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Cardiac ischemic stress: cardiomyocyte Ca®* calcium, sex and sex steroids
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Summary effect. Hawever, there is accumulating evidence which
_ o ) argues against this simple dichotaomsaggesting that the
1 Important s differences sist in ischemic heart ;hfuence of estrogen and testosterone conferring benefit or
disease. Estrogen has been wentionally regaded as getriment may be context specific. Thisies considers
providing a cardioprotecte tenefit and testosteroneine causes and consequences of cardiopyoc&*
frequently percefed to exert a deleterious &ct. Havever, ygioad in ischemia/reperfusion and discussesw ho
there is accumulating evidence which arguesiregy this myogte C&* handling processes V& been shown to be

simple dichotomysuggesting that the influence of estrogennoqulated by the actions of estrogen and testosterone.
and testosterone conferring benefit or detriment may be

context specific. I schemia, reperfusion and Ca?* overload
2. Cardiomyogte calcium (C&) loading is )
recognized to be a major adtor in acute Interruption of coronary blood flo leads to an

ischemia/reperfusion patholagypromoting cell death, inabiIity.of the myocyte to maintain steady state cellular
contractile dysfunction and arrhythmogenic witgi Metabolisn?. Inadequag of oxygen supply to the
ca&*/calmodulin-dependent kinase Il (CaMKIl) is amyocardium induces a shift to increased reliance on
mediator of may of the cardiomyocyte Carelated anaerqbic egconsi; for #P gener_ation. In this.settir.\g
pathologies in ischemia/reperfusion. Cardiomyocyté*Cathere is accumulation of g_chontlc. products, including
handling processes Vakeen shan to be modulated by the lactate and protons, lowering of intracellular pH and
. k N

actions of estrogen and testosterone. A role for these §@nsequent stimulation of N&™ exchange to xport
steroids in influencing CaMKII aefition is argued. protons. In the absence of coronaryflthis proton &port

3. Whilst mary experimental studies of estrogen'eads to a rapidxéracellular acidosis. In arterially perfused
manipulation can identify a cardioproteetile for this Papillary muscle, extracellular pH decreases within
sex steroid, there are also numerous reports which fail @PProximately 3 minutes after the onset of ischemia and
demonstrate  sedifferences in post-ischemic reeoy. falls steadily with maintained ischemiaNa*/H* exchange
Experimental studies report that testosterone can gentinues until the cross-sarcolemmal proton gradient is

protective in ischemia/reperfusion in males and females iffissipated (Figure 1). o .
some settings. In parallel with pH changes, there is similarly rapid

4. Further studies of sesteroid influence in the Cconcomitant accumulation of intracellular NaNa'/H*

ischemic heart will alle the deelopment of therapeutic <change undoubtedly plays a central role in intracellular
intenventions that are specifically tmted for male and Na" elevation,® but is not the only contributing mechanism.

female hearts. While increased influx of Ntaoccurs through augmented
Na'/H* exchange’ Na'/K*/Cl- co-transpoft and the
Introduction opening of voltage gated Nahannel$, a decline in the

activity of the Na&/K*-ATPasé®'! also contributes to

Ischemic heart disease is a major clinical burden fecreased Naefflux. A reduced N&a gradient during
the Western wrld. Considerable advancesvhaeen made ischemia decreases ‘forward mode  Kee* exchange and

in understanding the cardiomyde ionic flux and phepnce C& efflux - but more importantly Na*/H*
intracellular signalling eents that occur during iSChemiaexchanger-dﬂen Na* accumulation facilitates verse-
and reperfusion, and in discerning the mechanismgyde Na/C2* exchang®? increasing C# influx and
responsible for ischemic injuryCardiomyogte calcium promoting intracellular G4 loading.

(Ce") loading is recognized to be a major factor in acute  These alterations in sarcolemmal ionic flux and
ischemia/reperfusion  patholagypromoting  cell  death, gistriution profoundly influence cardiomygte function
contractile  dysfunction and arrhythmogenic &8li  5nq contribute to the aedtion of a myriad of cellular
Investigation of the dwnstream mediators and Ce”“""“signalling pathay<314 - ultimately with the potential to
targets of C&'overload is ongoing. Myocardial resilience to¢iminate in cardiomyate death. The extent of ischemic
ischemia/reperfusion injury is influenced by numerougyiyry, and the transition from wersible to irreersible
factors, including se and systemic se steroid status. jniyry is time-dependent and hence reperfusion is crucial.
Important differences exist between men aramen with  Ajthough reperfusion is essential to saje ag portion of
regard to ischemic heart diseas&luch of this diferential the myocardial tissue affected, theest of reperfusion can
is myocardial specific. Estrogen has beenveotionally  5ccelerate the demise of those cardiomyocytes which ha
regarded as providing a cardioproteci tenefit and sgerely compromised capacity to re-establish ionic
testosterone frequently pereed to exert a deleterious pomeostasis. Restoration of coronarwfitushes way the
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« Maintanence of cross-sarcolemmal ion gradients ensures myocyte excitability, essential for
initiating Ca2*-induced Ca?*release from sarcoplasmic reticulum stores and contraction.

B. Ischemia
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» ATP depletion inhibits ATPase pump function.
» Anaerobic glycolytic by-products rapidly lower cytosolic pH and stimulate Na/H exchange.
» Proton extrusion continues in the absence of coronary flow until the cross-sarcolemmal

proton gradient is dissipated.
» Ensuing Na* accumulation facilitates reverse-mode Na/Ca?* exchange and Ca?* loading.
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» Restored coronary flow flushes the acidotic extracellular environment, re-establishing a
steep sarcolemmal proton gradient and exacerbating NHE-mediated Na* accumulation.
» Subsequent reverse-mode Na/Ca?* exchange leads to intracellular Ca overload.

Figure 1. Summary of cross-sarcolemmal ion fluxes in nowiag ischemia and reperfusioNCX, N&/Ca?* exchanger;
NKA, N&/K*-ATPase; NHE, N&H* exchanger; LTCC, L-type C& channel; SERCA, sarcoplasmic/endoplasnatiou-

lum C&*-ATPase; PLB, phospholamban.

acidotic extracellular space, re-introducing a steep tranmode N&/Ca&* exchanget®

sarcolemmal pH gradient (Figure 1). Thigaeerbates Cardiomyogte pathologies associated wittxcess
Na'/H* exchanger mediated Naaccumulation as proton intracellular C&" are etensive.!* C&* mismanagement in
export is resumed, leading to €aoverload via reverse- reperfusion is commonly associated with systolic/diastolic
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dysfunction and argthmogenesis. Ca overload can also
precipitate cardiomygte death by multiple means. A
Hypercontracture and aetion of calpains, in combination
with cell swelling, cause sarcolemmal rupture and non- 160- Sinus rhythm
programmed necrotic cardiomyocyte death. Increased 159

cytosolic oxidant and G4 levels occurring at reperfusion

Tachycardia Fibrillation

80

also promote mitochondrial €aloading, associated with e et A
opening of the mitochondrial permeability transition pore *°7 =~~~ '
(mPTP) and programmed cell death by apopt§sidore 0 5 seconds 5 seconds 5 seconds
recently it has also been suggested that'Gaverload may : ' : oo '
initiate a diferent form of programmed cell death, through
autophagy’ B. C.
CaMKI| asa mediator of CaZ* pathology 6004
100 1 _ I

Ca*/calmodulin-dependent kinase 1l (CaMKII) 80 = 5007
emeging as a mediator of mgnof the cardiomyogte g > 400
Ca&*-related pathologies in ischemia/reperfusion, and 1 L 601 f 3004
is considerable interest in \d#oping CaMKII inhibition o3 %
stratgies for therapeutic applicatidh. CaMKII3, the 5 407 S 200 *
predominant isoform in the heartxhbits two plice 20 4 ® 100
variations; a gtosolic . and a nuclear localizedy. - a ;
Responsie © dterations in phasic Galevels, the gtosolic " Control  KN93 0- Control  KN93

d. splice variant phosphorylates, and function
modulates multiple G4 transporters wolved in excitation-
contraction coupling, including the L-type €achannel, Figure 2. CaMKiIl role in mediating reperfusion-induced
the sarcoplasmic reticulum €arelease channel, and thearrhythmias. Isolated perfused male mouse hearts ever
sarcoplasmic reticulum &apump (SERCA2a) gulator, treated with CaMKIl inhibitor (KN93) to examine the influ-
phospholambat?2° CaMKII is involved in mediating the ence of CaMKII activation on arrhythmenesis in early
inotropic response td3-adrenegic stimulatior?>22 and reperfusion after a 20 min period of global lgmia. A:
elevated CaMKIl epression is associated with occurrenc&entricular pressue traces (scale 0-160 mmHg) weana-
of cardiac lpertroply and heart &ilure?®>2* as well as lysed and arrhythmic (non-sinus) episodes identified as ven-
increased incidence of arrhythm#&s. tricular tachycadia (VT) or fibrillation (VF) as depicted.

Male models of myocardial ischemia/reperfusiorB: The incidence and dation of ventricular arrhythmias
have down elevated intracellular C& activates CaMKIl was ecoded thoughout the initial 10 min ofeperfusion.
and increases mygpte C&*' loading through All untreated contsl hearts exhibited VT and/or VEom-
phosphorylation of Ca-handling transporters, in particular pared with only 13% of KN93 dated hearts. (black: per
the regulator of SERCA2a adgty, phospholamban. During centaje d hearts exhibiting VT and/or VF; white: prmt-
the ischemic phase, a modest wtibn of CaMKIl can age d hearts with no incidence of VT and/or VE):
sene to maintain sarcoplasmic reticulum €doading and Increased arrhythmia incidence was associated with
sustain lev levd contractile function in adverse pH increased total VT and/or VF dation in the first 10 min of
conditions. In early reperfusion CaMKIl is marky reperfusion. Reprintedrom rfeence 31: International
activated. Studies assessing phosphorylation of theJournal of Cadiology 2011. Elseier, used with permis-
CaMKIl-specific threonine 17 residue of phospholambasion.
indicate CaMKII actiity peaks in the first 5 minutes of
reperfusior?®2” Inhibiting CaMKII in ischemia/reperfusion . .

Experimental evidence suggests vase-mode

with KN93 (competitve inhibitor of calmodulin binding) Na'/C&* exchange in early reperfusion triggers the increase

has been shown to protect against ynamperfusion- in CaMKIl activity (presumably.) and phosphorylation of

associated pathologies; reducing infarct size, lactaf . . .

. ospholamban and/or the sarcoplasmic reticulurfit Ca
delydrogenase release and suppressing apoptosi . ; ) ) oy
. Y 99,30 X refease channel. This culminates in mitochondriat*Ca
induction#’<2*We haverecently shown in male rat hearts

that CaMKIl also plays an important role in mediatingi;):;'rg% ,\?S:qe?gljz nstchrcc))lt(ljc i:;:dsgggptsc\)}ég:;dfhwm:c
reperfusion-induced arythmias3? KN93 treatment of ) b 9 9

isolated hearts prior to ischemia and during the initial 1t8 promote | CaMKid, actwvation and the onset of

- 34.35 X .
minutes of reperfusion substantially reduced the inciden%’omos'é Intergstlngly recent evidence suggests that
e nuclear 5; isoform may hee a ontrasting,

of ventricular tachycardia and fibrillation (Figure 2). Thisis___ . . : . .
. . . . : cardioprotectie action. Owerexpression of théd, isoform,
consistent with a role for CaMKII in promoting aythmias B

in post-acidotic and bro-oxidant environmeta but not thed. isoform, uprgulated the heat shock factor 1
P P ' (HSF1) — heat shock protein 70 (HSP70) axis and protected

agpinst apoptosis in oxidag ad ischemic stress
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conditions3® Further studies are required to establish th®thers hae dso observed similar effects whichveakteen

therapeutic potential of this finding. attriouted to the actions of estrog” In contrast, hearts

from ovariectomised females exhibit a reduced functional

recovery and myocardial viability in reperfusion, and this is
. . ) 5

Much of the mechanistic insight into reversed with chronic estradiol supplementatié??

ischemia/reperfusion injury has been obtained from studies Th.e |dent|f|cat|9n_of the specific gs_trogeq receptor(_s)
utilizing only male animal models, despitextensive responsible for mediating these beneficial actions remains

clinical and eperimental evidence of sedifferences in uansolwed. Genetlch;ieelglon mhodels dating eltrl;er ER
myocardial pathopfsiology There is a growingveareness or h F‘B. recetpr)]tolrs . en s t.ownbt?h exacert ate pt;)tst-
of the etent to which cardiac function can be influenced b{F¢"€MIc Pa oogéif.)’ suggesting both receptor Subtypes
sex and s& hormoness”:38 Cardiomyogtes express both MY be_importarit>*> However, a drect comparison of
estrogen (estrogen receptor ERa; estrogen receptop, .female.Em and E.FB knoclout mouse hearts subjected to
ERB: G-protein coupled estrogen recept@PER) and ischemia/reperfusion by Gabet al. (2005) showed ER

androgen receptof, and are functionally responsi © but not ERn receptors, were necessary to maintain a post-

fluctuations in se steroid levels exerting both genomic and !schem|c functional resery comparable to that obsesy

AL 6
non-genomic actions. & axd others hee reported in wild-type hearts:

fundamental dferences between males and females in .I_Dharmacological injteantions. W.ith receptor suptype
excitation-contraction coupling and cardiomyocyte ?Ca Specificity hae dso provided conflicting reports garding

handling processes. Curét al. (2001) showed Ca ERa and ERB receptors in ischemia/reperfusion injury in
amplitude and shortening were blunted in response ft%ma!es. Chro_nlc administration (2.W§e.ks) of aanR
increasing extracellular €ain female rat cardiomygtes agonist (2,3-bis(4yuroxyphenl)-propionitrile, DPN) in
compared with male®. These differences ka keen ovariectomised mice increased functional ket in post-
confirmed in seeral studiedl“2 and are se steroid 'Schemic isolated heart$.This chronic stimulation of the
dependent. Eiated actvator C&* flux and contraction in ERB receptor also promoted transcriptional godation of

cardiomyogtes of wariectomised rats is suppressed wit{'UMerous  genes associated  with protegﬂ_on .from
chronic_estradiol supplementatitsh.Reciprocally when iIschemia/reperfusioft In contrast, acute administration

castrated male rodents are testosterone supplemented .(ﬁ%)é‘.“'”s prior to ischemia) c.)f the same ggomst (DRN) 'n an
induced reduction in Ca& flux state is reersedéé N Vivo rabbit model of regional ischemia/reperfusion had

Numerous differences in €ahandling protein xpression no effect on infarct size. However, in the same study using

o the same protocol, treatment with andegelectve gyonist
and/or activity hee keen proposed to account for these se ' N
y brop 4.4 4" -(4-propyl-[1H]-pyrazole-1,3,5-triyRrisphenol,

differences, though consensus on the mechanism has . ; :
been achied. A recent isolated cardiomyocyte patch- ) substantially reduced the size of theiciP’ Further

clamp study indicates that alterectcitation-contraction evidence suggests an 'm"’“"“e.m in-_ post-ischemic
coupling gain ie. the amount of C4 released from the outcomes through acute stimulation of theoERceptor
sarcoplasmic reticulum relaé © the magnitude of the with PPT is associated with a rapid translocation of protein

triggering L-type C& channel current) may be akinase @ (PKCe) to the mitochondria and nucle®%This
determinant of se difference in cardiomyocyte &a is significant as aatétion of PKCG and its interaction with

handling?! In this study no £x dfferences in L-type G4 Fheh m't.OChond”‘z.'T kn;)w?&;ombe centrallyvalved in
channel current under voltage-clamp conditions wer&® erlnlc myocar 'Ita pro e(;r'] t.E i d
obsened, but gin of excitation-contraction couplingas n overview, it seems that ERreceptor presence an

doubled in rat male cardiomyocytes compared wit ustained atation i.n female_s provides a prqteceti
females yocy P ﬁbackground’, but this protection cannot be heightened

pharmacologically in the short term (minutes). In contrast,
Acuteischemic cardioprotection in females ERa receptor actiation in females appears to be more

involved in mediating dvaurable short-term responses to

These se differences in C# handling may be jschemia/reperfusion (although there is some inconsigtenc

crucial determinants of the pathological outcomes okservin the findings from the genetic ablatioxperiments).
in post-ischemic male and female hearts. Lowet" @ax  Currently ERa receptor ablation in males does not produce
in normoxic female cardiomyytes may limit the extent of the same outcome as in females — and mag haole in
cellular C&* Ioading in ischemia and reperfusion, henCﬁ)ngeFterm modulation of ischemia/reperfusion
minimizing Ca&*-associated contractile dysfunction and Ceu'esponsé?”%|nteresting|ythere is also recenviglence of a
death. Experimental studies viea hown female hearts G-protein coupled estrogen receptor (GPER, alsovkras
recover favarably compared with males in the immediatesPR30), which mediates cardioprotection in male and
period after an ischemic insult. eMave shavn that in  female hearts and which can bedked by acute treatment
isolated Langenddrfperfused rat hearts, following 25 with a selectie ayonist®%:62
minutes global ischemia the relati recovery of female Given the multiple receptor tgets for estrogen in the
hearts at 30 minutes reperfusion is markedly better thafyocardium, it is not surprising that the feefor
male hearts with respect to wéoped pressure, @k mechanisms which may contite to acute ischemic
performed and contraction/relaxation kinetics (Figuré3).functional modulation in female hearts are numef8us.

Sex steroids and Ca?* handling
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Figure 3. Female hearts exhibit more robust reperfusion raeoy than male hearts.lsolated perfused rat hearts veer
exposed to 25 min global ischemia. Left ventricular function was measured throughout equilibration (aerobic perfusion)
and for 30 min. Reperfusioecorery data normalized to the basal value at the end of the equilibration pedmimeters
measuredA: Left ventricular developed pssue (LVDP). B: Rate-pressu product (RPP).C: Rate of pessue deelop-

ment (dP/dtmax)D: Rate of pessue decline (dP/dtmin). Data & meartSEM; analyzed by 1-way AN with repeated
measues (reperfusion onlyp<0.05 male (open symbolsy female (filled symbols). Reprinted froefaience 45. Ameri-

can Journal of Physiology: Heart & Circulatory Physiolo@)08. AmPhysiol. Soc., used with permission.

Involvement of the phosphoinositide-3-kinase (P13-K)/Akattenuated when nitric oxide synthase is inhibiteds
signalling pathway appears to be of central§raéve nitric oxide modulates the L-type &achannel current! it
importance in estrogen signalling transduction. PI13-K/Akhas been suggested that estradiats a cardioproteate
activation has been shown to be cardioprotectin  action by limiting intracellular G4 accumulation in a nitric
ischemia/reperfusion, stimulating nitric oxide synthase arakide-dependent manndn female mouse cardiomyytes
protein kinase G to reduce €oading and suppress mPTPpre-treated with isoproterenol, protection fronfQaading
opening®* Akt is upregulated in females; wevasiown after ischemia as dependent on enhanced nitric oxide
increased xpression in female heattsand others ha& synthase-mediated S-nitrosylation of the L-type?*Ca
shavn an estrogen-dependent augmentation of Aktannel? This post-translational modification of the L-type
phosphorylatio>%” Estrogen accentuates the AktCa&* channel inhibited CA current and decreased Ta
phosphorylation response to oxidatiand ischemic stress entry in this setting. This is consistent with the
conditions$8%® and blocking PI3-K with wrtmannin interpretation that estrogen moderates myocyfe fla in
increases injury in females, but not male heHrts.normoxic conditions, limiting the extent of €a(over)
Furthermore, suppression of infarct size and reperfusioleading in ischemia/reperfusion.

induced arriithmias with 1B-estradiol supplementation is With evidence linking estrogen to maintenance of
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lower myocyte C#& fluxes during the aatition cycle, it and colleagues suggests that male hearts are more
may be predicted that estrogen partly confers its progectisusceptible to ischemia/reperfusion injury when cells are
actions through a diminished recruitment of CaMKIIC&* loaded. High extracellular €aand isoproterenol both
Indeed, there is recent evidence that CaMKdpression accentuated post-ischemic contractile dysfunction in
and phosphorylation status are suppressed by estrogerisolated male hearts compared with female h&&ffsas
the female myocardium, and that pharmacologic CaMKHid genetically mediated verexpression of the
inhibition does not impnee post-ischemic viability in B,-adrenoceptor and the N&&* exchanger®8
female heart$® These findings in female hearts contrasTestosterone may therefore be beneficial in mild ischemic
with the observations in male hearts, where CaMKBtress conditions, augmenting sarcoplasmic reticuludi Ca
inhibition is reported to be proteeti?’2%30 A direct handling, limiting hypercontracture and enhancing
comparison of CaMKIl actity and the dfcacy of CaMKIl  contractile receery. Where the ischemic insult is more
inhibition in male and female hearts/cardiomytes is yet severe, testosterone influence may conitéd to C&"
to be reported. management pathology and myocyte? Caverload. More
Whilst mary experimental studies of estrogenextensie exploration of the role of testosterone in
manipulation can identify a cardioproteetiole for this modulating C& handling and function in female
sex steroid, there are also numerous reports which fail tmyocardium is required.
demonstrate sedifferences in post-ischemic )
recosery.’®7477 Sex differences in ischemia/reperfusionConclusions
injury may only become apparent under specific
experimental conditions or be present in certain genet}&edi
models where Cérelated stress conditions ACCaMKIl is a key Ca*-responsie potein involved in

amplified.7-%0 transducing cardiomygte functional and survé
Possibilities for testosterone car dio-protection? responses to an ischemia/reperfusion insult and is
recognized as a @et of considerable therapeutic potential.
Evidence that testosterone can be protectin  Sex differences in cardiomyocyte Ezhandling are ddent
ischemia/reperfusion in males and females is gmgr and may play a crucial role in determining théicafy of
Interestingly the impraved functional recweery afforded to ischemia/reperfusion interventions. The wantional viev
hearts from wariectomised animals by chronic estrogerof estrogen cardioprotection requires revision aridemce
supplementation can also be a®btk with chronic 5a- that testosterone may confer myocardial benefit in some
dihydrotestosterone administration (a non-aromatisabt®ntets is emeaging. Furtherstudies of the cellular actions
form of testosteroné} A similar improvement in post- and mechanisms of sesteroid influence in the ischemic
ischemic functional rec@ry is also obseed in castrated heart will allov the deeopment of therapeutic
males supplemented with testosterone, associated wiitiberventions that are specifically ¢mted for male and
enhancement of cardiomyocyte sweki®28 These female hearts.
protective ations contrast with the ceentional viev that
testosterone confers cardiscular detriment, and an References
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