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Summary peroxide by superoxide dismutasehe rate of dismutation
is rapid (k=1.6x 10° M-1s') maintaining the concentration

1. Reactve acygen species ha keen considered of guperoxide xtremely law, in the picomolamanomolar
deleterious to cell function and there is gosiience to range’

suggest that tlyeplay a role in the pathophysiology of a
number of cardiac disease statéRwever reactive akygen

species are also wo being recognised as important Oxygen (O,)

regulators of cell function by altering the redox state of v l

proteins. o i
2. Possible sources of production of reaetixygen Hypochlerite ion (OCI)

species in cardiac myges are the mitochondria and Superoxide (O;’) )

NAD(P)H-oxidase. Thegeneration of reacte oxygen * Oz (superoxide dismutase) ‘+C'

species and antioxidant defense mechanisms in the heart a +NO \

discussed. Hydrogen peroxide (H,0,)
3. The evidence for a role for reaai oxygen lFeH (Fenton reaction)

species in the delopment of disease states such as - .

atherosclerosis, ischaemia, cardiacypértroply and Peroxynitrite anion Hydroxyl radical (+OH)

hypertension is presented. It isvmoecognised that cardiac (ONOG) + Fellt

ion channel function is regulated by reeeti &kygen . . -

species. Implicationwith respect to cardiac arrhythmia are':Igure 1 Sch_emahc of ROS arising from oxygen .(02)'

discussed. Supeoxide (Q)) is geneated directly from theeduction of
oxygen and then dismutated to hgden peroxide (HO,).

Introduction Reactions with chloride ion (§) nitric oxide (NO) and

iron (F€') are as indicated.

Oxygen is vital to life bt as a diatomic molecule it is . .
) : In contrast to superoxide, hydrogen peroxide is a
remarkably unreacte. Howeve, oxygen is the substrate . . .
relatively strong oxidant and a highly stable small molecule

for.the generation of.aamety of react{e PECIES, SOME 4\t freely crosses membranes as its biologicdugidn
which may be deleterious to cell function. Recent studies

i - faiing
nave found that alinough tyeare invoved in pathology 8RS T8 SRIE P SRR TOD GRS TR e
they are also integral to modulating functional responseg gically imp

. ) .~ ~Signalling molecule. The naturally occurring enzyme (and
Reactve axygen species @S) are generally speaking” . . . .

. . i antioxidant) catalase metabolises hydrogen peroxide to

oxygen molecules in different states of oxidation or

reduction, as well as compounds of oxygen wigtrbgen water and oxygen and is principally responsible for

and nitrogen. Although superoxide is produced dlrectlr‘n"’um"jllnlng intracellular ydrogen peroxide n th?
: ) . ~“nanomolar rang®.Hydrogen peroxide can participate in
from the reduction of oxygen, the biologically aeti : ) . .
. . ; one-electron reactions with metal ions (Fenton reaction)
species are yarogen peroxide, hydroxyl radicals,

hypochlorite ion and peroxynitrites (Figure 1), and generate ydroxyl radicals. Hypochlorite ion is

L . nerated when hydrogen peroxide reacts with Bbth
Superoxide is produced as a result of the donation . o . 8

) ; . ydroxyl radical and hypochlorite ion are highly reeet
an electron to oxygenlt is a weak base at pbiological

: . . Other reactie gecies are dared from nitric oxide, a well

pH, highly soluble in ater and therefore does not easily ; . . A . .

- . recognised signalling molecule implicated in cavdszular

cross lipid membranes, although it can be transported via_ > . : o :

: 5 L o unction as an importantagodilator Nitric oxide reacts
anion channel$? Because it is a weak base, it is not a

i ; with oxygen to produce nitrogen dioxide that participates in
strong oxidant at neutral pH. It is Wever a one-electron the peroxidation of lipids and with superoxide to produce
reductant of metals and the reduction of*Fe F&* by b P P P

superoxide is the basis of analytical methods used Qgroxymtrlte, also a stable strong oxidant of ligidS.

. . . : The toxicity associated with high vids of ROS
identify superoxide such asytochrome c¢ reduction’ o i

. . depends on the antioxidant defense mechanisms of the cell.
Superoxide can also be protonated yorbperoxy radical

_ o .. _In certain circumstancesO$ toxicity is beneficial to the
at low pH (pK, = 4.8), but the principle fate of superoxide, ' "\ iofending against microarisms or pathogens
at plysiological pH lies in its dismutation toyttrogen 9ag gar P 9
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Reactive oxygen species and cardiac signalling

for example in plants and eukaryotés? In low since most of the reaet ecies do not cross thegenelle
concentrations, ROS may be necessary in normal cellulmembranes their roles are limited to local oxidation of
function. Hydrogen peroxide precisely pulates the proteins?®
catalytic actiity of enzymes by redox modification of To oounteract the effects of oxidants on cellular
cysteine residue¥ These include tyrosine phosphataséunction, a number of antioxidant defense mechanisms
activity!41> the translocation and aedtion of exist. These include superoxide dismutase, catalase,
serine/threonine kinases such as protein kind8eu@l the glutathione peroxidase and reduced glutathio@ardiac
induction of gene »pressiont® For example, a Bipoxia- myog/tes express a ytosolic copper-zinc form  of
induced decrease (40%) in ydrogen peroxide superoxide dismutase and a mitochondrial manganese form
concentration in PC12 cells (measured with the fluorescesftsuperoxide dismutase (MnSOB)The presence of these
indicator 2’,7'-dichlorofluorescein) results in the inductiorforms of superoxide dismutase ensure that intracellular
of tyrosine lydroxylase mRNA, the rate-limiting enzyme insuperoxide concentrations are maintained at picomolar
catecholamine biosynthesis. This can be mimickvhen concentrationd. Hydrogen peroxide generated from the
cells are treated with catalase, that specificallyvet®m dismutation of superoxide can then beeted to vater
hydrogen peroxide to water and oxydén. and oxygen by catalase or glutathione peroxidablee
Where &cessve production leads to oxidat dress ratio of reduced to oxidised glutathione is often used as a
ROS have been implicated in a ariety of biochemical marker of cellular oxida# gress. Lesghan
pathoplysiological conditions. With respect to the 5-10% of total cellular glutathione should normally be in
cardiovascular disorders these include atherosclerosifhe oxidised form. Reduced and oxidised glutathione can
ischaemic heart disease, hypertension, cardigertrophy be assayed spectrophotometrically using the fluorimetric
and cardiac dilure. Havever the detection of ROS is probe o-phthalaldglie?® Alternatively protein bound
difficult due to the short life and reaati gate of mag thiols in the reduced form can be measured using Elbnan’
species leading to discrepancies in the literatufis reageng®
review aims to gve an overview of the aailable evidence ) )
for a role for ROS both in psiological signalling in the Problems with detection of ROS —whthe
heart and the delopment of disease statetimitations discrepancies?
associated with techniques used to detect ROS will be
discussed. Someecent insights into the role ofa$ in
regulating cardiac ion channel function and implication
with respect to cardiac arrhythmia will also be discussed.

The high reactiity, variable diffusion rate across cell
membranes and the instability of ROS malthem
ﬁxtremely difficult to detect in cellular systemsin
addition, the methods of detection carry limitations.
Where do reactive aygen species originate? Typ_ically the assessment .of ROS ha§ bgen made using
indirect measurements relying on the oxidation of probes or
In mammalian cells including cardiac myocytes, théetector molecules to elicit fluorescent signdbetection
mitochondria are a major source of generation ©BE1° of superoxide has been made feasible using
Electron transport within the mitochondria is generalfyyv chemiluminescence substrates such as lucigenin and
efficient. Havever a snall leakage of single electrons cancoelenterazine that can access intracellular sites of
participate in the reduction of oxygen to superoxitost superoxide production and are relaty non-toxic to the
of the generation of superoxide and somglrbperoxy cell. However, as with other methods of detection of
radical occurs at the ubisemiquinone site in comflebut superoxide such as paraquat and nitroblue tetrazolium (see
complex | may also be a source of08 when electrons Tarpey & Fridovich® for review), lucigenin is capable of
flow backwards from compbe 11.2022 |n addition, increasing superoxide in the xanthine oxidase/xanthine as
superoxide production has been shown to be dependentveell as the glucose oxidase/glucose reacti8rherefore
mitochondrial membrane potent?l. these detectors are non-specific and rates of superoxide
A number of other sites within the cell participate irproduction may be underestimated.
the  production of superoxide. These include The two dectron oxidation of dihydroethidium to the
xanthine/xanthine oxidase reactions, autoxidation dfuorophore ethidium bromide is reladly specific for
catecholamines and arachidonic acid metabolfstAn  superoxide but can also be oxidised bgtochrome c.
important source of superoxide in vascular smooth musclEgctron spin resonance has been used with the stable spin
and endothelial cells is the plasma membrane-boutip 5-diethoxyphosphoryl-5-methl-pyrroline-N-oxide
NAD(P)H-oxidase. Sinc&riendlinget al?® first identified (DEPMPO) ofering greater specificity for detection of
that plysiologically rel&ant concentrations of angiotensinsuperoxide. Hydrogeperoxide is typically assayed using
Il increase NAD(P)H-oxidase activity in ratascular horseradish peroxidase catalysed assays or the fluorescence
smooth muscle, a number of studiesséhaonfirmed the indicator 2’-7’-dichlorofluorescein (DCF)However under
importance of the oxidase and ROS generated by thertain conditions these assays also lack specificity in that
oxidase in wascular pathology Other intracellular lipid peroxides and peroxynitrite can generate DCF
organelles contribute to the production ofydnogen fluorescence in the absence of hydrogen peroxide.
peroxide and superoxide, such as the endoplasmiberefore the use of more than one detection system may
reticulum and peroxisomes in thevdi and kidne/, but be necessary in order to yield the most reliable resilts.
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number of excellent wews discussing the di€ulties indicate that treatment with antioxidants reduce morbidity
associated with detection o8 and advice with gerd to  and mortality after myocardial iafction®344 Mice with
interpretation of data arevalable 33132 tamgeted disruption of superoxide dismutase are vulnerable
) o ) _ to ischaemic damad®, while over-expression of
Role of reactive acygen species in cardiac physiology superoxide dismutase protects from postischaemic iffury.
and pathophysiology In vascular smooth muscle it is well recognised that
ROS produced as a result of aaiion of NAD(P)H-
oxidase by angiotensin Il arevimived in the deelopment
of vascular smooth  muscle yertroply and
hypertensiorf”#8  Angiotensin  Il-induced superoxide
production in the brain is alsovolved in the central
regulation of blood pressufé. Cardiomyopati and

ROS pay an important role in modulating cell
signalling pathwys, and when produced at higtvds
inducing cell death.They are believed to interact with cell
signalling pathways by ay of modification of ky thiol
groups on proteins that possess regulatory functidhese
proteins may be second messengers such

serine/threonine, tyrosine and MAP kinasesygofactors vascular disease associated with chronic diabetes iedink
and transcriptior; factors such as KB-(for a review of to reace aygen and nitrogen specieshntioxidants

this area see Wn’ and Thannickal & Bnbur@®). As presere cardiomyogte morphology and contractile

, : L ) function 5951
mentioned preously, the activity of some intracellular . " .
second messengers is under the tonic regulation of cellular Tge rolg of I;OSdlrtlhcar d cu.Iar Tseajet has be%n
ROS and this appears to be necessary for normal cellul§tensvely reviewed and the reader IS referred o a number

function. Epidermalgrowth factor and insulin-induced of excellent review$?*?

intracellular hydrogen peroxide formation are dependefiosctive aygen species and the regulation of ion

upon the inhibition of protein tyrosine phosphatasevéti -nannel function

by hydrogen peroxide.Tyrosine phosphatase adty is

inhibited via reersible oxidation of its catalyticysteine. The one electron reduction of oxygen to superoxide
Formation of a sulphenyl-amide intermediate (upomccurs rapidly Therefore in addition to the long@rm
reaction with rdrogen peroxide) causes unusual proteieffects of altering cellular transcription, ROS are also
modifications to the asté ste of tyrosine phosphatase 1Bcapable of triggering rapid changes in protein function as a
that both protects it from irversible oxidation and result of altering the redox state of the proteihscardiac
promotes reersible reduction by thiols4*°The rgyulation myogytes rapid changes in cellular oxygen can contribute to
of catalytic activity of the enzyme by hydrogen peroxide islectroplysiological instability in the myocardium and the
both precise and rapidThe reversibility of an oxidised development of arrlgthmias®#°6 Understanding he ion
cysteine residue by thiols appears to be dependent upon thannels respond to changes in oxygen tension may help
intermediate state formed (sulfinic acid versus sulfoniwith developing strategies to pvent the trigger of
acid)!3 arrhythmias.

ROS aan also play a central role in the genesis of A number of cardiac ion channels respond to changes
abnormalities. Br example, an initial step in thein oxygen partial pressupé®® Channel function can be
development of atherosclerosis is the umtatf axidised modified by thiol reducing or oxidising aget88:66.60.67.68
low density lipoprotein that then further stimulates thend thiol reducing agents mimic the effect gpbxial®6°
production of RS and apoptosi®. Under these This would suggest that ion channel function is modified
circumstances, oxidae gress plays a part in the formationduring hypoxia as a result of redox modification of the
of nitric oxide-containing species pemting vascular channel protein or a nearby proteile examined the role
relaxation and increasing the risk of thrombosis as a resaft ROS in rgulating the function of the L-type €a
of inactivation of prostaglandins. channel and the sensity of the channel t@-adrenergic

Reperfusion of the ischaemic heart during coronamgeceptor stimulation in adult guinea-pigentricular
occlusion remains the primary objeetio prevent further myogytes. Cellavere perfused intracellularly with catalase,
cardiac damage in the clinical settingdowever, the a maturally occurring antioxidant that specifically weris
reperfusion period imposes deleterious effects due to thgdrogen peroxide to water and oxygen, and the seigiti
generation of BS. Contractiledysfunction or “myocardial of the channel tg3-adrenegic receptor stimulation &s
stunning” has been linked to increases in cellular generatioreasured. W hypothesised that if hypoxia is associated
of ROS and includes impaired sarcoplasmic reticulumith a decrease in cellular production ofOf then
calcium handling and contractile respon¥e®¥.In addition, perfusing myogtes intracellularly with catalase should
the deelopment of cardiac ypertroply is associated with mimic the effect of fpoxia. Inthe presence of aué
activation of hypertrophic signalling pathways such as ERKatalase, the K for actvation of the channel by
and MAP-kinase by @S3%37 The source of ROS has beenisoproterenol (a B-adrenegic receptor agonist) as
linked to chronic actetion of NAD(P)H-oxidase®®3° significantly less than the K recorded when cells were
Hydrogen peroxide can regulate the \dtti of specific perfused intracellularly with heat-inagdted catalase (0.4
isoforms of protein kinase C in the heart that are implicata¢ 2.7 nM; Figure 2), and similar to the, Krecorded
in the deelopment of cardiac ypertroply,164%4land the during typoxial®8 Pre-eposing cells to ydrogen
transition from lypertroply to failure®? Animal studies peroxide attenuated the effect of catalase and feetedf
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Figure 2. Catalase increases the sensitivity of the L-type Ca?* channel to isoproterenol. (A) and (B) Time course of
changes in membrane currenécoided in a cell during@osue to increasing concentrations of isagerenol (Iso) while

being dialysed with active catalase (A) and inactivated catalase in aaepeell (B) including membrane cents

recorded at time points indicated (inseturrent-voltaye relationship normalised to cell menalme capacitance in the
presence of catalase is shown in (C) and in the presence of inactivated catalase is shown in (D). Adapted from Hool &
Arthur®® with permission.

hypoxia. Inaddition, responses recorded in the presence @écrease in cellular hydrogen peroxide. In addition, when
hypoxia and catalase could be attenuated when cells wenéochondrial electron transport was partially disrupted
perfused intracellularly witBPKC peptide inhibitor bt not  with carbonyl ganide p-(trifluromethoxy)phgihhydrazone
ePKC peptide inhibitor implicating a role for the C2(FCCP) or myxothiazol, a similar increase in sewigjtiof
containing PKC isoforms in the regulation of channghe L-type C&" channel to B-adrenegic receptor
function during lypoxia. TheC2 (classical) isoforms are stimulation to that recorded during hypoxia was measured.
activated by C&* and diaglglycerol. Thisgroup are the These data suggest that the main source of production of
most abundant and comprise thef,, B, andy isoforms. ROS in crdiac myoygtes is the mitochondria.During
The nael PKC’'s mmprise g, n, 6 and BPKC and are hypoxia, cellular production of ROS is less and the channel
activated by diacylglycerol but not €a%° function is altered either as a result of direct redox

We measured cellular hydrogen peroxide using thmodification of the channel protein or an intermediate such
fluorescent indicator DCF and cellular superoxide usings protein kinase C or protein kinase A (Figure 3).
dihydroethidium in the myodes and confirmed that Enhancement of the L-type €achannel promotes
hypoxia was associated with a decrease in production afrhythmogenic afterdepolarisations’> Therefore these
reactve gecies. Theseata support the idea that cellulardata help to explain the mechanisms associated with
ROS can regulate channel functiomlypoxia at a leel that Ca&*-dependent argithmias in the heart. Further
does not cause metabolic inhibition @7 mmHg) 70 understanding the site of redox modification may help to
causes an increase in the sensitivity of the channel determine specific treatment strategies as anyidmmiic
-adrenegic receptor stimulation that is mediated via aherapy.
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Figure 3. Schematic of proposed role of ROS in the regu-
lation of ion channd function during hypoxia. A decrease
in ROS gneated from the mitochondria results in a
reduced cytosolic efronment that either déctly altes the
redox state of the channel protein or altehe function of
the channel via redox modification oferine/threonine
kinases.
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