], the microsomal glutathione
S-transferase [21], and SERCA calcium pump function [41]. S-thiolation may also
serve as a protective mechanism, because disulfide formation prevents overoxida-
tion (to sulfinic and then sulfonic acid), and the possibility of eventual recovery
back to the basal reduced state.

When thiols are directly oxidised by oxidants such as molecular oxygen or per-
oxides, a principal product formed is a sulfenic acid (PSOH). Whilst sulfenates are
reversible back to the reduced state, their instability renders them susceptible to
hyperoxidation to form sulfinic (PSO2H) and then sulfonic (PSO3H) acids. Sulfenic
acids may also undergo recycling, normally forming a transient disulfide intermedi-
ate with reducing enzymes fuelled by reducing equivalents derived from glutathione,
thioredoxin, NADH, or NADPH. Cysteine sulfinic or sulfonic acids were histori-
cally believed to be irreversible modifications, but recent work showed the 2-Cys
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enzymes can be enzymatically reduced back to thiol form by sulphiredoxin [42].
Likewise, the sulfinated form of peroxiredoxin 1 can also be retro-reduced by
p53-regulated sestrin 2 [43]. Protein tyrosine phosphatase 1B (PTP1B) is also reg-
ulated by peroxide-induced sulfenation. Furthermore, this phosphatase can form a
stable sulfenyl-amide, a newly identified molecular bond in which a sulfenic acid
reacts with the amide nitrogen of the protein backbone [44]. Sulfenyl-amides are
readily reversed by reducing equivalents such as glutathione, and as with disulfide
this bond may serve to prevent cysteine overoxidation. Also, there is some evidence
showing reversible sulfination of PTP1B [45].

S-nitrosylation or S-nitrosation is the covalent adduction of NO to a thiol, and
is considered by many as a major mechanism by which NO modulates protein
activity [46], independent of the classical NO-cGMP-PKG pathway. Potentially,
S-nitrosylation may occur because of the direct reaction of free NO with a pro-
tein thiol. However, classical NO donors do not generally promote S-nitrosylation
efficiently [47], perhaps because the free NO rapidly binds heme centres. NO may
first adduct to other abundant thiols in the system (such as free cysteine or glu-
tathione), before undergoing a transnitrosylation exchange reaction culminating in
target protein S-nitrosylation. Indeed, S-nitrosylated cysteine or glutathione are
efficient S-nitrosylating agents. Like S-glutathiolation, some cysteines are prefer-
entially nitrosylated over others, giving rise to target specificity. The determinants
of specificity include the thiol’s pKa, the reaction chemistry of the thiol with a spe-
cific NO donor, as well as access of the NO donor to the target cysteine [25]. An
“S-nitrosylation motif” has been identified, in which the cysteinyl thiol is flanked by
acidic (Asp, Glu) and basic (Arg, His, Lys) residues and is located in a hydropho-
bic pocket [48]. This is consistent with proteins like the ryanodine receptor, which
despite having many cysteines, is S-nitrosylated primarily by endogenous NO only
at Cys3635. Ryanodine receptor S-nitrosylation status is functionally important, as
reduction in this modification under basal conditions increases sarcoplasmic reticu-
lum calcium leak and arrhythmias in cardiomyocytes [49]. Both the S-nitrosylation
and the NO-cGMP-PKG pathways can integrate; for example, to modulate cardiac
contractility [50]. Although NO-dependent cGMP production activates PKG, recent
work has added further complexity, showing that cGMP can also be nitrated [51].
This newly identified signaling molecule can S-guanylate proteins, such as Keap-1,
to alter their activity. Another recent observation is that sGC (which NO normally
binds to produce cGMP), can be inactivated by S-nitrosylation [52], which also
occurs during glycerol trinitrate tolerance [53].

Disulfide bonds can also form between two proteins (interprotein) or between
two thiols within the same protein (intraprotein) during oxidative stress. Again these
structural alterations can couple to alter protein function. Intermolecular protein
disulfide formation during cardiac oxidative stress may lead to the modification
of many proteins [54], potentially changing the function of molecular chaperone
proteins, growth factors, and signal transduction proteins [55]. Intraprotein disul-
fide bond formation between vicinal thiols also occurs in many proteins [56].
Affinity capture of proteins with vicinal thiols (on phenylarsine oxide columns) has
demonstrated that this mode of redox regulation is widespread [56].
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Dityrosine is probably the most prevalent modification of tyrosine residues,
although its nitration and chlorination may also occur [57]. Tyrosine nitration is
a product of reaction with peroxynitrite, and may synergise with phosphoregulation
of this residue. Nitration may irreversibly lock an enzyme into a fixed state [58],
although some studies show a cellular denitrase activity that reduces nitrotyrosine
back to basal [59]. However, this is controversial, and definitive identification of
a denitrase enzyme would greatly enhance the case for tyrosine nitration being an
important regulatory mechanism. Similarly, the recent demonstration of a denitro-
sylating activity of cytosolic and mitochondrial thioredoxins has added significant
weight to S-nitrosylation being a fundamentally important regulatory process [60].

Methionine residues can also be reversibly oxidised, forming a sulfoxide [61],
although the sulfone, which is not readily reducible, can also be formed during
severe or chronic oxidative stress. Methionine sulfoxidation is reversible, either
by chemical reduction or by methionine sulfoxide reductases. Because methionine
redox state may alter protein conformation, it may also serve as a post-translational
regulator [62]. Methionine may serve as a sacrificial antioxidant, protecting other
residues from oxidation [63].

Carbonylation is an irreversible protein modification, generally leading to the
protein’s degradative removal by the cell. Carbonyls can be introduced at several
amino acid side chains, including proline, arginine, lysine, and threonine, via mul-
tiple mechanisms. For example, carbonyls can be generated by oxidative cleavage
of proteins, often during metal catalysed reactions. Protein carbonylation also forms
via reactions with reactive oxidised lipids, such as hydroxy-trans-2-nonenal, a lipid
peroxidation product. Hydroxynonenal forms adducts with histidine and lysine, but
preferentially with cysteinyl thiols. Lysine reacts to form a Schiff base product,
whereas thiols undergo Michael additions with the αβ-unsaturated double bonds of
electrophilic lipids [64]. Adduction of reactive lipids may alter protein function, in
some cases serving a regulatory role. For example, 15-deoxy-�12,14-prostaglandin
J2 (15d-PGJ2) adducts to Keap-1, which up-regulates transcription and subsequently
antioxidant gene expression [65–67].

Hydrogen sulfide (H2S) is a dithiol compound produced by cells, which promotes
important biological responses such as vasorelaxation and cardioprotection against
ischemia. Indeed, recent studies in which cystathionine gamma-lyase (which makes
H2S) was knocked out resulted in murine hypertension [68]. H2S is anticipated to
interact with protein thiols. For example, it may reduce their disulfide, sulphenated,
or S-nitrosylated states. Alternatively, given its low pKa, it may directly (or via
reaction with other cellular components such as O2 or peroxide) form regulatory
protein disulfide adducts.

2.6 Techniques for Monitoring Thiol Redox State

A multitude of methods are available for monitoring protein oxidation state, many
of which are based on determining the reduced thiol status of cysteine residues.
Antibody tools allow specific oxidative modifications of proteins to be assessed,
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such as glutathiolation, homocysteinylation, carbonylation (via DNPH derivatisa-
tion), HNE, malondialdehyde, lipid peroxide (and other reactive lipid adducts), and
also nitration, nitrosylation, sulfination, and sulfonation [34, 69–73]. Bifunctional
compounds equipped with one of many different thiol reactive groups, together
with a reporter moiety, enable detection and quantification of the thiol oxidation
state. For example, molecules with maleimide, iodoacetamide, iodoacetate, disul-
fides, or mercurial functionalities will often react efficiently with reduced thiols.
By coupling these functionalities to reporter labels such as biotin, fluorophores,
radionucleotides, peroxidase enzymes, or molecular weight tags, these “function-
alised” molecules allow the oxidation state of a protein or tissue to be monitored.
The principle of these “difference methods” is attenuated labelling following oxida-
tive loss of a thiol. There are additional methods that can be used to detect specific
thiol oxidation states. Protein sulfenic acids can be indexed spectrophotometri-
cally using NBD-Cl or dimedone. Arsenite-selective reduction with subsequent
thiol biotinylation, as well as generation of functionalised or radiolabeled dime-
done molecules allows protein sulphenate quantitation [72, 74–77]. A biotin switch
method has been developed to detect S-nitrosylated proteins [78], and is based on
ascorbate-reduction of S-nitrosylated proteins with their subsequent biotinylation.
N-labelled cysteine or glutathione can serve as a redox probe, for detection and
purification of proteins into which they form mixed disulfides during oxidative stress
[79]. N-labelled GSSG and cystine have also been developed as tools for detecting
proteins that can undergo S-glutathiolation or S-cysteinylation [69, 79]. Diagonal
electrophoresis is a method that allows detection and identification of constitutive
interprotein disulfide bonds, and those that form nascently during oxidative stress
[54, 80].

2.7 Proteins in the Cardiovascular System That Are Thiol
Redox Modulated

Models of oxidative stress are routinely utilised, concomitantly altering signaling
fluxes, especially phosphorylation cascades. Such changes in cell signaling follow-
ing oxidant treatment are broadly termed “redox signaling.” At this time, this seems
an inadequate synopsis, because the reported signaling change may be quite distal
from the redox sensor and transducer, and may be one of a great many concomi-
tant signaling events. For example, whilst ischemia and reperfusion cause oxidative
stress, this scenario also triggers a plethora of concomitant biochemical changes that
alter signaling flux. Thus, in oxidant-focused ischemia and reperfusion studies any
alterations detected can inappropriately be assigned as redox-dependent. Clearly,
a multitude of other nonredox events occur during ischemia and reperfusion, such
as ionic imbalance, cell swelling, energy depletion, and alterations in pH. The cell
comes well equipped not only for redox sensing, but also for monitoring changes
in these parameters so as to enable homeostatic control. Some studies provide sup-
porting evidence that a signaling event is redox modulated by demonstrating that the
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same pathway is independently triggered by oxidants alone or blunted by antioxi-
dant interventions. However, as signaling cascades are complex, with intricate webs
involving multiple inputs, sensors, end-effectors, second messenger and phosphory-
lation cascades, commonly with nodes of cross-talk, this information may still have
a limited value. Of greater value perhaps is to definitively determine the primary
signal sensor and transducer, because this provides a strong platform on which to
base subsequent studies.

Our laboratory and others have used proteomic methodologies to identify pro-
teins that are susceptible to oxidant modification, and so may participate in redox
signaling. A summary of potentially redox-active proteins is given in Table 2.1,
which highlights their broad variety, including metabolic enzymes, ion channels,
molecular chaperones, structural proteins, and signaling molecules. When low abun-
dance proteins (such as signaling molecules) are identified using these proteomic
screens, this may strongly indicate them being truly oxidant sensitive, likely reflect-
ing stoichiometric post-translational modifications. This is in contrast to the routine
presence of high abundance proteins, which are often false positive in proteomic
screens. We have studied interprotein disulfide bond formation in cardiac myocytes
during oxidative stress [54], which identified the RI regulatory subunit of protein
kinase A (PKA) as a disulfide forming protein. Subsequently, we found that this oxi-
dation was associated with kinase activation [94]. We also found that protein kinase
G (PKG) Iα forms disulfide dimers, activating it to induce coronary vasodilation
[93]. Human protein kinase C (PKC) isozymes contain 16–28 cysteine residues, and
they have been implicated in the redox regulation of some its isoforms [95]. Redox
control of PKC activity is complex, with evidence for both oxidant-induced inac-
tivation as well as activation [96–101]. PKC function is modulated in an isoform
specific manner by S-glutathiolation and S-cysteinylation. Whilst PKC-α can be
oxidatively inactivated by S-glutathiolation [99, 101], the same group also showed
that the δ isoform is activated by S-cysteinylation, with concomitant ε inactivation
in the same cell type [98]. The sarcoplasmic reticulum calcium pump is also redox
sensitive, being susceptible to S-glutathiolation [54, 41]. Other calcium-handling
proteins are redox sensitive, such as the Na+-Ca2+ exchanger which is activated by
intramolecular disulfide formation [102]. Similarly, the calcium release channel is
also activated by oxidation, although some studies show irreversible inactivation
by oxidation [103–106]. Oxidation of Ca2+ handling proteins during ischemia and
reperfusion injury may causatively facilitate the loss of ionic homeostasis which
occurs at this time, thus contributing to injury.

2.8 Conclusions

Although oxidative stress contributes to the pathogenesis of a number of cardiovas-
cular diseases, emerging data support a role in homeostatic regulatory or adaptive
pathways. Indeed, oxidative stress can initiate pathways that actually limit injury, as
well as having integral roles in the normal functioning of cells and tissue. Therefore,
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oxidants may simultaneously stimulate redox-active homeostatic pathways, but at
the same time cause damage by biomolecule oxidation. Consequently, oxidant
species may be expected to promote simultaneously a mixture of both protective
and injurious components, the net effect of which will depend on species, concen-
tration, duration, and site of production of the oxidant, as well as the underlying
health or disease state of the tissue. This complexity may help explain why oxidant
stress is reported to mediate damage in some studies, but to be crucial to protection
in others. Clearly, a better understanding of the role of oxidative stress and molec-
ular redox signaling may increase the likelihood of new effective therapies against
cardiovascular diseases.
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