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Summary reduced thioredoxin and glutathiohén alteration in the
) ) ] ~ cell's redox state such as increased ROS production is
1. Itis well recognised that reaeti acygen species aggociated with pathologyThe regulation of signalling
(ROS) can actiate transduction patheys to mediate pathvays by hydrogen peroxide {8,) and superoxide has
pathophysiologyAn increase in RS has been implicated heen finked to the gelopment of various cardiascular
in @ number of cardi@scular disorders. ROS regulate celljiseases. These include ischemic heart disease,
function through redpx modmcatlon of target proteins. Onﬁypertension, cardiomyopathies, cardiagpértroply and
of these target proteins is the L-type’Czhannel. congestie heart filure’. It would appear therefore that
2. There is good evidence that thiol reducing andonsistent with homeostatic mechanisms necessary to
oxidising compounds including hydrogen peroxide Camgaintain normal cellular function, an alteration in
|anuenf:e calcium channel fl_mctlon. The ewdencg f%roduction of ROS may be capable of inducing pathology
regulation of the channel protein and regulatory proteins Byacayse the redox state of the cell or target protein has been
thiol specific modifying agents and redece to lypoxia gjtered.
and oxidatie gress will be presented. . The cellular transport of ions is vital to life. In
3. Clinical studies suggest that calcium channelygition to participating in a number of ysfiological
antagonists may be beneficial in reducing myocardial injupgsponses, ion channels underlie the electrical activity of
associated with oxidag dress. The identification of cejis. jon channels ke a wique functional role, because
cystelnes as poss!ble targetg for |nterve_nt|on durym)i_mc _ not only do thg participate in electrical aiity, they form
trigger of arrlythmia or chronic pathological remodelling iSthe means by which electrical signals are veded to
discussed. responses within the cell. Calcium is a goodraple.
Plasma membrane calcium channels such as the L-type
Ca* channel actiate quickly and can rapidly change the
The production of reast® axygen species @S) is Cytoplasmic environment. Once inside the cell, calcium acts
usually considered to be directly detrimental to the health 8 a ‘second messenger’ prompting responses by binding to
organisms because ROS can damagg kacromolecules @ \Variety of calcium sensite poteins. Calcium channels
such as DNA, proteins and lipi#sHowever, ROS can also are knevn to play an important role in stimulating muscle
act as signalling molecules able to stimulate and modulat€@ntraction, in neurotransmitter secretion, gerglegion,
variety of biochemical and genetic systems including th@ctiating other ion channels, and controlling the shape and
regulation of signal transduction pathways, gen@uration of action potentials. Sincecessve quantities can
expression, proliferation and cell death by apoptdgige be toxic, its meement is tightly rgulated and controlled.
activity of some second messengers appears to be under@cium is also a mediator of pathology in that it is
tonic regulation of ROS and this is necessary for normaecessary for aetition of second messengers such as
function3+ MAPK, calcineurin and nuclear factor for aeted T cell
Reactve oxygen species are generally speakingNFAT) transcription signalling that are implicated in the
oxygen molecules in different states of reduction as well 8évelopment of cardiac hypertroph®**
compounds of oxygen with hydrogen and nitrogen. There is goodédence that ion channel function can
Superoxide is formed from the reduction of oxygert b be modified by ®S. The ion channel may be the direct
since it cannot easily cross membranes its néfctis tamget of ROS. Alternately an intermediate gulatory
limited to the oganelle in which it is producetl. At protein may be the tget of ROS that then modifies the
physiological pH it is rapidly dismutated toydrogen function of the channel. The thiol redox state of the channel
peroxide by superoxide dismutase. The biologicallyvacti protein may be an important determinant of channel
reactve ecies are ydrogen peroxide, hydroxyl radicals, function and the cel’ fate. In this article the evidence for
hypochlorite and peroxynitrites. Sincg/diogen peroxide regulation of the cardiac L-type €achannel by reacte
can readily cross plasma membranes it is considered a géoigen species will be presented and the role for the
candidate as a signal molecbfe. channel as possible mediator of pathology during
The cell normally experiences a predominantlglterations in cellular redox state will be discussed.
reduced intracellular environment due to the large pool &ecifically the edence for altered channel function

Introduction
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Reactive oxygen species and the L-typ& Caannel

during hypoxia and during increased production of ROS (eurrent!’ Similarly in frog ventricular myocytes, thiol

oxidative gress) will be presented. oxidising agents increase L-type Caurrent?® The efect
. can be preented by dithiothreitol but is unfgfcted by an
The L-type C&* channel as target of ROS inhibitor of CAMP or application of GDBS implying that a

regulatory protein is not wolved in the response. In
contrast the oxidising mercury compound ymHoxy-

The L-type C& channel is a member of a genemercuric-pheylsulphonic acid (PHMPS) has been reported
superaimily of transmembrane ion channel proteins thd@ decrease basal L-type Taurrent? Dithiothreitol has
includes wltage-gited K and N& channels. C& channels no effect on human cardiac L-type®ahannels epressed
share structural similarities with *Kand N& channels in in HEK 293 cells but neerses the inhibitory effects of
that the possess a pore-formirugl sukunit comprising four another oxidising agent thimero$8l. Therefore thiol
repeats of a domain with six transmembrane-spannigidising or reducing agents carfest channel functiondd
segments that include theoltage sensing S4 segment andhe responses appear t@ary This may be due to a
the pore-forming rgion (Figure 1). The, sutunit is lage contritution by the auxiliary subunits of the natichannel
(190-250 kDa) and incorporates the majority of thevkmo that is absent in thexpressed (cloned) channel in which
sites rgulated by second messengers, toxins and dru@ly thea sukunit is present. For example the auxiliy
This subunit is usually compled with at least three Sulunit of C&*-dependent K channels participates in
auxiliary sulinits, a,, 8, B andy, with thea,, andd subunits movement of ions through the sutunit by forming gtes
always linked by a disulfide bong. that block pore acced$. This gating mechanism is
abolished by reduction ofxgracellular disulfide linkages.
Therefore auxiliary subunits may play importarguiatory
roles where reacté cysteines alter subunit function.

Channel structure

How is a reactive thiol on the channel rele@ant to

pathology?
In cardiac myocytes rapid changes in cellular oxygen
S4 Voltage-sensor and generation of @S can contribute to
c electroplysiological instability in the myocardium and the
RMHCCDMLDGGTFPPALGPRRAPPCLH development of arrthmias?>-3° Understanding he ion
QQLQGSLAGLRE

channels respond to changes in oxygen tension may help

with developing strategies to pvent the trigger of

arrhythmias. Acute hypoxia (rapidly decreasingessure

to approx 15 mmHg without depletion of cellulam®)

causes a decrease in basal L-typ&*Qarrent in cardiac

myocytest’1831-33This has also been demonstrated in the

¥écombinannlc sulunit of the L-type C& channel®3435

In addition the region of the, . sulunit that is response

to hypoxia has been proposed (Figure 1). Only one of three

splice variants xpressed in the heart (hHT variant) appears
\oltage @ted calcium channels contain rman to confer sensitivity to ypoxia3® In the case of the naé

cysteines. Thea, sukunit from L-type channels, for L-type C&"* channel, dithiothreitol mimics the effects of

example, has 48. Cysteine residues are generally thoughatute hypoxia (PQ17mmHg) and DTNB attenuates the

be the most likely target of redox or nitrosylationhypoxic inhibition of basal channel agty.'” In addition

modification in proteins, as free thiols can easily react wittiposure of myogtes to catalase (that specifically eems

oxygen or reacte ritrogen species and can be assisted inydrogen peroxide to ater and oxygen) mimics thefexdt

forming intramolecular disulfide bont¥s'® Not all of these of hypoxia and the effect of dithiothreité.

will be susceptible to oxidation or reactionsweger, as . ,

mary will already be inolved in disulfide bonds. Hypoxia and cellular ROS production

Figure 1. The four homologous domains of thig subunit
of the L-type C# channel indicating the pearforming
region (Fore) between S5 and S6, vokagnsor S4 and
region in the C terminal domain that is proposed to be ox
gen sensitive with cysteines shown in Italics (se)téPre-
dicteda helices ae depicted as cylinders.

Modulation of channel function by thiol-specifigeats Although contreersial, acute fipoxia (that does not
necessarily deplete cellular ATP) has been reported to be

In vitro studies examining the effect of thiol-specificassociated with a decrease INO&?36-38 This s
reducing or oxidising agents on L-type ®Cachannel controversial because some studievdaeported that RS
function hae demonstrated that free thiols in the proteirincrease during ypoxia3®4 However the duration and
are likely to be sensitte © the oxidation state of the degree of lypoxia appears to be an important determinant
cel*®22 In guinea pig ventricular mygtes, the thiol- of ROS production. In the mitochondria, the reduced state
reducing agent dithiothreitol decreases basal@dtitype of the electron transfer proteins, the mitochondrial
Ca&* current while 5,5dithio-bis[2-nitrobenzoic acid] membrane potential and the vék and duration of
(DTNB), a thiol-specific oxidising agent increases bas#&lypoxia/anoxia are critical in determining production of
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reactve axygen species. On the other hand production dfie protein, protein kinase A may be an importagtiiator
superoxide by KD(P)H-oxidase is dependent upon oxygerof cell function during changes in redox st&té’
as a substrate. Ifvailable oxygen decreases superoxidéJnderstanding he the channel an-adrenegic receptor
production also decreases. Therefore, it is important pathway are altered during ypoxia would assist in
stress that not all ypoxic conditions are al&k and cells identifying a taget site for designing antiarrhythmic drugs
appear to respond ¢&kfentially to oxygen depration to prevent trigger of arrhythmia during ischemigeats.
depending on the site ofO8 generation in the cell, the )

cells’ intrinsic requirements for oxygen and the duration dPxidative stress ancegulation of the channel

hypoxia. In adult ventricular myocytes a decrease in O
pressure from 150 mmHg (room air) to 15 mmHg results ifr&ncti
a 41% decrease in superoxide (assessed with the quoresc&ma
indicator dilydroethidium§® and a significant decrease in
cellular hydrogen peroxide (assessed with 5-(an
-6)—ch|oromet2hyl—27’—dichIo.rodirydrofluores:cein diacetgte oxidatve gress. The generation of ROS by the
acetyl esterf? The alteration in production of rea mitochondria is dependent on intracellular ?Caand

oxygen species in cardiac myocytes in response to aCllthanced production of & occurs with enhanced
hypoxia would appear to be due to altered mitochondri itochondrial matrix C& uptake?®50 As mentioned ahe

function and not an alteration in adty of NAD(P)H- : ; ;
. ; . the regyulation of signalling pathways by ROS has been
2,33
oxidase®?33 Therefore there is goodridence that cellular linked to the deslopment of \arious cardigascular

RC;S tgodgctlor;l Idecreglses tdtu”?r?yfox'a and. tr:f)‘(t_ 4 diseases. In addition €ais an important mediator of cell
reduction in cellular redox state that occurs witpdxia growth and a persistent increase in intracellulaf*da

can significantly alter channel function. associated with disease states such as heddref!

Adecrease in ca_lcium influx during the plateau phasf‘aherefore C& and ROS participate in pathological
of the action potential may be necessary toveme remodelling. Hawvever the mechanisms by which the

arrI’ythmias agsociated with prol_o ngation qf the QT iraerv cooperate in mediating pathology are poorly understood.
dunn.g_ hyEOX'a that SCC‘”S without atiion Of. ATP- Exposing cardiac myocytes to ROS further increases
senflu/e K* channels® Therefore a decrease in L-typeochondrial ROS productiéh® (Figure 2). It has been
Ce?* channel basal current may be adaptiuiring hypoxia. proposed that ROS production increases due to a direct

Howa/er,+hypOX|a also increases th? sensitivity of th? Leffect of ROS on mitochondrial function. Alternadly ROS
pre C&" channel to.theB—adreneglc recepto.r .agomst production may increase due to increased calcium eptak
'509{7"},,222”0' gnd this _may not be beneﬂqal to th|"?1to the mitochondria as a result of enhanced calcium influx
cell. =" Typically B-adrenegic receptor - stimulation 4 the L-type (%4 channel. Vi exposed guinea pig
increases channel activity through wation of cAMP and vertricular myocytes to a transient oxidati aress (that

subsequent 3prot_ein_ kinase A-dependent phosphorylationrzmics the burst of S that occurin vivo with ischemia-
the channef® This increases the mode 2 state of chann? perfusion) and>@mined the effect on cellular ROS and

openings (long openings). During cardiac ischemia thereéﬁlcium. Exposure to 3aM hydrogen peroxide for 5 min

an increase in s_ympatheu_c i and _qrculatmg followed by 10U/ml catalase for 5 min to degrade the
catecholamines. Anncrease in the sensitivity of thehydrogen peroxide caused a 65%  increase in
channel top-adrenegic receptor _stimglation_would be_d'hydroethidium (DHE) signal without induction of
expected to cause a prolongation in action potentlgllpop,[OSiS (assessed by caspase 3 assay) of necrosis

duration that is usually associated with life-threatenin - " .
. . ) X L db d did kn th lls (dat
arrhythmias. This may »@lain the increased incidence ofgisbslziseed ag ;r:oglbsll:rrgéifcl ;el;mzhoge gg'csl;_ész)a

teharlyt afterdepotla}rls?tlo?s h(thatth t)_/plcally pr.ect:eé:ie _meExposure of the myocytes to nisoldipine (L-type?Ca
h rea gnlngd yenhrlcqgrgo_?z rrl‘y mlas) assoc_:tlgf :‘Ntlh channel antagonist) or Ru360 (an inhibitor of the
ypoxia and ischemra. € Increase In sensitivity ot te o chondria calcium uniporter) before or after the 5 min

channel to isoproterenol can be mimicked b\éxposure to 30uM hydrogen peroxide significantly

dithiothreitol’ and perfusing cells intracellularly with attenuated the increase in DHE signalweler dantrolene
2 . . . . L
catalasé? Consistent with this, exposing myocytes to th%n inhibitor of sarcoplasmic reticulum calcium release did

sulftydryl Qxidant pheyllarsine oxide, is as_sociated with 4ot attenuate the increase in DHE signal. This suggested
decrease n sensilly of the chgnne_l to |§oprotererfd|, that an increase in calcium influx through the channel and
Therefore increased sympathetic stimulation to the he?ﬁtcreased calcium uptak by he mitochondria were
during ischemia and hypoxm may trigger gtfimia as a necessary for the increase in cellular superoxide 1ated
result of altered sensitivity of the L-type Lahannel to this directly by actiging the channel with the

B—adrgneglc receptor  stimulation. The. Increase Inpharmacological agonist (-)-Bay K8644. An increase in
sgnsﬂwt_y of the chqnnel tp _B—adrgnegm receptor influx of calcium through the channel alone wadisigiht
stimulation does not wulve _rltrlc oxide and occurs to increase cellular superoxide by 79%. In addition L-type
downstream from the8-adrenegic receptor at the Vel of Ca* channel basal current densityasv significantly

protein kinase A or the channel protéirSince the actity increased from 5.4 to 8.9 pA/pFE after transietiosure to
of protein kinase A can be altered by oxidation of thiols on ' 7 PAP o

Hydrogen peroxide can also directly alter channel
on. Oxidation of the channel bydrogen peroxide
nces L-type calcium channel wityi®?*® The
nhanced calcium influx suggests oxidation of the channels
ay contribute to alterations in calcium homeostasis during
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pathways and induce pathological remodelling.

L-type Ca?* channel

100} H,0,
; 80l 25uM
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8 L 20uM \
g H2°2
a : superoxide
3 H \ ‘.J 1.640 P
o r Caz* 2+
2 Ca
"u: H \ 1.260 Caz+
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=) | 1.281 - Ca?* uniporter

N ca \ t superoxide
65 85

45
Time (min)

mitochondria

240 Figure 3. Model explaining pesistent increase in cellular
B I (13) supeoxide and incease in L-type Ca channel basal cur
200L @) T @ rent density as a result of aaimsient oxidative stressran-
@ I T sient &posue to etracellular hydogen peroxide oxidises
1601 3) I 1 the channel causing an irease in channel basal cemt
I density An increase in calcium uptakinto the mitobon-
'_ (18) i 1 dria follows (as a result of an inease in calcium influx
120 i 1 through the L-type G4 channel) that further ineases

supeoxide production by the mitbondria. The increase in
8o cellular supeoxide causes further oxidation of thieaanel
I (for further details see text).

% of slope 5-25 min

40

The channel as therapeutic gt

10 20 30 50
H:0, (M) Results from clinical studies ¥ siggested that the
. o . channel may be an attracti target for treatment of
Figure 2. Application of hydogen peroxide eternally myocardial injury during oxidate sress. Acombination
causes a further increase in cellular superoxide assessgflcalcium channel blogks and antioxidants arefegtive
with the fluoescent indicator dihydroethidium (DHEA: reducing the progression of atherosclerosis thaihias
DHE recoded from a guinea pig ventricular myocyte priofincreased RS production and lipid peroxidation in the
to and following gposue t increasing concentrations of \55culaturé®?53 Administration of the L-type G4 channel
H,0, as indicated. Slope valueseaindicated below edt  antagonist verapamil before coronary perfusion with
H,O, concentration. B: MeantSE of ratio.of flucn§cenc§ thrombolytic therap improves recovery of the reion
epressed as % of slopecoded at 5-25 min for guinea pig around the irdrcf* and is associated with lower restenosis
ventricular myocytes exposed to concentrations @,Hs  gfter percutaneous coronary intemion® In animal
indicated. Number of cells tested is shown inepéiteses ¢t dies calcium channel antagonistsehieen efective in
above eab bar. 25-30 uM H,O, consistently increased cel- reducing myocardial oxidat dress in stro& pone
lular superoxide without apoptosis or nesis (for details hypertensie  rats3® protecting against myocardial
see text). reperfusion injury’ and stunned myocardiuth.Therefore
the channel represents an attraetiandidate for tageting

hydrogen peroxide. This fect persisted for up to 9 hoursunder conditions of oxidate dress.
after the transient exposure to hydrogen peroxide. Theref%%nclusions
it would appear that transient oxidation of the channel by

hydrogen peroxide is sufficient to increase superoxide from  There is nw good evidence that ROS can act as
the mitochondria as a result of increased calcium influignalling molecules to mediate patholo0S can also
through the L-type C& channel. The effect persistsregulate L-type C# channel function most likely as a
because a posit feedback exists between increased basgdsult of direct redox modification of cysteines on the
channel actity, eevated intracellular calcium and channel protein, although redox modification ajuiatory
superoxide production by the mitochondria (Figure 3). Thisroteins may also influence channel function. Cellular
may be suffcient to actvate hypertrophic signalling responses to changes in oxygen tension sucksia are
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generally thought to be adapito prevent the deleterious 11.
effects of systemic ypoxemia. Havever acute changes in
cellular ROS production and redox state can also represent
a trigger for arrlythmia as a result of acute alterations in
channel function. Pathological remodelling mayolme 12.
persistent oxidation of the channel, increasgdSRand
increased calcium influx during oxidadi gress. In order to
treat disorders thatwolve modulation of channel function
during alterations in redox state a greater understanding 1.
how the channel protein is fatted is required. Greater
knowledge of the structural details of calcium channel
regulation by ROS is an important step in designing drugs
that could target specific sites on the protein. fstaine or
cysteines are altered and identified thiswd provide a 14.
potential site to tget for modification of channel function.
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