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Abstract 

Translation of cardioprotective interventions aimed at reducing myocardial injury 

during ischaemia-reperfusion from experimental studies to clinical practice is an 

important yet unmet need in cardiovascular medicine. One particular challenge 

facing translation is the existence of demographic and clinical factors that influence 

the pathophysiology of ischaemia-reperfusion injury of the heart and the effects of 

treatments aimed at preventing it. Among these factors, age and sex are prominent 

and have a recognised role in the susceptibility and outcome of ischaemic heart 

disease. Remarkably, some of the most powerful cardioprotective strategies proven 

to be effective in young animals become ineffective during ageing. This article 

reviews the mechanisms and implications of the modulatory effects of ageing and 

sex on myocardial ischaemia-reperfusion injury and their potential effects on 

cardioprotective interventions. 
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List of abbreviations:  

AK: adenylate kinase 

Akt: protein kinase B 

AMI: acute myocardial infarction 

ANT: adenine nucleotide translocator 

CAD: coronary artery disease 

ciRNA: circular RNA 

CK: creatine kinase 

ECM: extracellular matrix 

ERK1/2: extracellular signal-regulated kinase 1/2 

GSK3: glycogen synthase kinase 3 beta 

GWAS: genome-wide association studies 

IHD: ischaemic heart disease 

IPC: ischaemic preconditioning 

IPostC: ischaemic postconditioning 

IR: ischaemia-reperfusion 

IS: infarct size 

lncRNA: long noncoding RNA 

LV: left ventricle 

MI: myocardial infarction 

MIM: mitochondrial inner membrane  

MOM: mitochondrial outer membrane 

mPTP: mitochondrial permeability transition pore 

MtCK: mitochondrial creatine kinase 

OXPHOS: oxidative phosphorylation 

PCr: phosphocreatine 

PiC: phosphate carrier 

PI3-K: phosphoinositide 3-kinase 

RCS: respiratory chain supercomplexes 

RIPC: remote ischaemic preconditioning  

RISK: reperfusion injury salvage kinase  

RyR: ryanodine receptor 

SR: sarcoplasmic reticulum 

STAT3: signal transducer and activator of transcription 3 

STEMI: ST-segment elevation myocardial infarction 

TIMPs: tissue inhibitors of MMPs 

VDAC: voltage-dependent anion channel 

 

Drug and molecular target nomenclature used in the present article conforms to 

BJP’s Concise Guide to Pharmacology Citation (Alexander et al., 2015)
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Akt: 

https://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=285 

ANT: 

https://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=206#1
063 

Connexin43: 

https://www.guidetopharmacology.org/GRAC/DatabaseSearchForward?searchString
=connexin43&searchCategories=all&species=none&type=all&comments=includeCo
mments&order=rank&submit=Search+Database 

ERK1/2: 

https://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=514 

GSK3b: 

https://www.guidetopharmacology.org/GRAC/DatabaseSearchForward?searchString
=GSK3b&searchCategories=all&species=none&type=all&comments=includeComme
nts&order=rank&submit=Search+Database 

Hexokinase: 

https://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=890 

MMP: 

https://www.guidetopharmacology.org/GRAC/DatabaseSearchForward?searchString
=MMP&searchCategories=all&species=none&type=all&comments=includeComment
s&order=rank&submit=Search+Database 

PKA: 

https://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=284 

PKC: 
ttps://www.guidetopharmacology.org/GRAC/ReceptorFamiliesForward?type=ENZYME&fami
lyId=286#node286 
PKC epsilon:  

https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=1486 

PKG: 

https://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=287 

RyR: 

https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=748 

STAT3: 

https://www.guidetopharmacology.org/GRAC/DatabaseSearchForward?searchString
=STAT3&searchCategories=all&species=none&type=all&comments=includeComme
nts&order=rank&submit=Search+Database 

TIMPs: 

https://www.guidetopharmacology.org/GRAC/DatabaseSearchForward?searchString
=TIMP&searchCategories=all&species=none&type=all&comments=includeComment
s&order=rank&submit=Search+Database 
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1. Introduction  

Key consequences of ischaemic heart disease (IHD) are contractile 

dysfunction, irreversible myocardial injury, heart failure, arrhythmia and death. Their 

magnitude depends mainly on the extension, severity and duration of the ischaemic 

insult. Although myocardial ischaemia may occur under different clinical conditions, 

including elevated oxygen demand, cardiac arrest or cardiac therapeutic 

interventions such as surgery, the most important clinical condition is acute coronary 

occlusion leading to severe transmural ischaemia and development of myocardial 

infarction (MI). In this case, the mainstay of treatment is limitation of the duration of 

ischaemia through emergency re-opening of the occluded vessel, generally through 

percutaneous coronary intervention, with pharmacological treatments to prevent re-

occlusion. Even after a successful recanalisation of the culprit artery, restoration of 

blood flow is accompanied by a paradoxical worsening of the functional changes 

associated with ischaemia (“reversible reperfusion injury”), particularly arrhythmias 

and stunning, and in more severe cases by reperfusion-induced cell death (“lethal 

reperfusion injury”). This comes in addition to potential microvascular dysfunction or 

injury when establishing reflow. The contribution of lethal reperfusion injury to the 

final extent of MI has been irrefutably proven in the experimental setting (Piper et al., 

1998) and in patients with STEMI, although here the efficacy of the therapeutic 

interventions has been less consistent  (Hausenloy et al., 2017a). The time window 

to effectively prevent or limit myocardial injury in patients with STEMI is very short 

(few hours from the onset of chest pain), and the development of ways to reduce the 

myocardial consequences of ischaemia of a given severity and duration by 

interfering with the molecular mechanisms of ischaemic injury is a priority (Ibanez et 

al., 2017).  

Preclinical studies have identified a variety of molecular pathways potentially 

involved in cell death during ischaemia-reperfusion (IR) that are targetable by a 

therapeutic intervention (Hausenloy et al., 2017b). Nevertheless, and despite 

promising outcomes in the experimental setting, the translation of such 

cardioprotective interventions to the clinical practice for the benefit of patients with 

IHD has repeatedly failed (Hausenloy et al., 2017b;Heusch, 2017). The causes for 

this failure are multiple and have been reviewed elsewhere (Heusch, 2017;Heusch, 

2018;Botker et al., 2018;Davidson et al., 2019;Kleinbongard et al., 2019). The 
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inadequate simulation of the clinical conditions of patients (lack of confounders 

present in “real life”) has been the object of intense debate, as the patients with IHD 

recruited into cardioprotection clinical trials normally have an advanced age and 

several confounders, including one or more comorbidities (hyperlipidaemia, 

hypertension, metabolic disorders) and comedications, conditions that have not been 

properly recapitulated in the young and healthy animals used for research purposes. 

Among confounders, ageing and sex and their interplay (loss of hormonal influence 

is part of normal ageing) have been increasingly recognized as main determinants of 

the outcomes of IR injury (Davidson et al., 2019). Neglecting their role is proposed 

as a fundamental contributor of the translational gap and may explain the suboptimal 

and sometimes inconsistent effects of cardioprotective strategies (Ferdinandy et al., 

2014). Here, we review the current knowledge about the role of ageing and sex as 

(patho)physiological modulators of IR injury development, cardioprotection signalling 

and efficacy of the therapeutic interventions.       

2. Age and tolerance to ischaemia-reperfusion injury  

Ageing of the human population is a global demographic phenomenon with 

profound effects on the epidemiology, severity and mortality rates of IHD (Moran et 

al., 2014). About two thirds of myocardial infarctions occur in patients older than 65 

years and one third occurs in patients older than 75 years (Engberding and Wenger, 

2017). Despite this, randomised clinical trials preferentially include patients younger 

than 75 years, consistently underestimating the real number of elderly patients that 

cardiologists encounter in clinical practice (Lee et al., 2001). Therefore, most 

treatments applied to elderly patients have been extrapolated from the results 

obtained in studies performed with younger patients and are not based on specific 

evidences that supports their efficacy and safety in this age segment.  

Advanced age not only increases the incidence of IHD due to progressive 

arterial disease among other factors, but also exacerbates its clinical manifestations 

and impairs the prognosis and survival of the patients (Shih et al., 2011). Elderly 

patients are more likely to die after MI due to an increased rate of mechanical 

complications (papillary muscle rupture, left ventricular free wall rupture and 

ventricular septal defects), in-hospital mortality and long-term mortality after 

discharge (Shih et al., 2011;Mehta et al., 2001)  According to the GISSI-1 study, 

each year of age is associated with a 6% increase in the relative risk of mortality 
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secondary to an acute coronary syndrome (Maggioni et al., 1993). This is in part due 

to the fact that age is a main determinant of the extension of necrosis within the 

myocardial segment exposed to ischaemia (Shih et al., 2011), which in turn, is 

critically associated with the future occurrence of arrhythmias and development of 

heart failure. Indeed, being old significantly increases the likelihood of developing 

adverse cardiac remodelling and heart failure secondary to MI (Ezekowitz et al., 

2009).  

The impact of ageing on IS results from multiple factors including  

compromised functional reserve of the myocardium in elderly patients and increased 

burden of comorbidities (Ekerstad et al., 2011;Barnett et al., 2012). The heart 

develops some age-dependent structural and physiological adaptations, like 

changes in cardiomyocyte number, size and function (Bernhard and Laufer, 2008) 

and altered extracellular matrix (ECM) composition  (Horn and Trafford, 2016) that 

may influence the severity of myocardial dysfunction after an ischaemic episode. 

Remarkably, the increased vulnerability of the aged heart to develop cardiomyocyte 

dysfunction during IR has been reproduced in a myriad of experimental models, 

including isolated cardiomyocytes, in which the contribution of cell-to-cell interaction, 

extracellular components, vascular factors and comorbidities is absent (Fernandez-

Sanz et al., 2015;Willems et al., 2005). This evidence supports the concept that 

beyond other factors, aged cardiomyocytes develop endogenous changes that 

reduce their ability to tolerate and survive from an IR insult (Willems et al., 

2005;Strait and Lakatta, 2012).  

 Efficient therapeutic strategies specifically addressed to treat IHD in elderly 

patients are challenged by the fact that some well characterised endogenous 

cardioprotective pathways and targets are attenuated in aged cardiomyocytes (see 

section 4.1.), rendering them more resistant to otherwise powerful therapeutic 

interventions, i.e. ischaemic pre- and postconditioning. To what extent this feature 

affects other drug-induced cardioprotective strategies is a matter of research. 

Alterations in the inflammatory response induced by ischaemia, together with a 

gradual deterioration of the reparative fibrosis by mechanisms that involve the up-

regulation of beta-galactosidase and other key senescent markers, such as p53 (Zhu 

et al., 2013), have been shown to contribute to the higher prevalence of adverse 

remodeling and heart failure after MI in elderly (Westman et al., 2016;Bujak et al., 

2008).  
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3. Mechanisms of reduced tolerance to ischaemia-reperfusion 

injury 

3.1. Intracellular changes involved in IR susceptibility during ageing 

Aged cardiomyocytes develop a multiplicity of abnormalities in mitochondrial 

function, calcium handling, metabolism and signalling pathways that can affect their 

susceptibility to IR (Jahangir et al., 2007) (Figure 1). Some of the most prevalent 

pathophysiological traits of aged cardiomyocytes, i.e. energy demand/supply 

mismatch and excessive oxidative damage, resemble those of failing 

cardiomyocytes (Morita and Komuro, 2018). Regular arrangement of mitochondria 

and adequate mitochondria-sarcoplasmic reticulum (SR) communication are 

essential for metabolic plasticity, playing an important role in cell death or 

cardioprotection (Anmann et al., 2014;Ruiz-Meana et al., 2010). Calcium transferred 

from SR to mitochondria adjusts adenosine triphosphate (ATP) production with cell 

energy demand, and maintains the pool of the antioxidant glutathione through the 

regeneration of Krebs-coupled nicotinamide adenine dinucleotide phosphate 

hydrogenase (NADPH) (Kohlhaas et al., 2017). Importantly, efficient inter-organelle 

calcium exchange strongly depends on the tight alignment (50-100nm distance) 

between ryanodine receptor (RyR 

https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=748) 

at the SR and the voltage-dependent anion channel (VDAC) at the mitochondria 

(Garcia-Perez et al., 2008). Previous studies indicate that the anatomical proximity 

between SR and mitochondria is partially disrupted in aged hearts, altering calcium 

exchange and favouring oxidative stress at the interface between both organelles 

(Fernandez-Sanz et al., 2014). RyR has been recently demonstrated to be a target 

of glycative damage during ageing in human and murine myocardium (Ruiz-Meana 

et al., 2019). Therefore, glycation of RyR could be responsible for the disruption of 

the RyR-VDAC bridges, with detrimental functional consequences. Indeed, RyR 

glycation induces a SR-dependent calcium leak; in intact cells, chronic exposure of 

mitochondria to dysfunctional SR favours the concomitant increase of calcium 

precipitation in their matrix (Ruiz-Meana et al., 2019). Excess of reactive oxygen 

species (ROS) and mitochondrial calcium are important triggers of mitochondrial 

permeability transition pore (mPTP) opening (Ong et al., 2015), therefore 

mitochondria from aged cardiomyocytes meet the conditions necessary to be more 

https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=748
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susceptible to undergo mitochondrial permeabilization during IR. As predicted, the 

contribution of mPTP in cell death has been consistently demonstrated to be more 

relevant in the aged cardiomyocytes exposed to IR than in young cells (Fernandez-

Sanz et al., 2015;Escobales et al., 2014). Moreover, the endogenous increase in 

mitochondrial calcium prevents mitochondria from aged cardiomyocytes to actively 

buffer cytosolic calcium during IR, a feature that leads to a more severe cytosolic 

calcium overload, hypercontracture and cell death by mechanisms unrelated to 

mPTP (Fernandez-Sanz et al., 2015;Ruiz-Meana et al., 2011).  

In addition to calcium handling, alterations in the VDAC channel (at the 

mitochondrial outer membrane [MOM]), the electron transport chain and the 

activity/expression of mitochondrial kinases have all been involved in ageing and 

cardioprotection. These components are part of the large protein supercomplex 

named mitochondrial interactosome (Figure 1), located in the contact sites between 

inner and outer mitochondrial membranes, which is responsible to deliver ATP more 

efficiently to the sites where energy demands are high (Timohhina et al., 2009). The 

restriction of ATP and adenosine diphosphate (ADP) diffusion at the level of the 

MOM is an essential element of compartmentalized energy transfer. In adult 

cardiomyocytes, the MOM permeability to ADP is regulated by interaction of VDAC 

with cytoskeletal proteins, particularly with β tubulin II (Bagur et al., 2016). The 

permeability of the MOM increases in middle-aged female rats, but not in male rats; 

this difference disappears during ageing and increased VDAC permeability becomes 

characteristic for both sexes. The IR itself can induce similar change in the VDAC 

permeability, therefore enhancing the contribution of hexokinase  

https://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=890 to 

the regulation of cellular energy fluxes (Halestrap et al., 2015).  

Restriction of ATP/ADP diffusion through VDAC in cardiac cells is overcome 

by intracellular phosphoryl transfer through the phosphocreatine (PCr)/creatine 

kinase (CK) shuttle (Tepp et al., 2016). IR injury compromises mitochondrial 

oxidative phosphorylation (OXPHOS) and compartmentalized intracellular energy 

transfer via the PCr/CK network (Bagur et al., 2016). Similarly, for middle aged and 

old rats OXPHOS activity is much lower than for young rats (Tepp et al., 2017). The 

efficiency of the CK shuttle, which is the main energy provider for ATPases in adult 

cardiomyocytes, decreases remarkably as a result of ageing, but reperfusion does 

not alter MtCK activity or expression or the ratio dimeric:octameric isoforms of MtCK 

https://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=890
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(Bagur, Tanguy et al. 2016). The decline in adenylate kinase (AK) system is very low 

with no sex-related differences in its activity or in mitochondrial isoform contribution. 

The contribution of glycolysis to ATP production is increased during ageing while the 

hexokinase activity doesn’t change during healthy ageing (Tepp et al., 2017). It 

remains unknown to what extent glycolysis replaces OXPHOS in the aged patients 

and whether that switch has cardioprotective effects.  

The third possible players in ageing and cardioprotection are respiratory chain 

supercomplexes (RCS). In complexes I, III and IV, the ubiquinone and cytochrome c 

binding sites are facing each other favouring substrate channelling together with 

association of ATP synthase, adenine nucleotide translocator (ANT 

https://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=206#1

063) and phosphate carrier (Vonck and Schafer, 2009). RSCs disruption and lack of 

complex IV may be an important factor for the impairment of mitochondrial function 

in ageing (Ramirez-Camacho et al., 2019), although data obtained in aged rats show 

that changes in cardiac  bioenergetics are not caused by the functional impairment of 

RCS (Tepp et al., 2017). Nevertheless, pre-existing deficiencies in OXPHOS during 

ageing may compromise the plasticity of ETC activity (Agarwal et al., 2014). Indeed, 

during preconditioning changes in RCS may occur as a consequence of alterations 

in the lipid composition of mitochondrial membranes, as suggested in aged animals 

(Kuznetsov et al., 2019).  

 

3.2. Changes in extracellular matrix  

ECM remodelling secondary to ageing may affect the response to IR injury in 

at least 3 different ways (Meschiari et al., 2017;Mendes et al., 2012;Frangogiannis, 

2019): 1) it increases the distance for oxygen diffusion from the capillaries to the 

mitochondria of cardiomyocytes; 2) it disturbs integrin signalling and T-tubule 

function in cardiomyocytes, hampering post-ischaemic recovery of electromechanical 

function; 3) it induces stiffening of the vessel wall, which in turn reduces the ability of 

the vessels to adequately adjust coronary blood flow to oxygen demand. Oxygen 

extraction is already high at rest in the heart. Limited dilatation of conductance 

vessels, arterioles and precapillary sphincters results in low flow ischaemia.  

The components of ECM are characterised by a slow turnover. In addition, 

they have a high degree of posttranslational modifications, both spontaneously and 

enzymatically. The products of partial degradation, fragmentation, advanced 

https://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=206#1063
https://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=206#1063
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glycation end-products (AGE) and other modifications accumulate in the interstitial 

space of the heart, in the vessel wall and other organs with increasing age (Birch, 

2018). As a consequence, extracellular deposits and matrix stiffness increase, and 

mechano-transduction and normal integrin-related cell signalling deteriorate.  

The most abundant component of the ECM of the heart is collagen, mainly 

synthesized by fibroblasts. Collagen I, which controls stiffness, and collagen III, 

which adds elasticity, are the subtypes that dominate in the myocardium. 

Proteoglycans, consisting of glycosaminoglycan attached to a protein core, provide 

the tissue turgor. An ageing heart is characterised by ECM changes in parallel with 

loss of cardiomyocytes (and eventually slight hypertrophy of remaining cells). 

Microscopic measurements of collagen content revealed that collagen type I fibres 

were increased in number and thickness in hearts of old male individuals without 

structurally visible heart disease (Mendes et al., 2012). In healthy ageing, ECM 

changes are subtle, but since ECM matrix remodelling takes place both as a 

reparative and as a reactive process, reported changes in the ECM in the ageing 

heart are often due to interaction between age and subclinical or manifest age-

related diseases (Meschiari et al., 2017;Frangogiannis, 2019;Trial et al., 2016); 

hypertension in combination with the decline in gonadal hormone influence being 

one example (Ludvigsen et al., 2018).    

The basement membrane of cardiomyocytes is part of the ECM and consists 

of a tiny laminin A layer and non-fibrillar-forming collagen type IV among other 

components. Examining the heart-tube of Drosophila melanogaster at different ages 

it was observed that age-dependent thickening of the basement membrane led to 

restrictions in contractility and that contractility loss could be reversed by reducing 

laminin A expression (Sessions et al., 2017). Using super-resolution microscopy 

several collagen subtypes were detected in the T-tubules potentially rendering T-

tubules structure and function sensitive to ageing, an hypothesis confirmed in male 

mice (Crossman et al., 2017;Kong et al., 2018). 

ECM composition is dependent on the balance between synthesis and 

degradation of the ECM elements and network of macromolecular fibres. Matrix 

metalloproteinases (MMPs 

https://www.guidetopharmacology.org/GRAC/DatabaseSearchForward?searchString

=MMP&searchCategories=all&species=none&type=all&comments=includeComment

s&order=rank&submit=Search+Database) and tissue inhibitors of MMPs (TIMPs 

https://www.guidetopharmacology.org/GRAC/DatabaseSearchForward?searchString=MMP&searchCategories=all&species=none&type=all&comments=includeComments&order=rank&submit=Search+Database
https://www.guidetopharmacology.org/GRAC/DatabaseSearchForward?searchString=MMP&searchCategories=all&species=none&type=all&comments=includeComments&order=rank&submit=Search+Database
https://www.guidetopharmacology.org/GRAC/DatabaseSearchForward?searchString=MMP&searchCategories=all&species=none&type=all&comments=includeComments&order=rank&submit=Search+Database
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https://www.guidetopharmacology.org/GRAC/DatabaseSearchForward?searchString

=TIMP&searchCategories=all&species=none&type=all&comments=includeComment

s&order=rank&submit=Search+Database) regulate degradation in a cascade of 

interrelated processes (Lindsey, 2018;Wang et al., 2012). 

A role for MMP-9 activation in ageing has evoked particular interest due to its 

multiple substrates. MMP-9 promotes replacement of elastin with collagen thereby 

increasing stiffening of the vessel wall, since elastin has a particularly important role 

in the vessel wall in providing reversible passive extensibility. MMP9 expression 

increases with age, and MMP-9 null male and female mice showed delayed 

development of age-dependent diastolic dysfunction, reversal of age-dependent 

increase in vascular permeability and inflammation markers (Yabluchanskiy et al., 

2014).      

3.3. Change in function of endothelial cells, inflammatory cells and platelets  

Other mechanisms might contribute to reduced IR tolerance in ageing. In both 

sexes, ageing is associated with enhanced platelet activation, aggregation, and 

secretion, reduced bleeding time and alterations in coagulation factors that are 

stored, synthesized, and/or released by platelets. In addition to platelet 

abnormalities, monocyte phenotype and function are altered in older adults, resulting 

in enhanced platelet-monocyte interaction and activation of thrombo-inflammatory 

pathways. Thus, platelets in older adults may be “primed” for exaggerated 

responses, enhancing susceptibility to adverse clinical outcomes in settings of IR 

(Mohebali et al., 2014). 

Ageing is also associated with chronic, low-grade inflammation, and 

characterised by increases in circulating pro-inflammatory cytokines and ROS, that 

can both be produced within endothelial cells or by neighbouring immune cells 

(Chung et al., 2019). A vicious cycle activated by inflammation and oxidative stress, 

both of which exacerbate one another, impair nitric oxide (NO) bioavailability and 

endothelial function in aged arteries (Chung et al., 2019). Age-associated 

dysfunction in cardiac microvascular endothelial cells and impaired induction of 

cardioprotective pathways may contribute to the increased severity of IR in older 

patients (Edelberg et al., 2002). Moreover, ageing hearts have impaired angiogenic 

function, and following acute arterial obstruction, a decline in collateral number, 

diameter, and remodelling can be observed in aged mice, associated to impaired 

angiogenesis and resulting in more severe ischaemic tissue injury (Faber et al., 

https://www.guidetopharmacology.org/GRAC/DatabaseSearchForward?searchString=TIMP&searchCategories=all&species=none&type=all&comments=includeComments&order=rank&submit=Search+Database
https://www.guidetopharmacology.org/GRAC/DatabaseSearchForward?searchString=TIMP&searchCategories=all&species=none&type=all&comments=includeComments&order=rank&submit=Search+Database
https://www.guidetopharmacology.org/GRAC/DatabaseSearchForward?searchString=TIMP&searchCategories=all&species=none&type=all&comments=includeComments&order=rank&submit=Search+Database
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2011). This age-dependent impairment in ischaemia-induced neovascularization 

might be due, at least in part, to oxidative stress-related dysfunction of endothelial 

progenitor cells (Lam, 2015).  

4. Effect of age on cardioprotection treatments  

4.1. Ischaemic conditioning  

The conditioning strategies by which IR-induced damage of the myocardium  

is reduced include brief non-lethal periods of IR, which are performed either 1) 

before the sustained phase of IR directly to the heart (preconditioning, IPC) or to 

distant organs or tissues (remote ischaemic preconditioning, RIPC) or 2) at the onset 

of reperfusion (postconditioning, IPostC). Studies analysing myocardial conditioning 

in middle-aged or old animals are reviewed here or elsewhere (Boengler et al., 

2009;Calabrese, 2016;Ferdinandy et al., 2014). 

The effectiveness of IPC to protect against myocardial IR injury declines with 

age as shown in aged (18 months) mouse hearts in vitro (Peart et al., 2014) and in 

mice older than 13 months in vivo (Boengler et al., 2007). Also, the loss of IS 

reduction by IPC is demonstrated in 12-18 months (Adam et al., 2013) or in 18 

months old rat hearts in vitro (Schulman et al., 2001). Whereas the majority of 

studies describes a loss of IPC-induced cardioprotection with age, some recent 

investigations also indicate preserved myocardial protection by IPC in 17 months old 

rat hearts in vitro (Webster et al., 2017) or in 20 months old rat hearts in vivo (Dong 

et al., 2017b). 

Data on the effectiveness of the cardioprotection by IPostC are also 

controversial and seem to depend on the postconditioning algorithm as well as on 

the age of the animals. In aged cardiomyocytes, hypoxic postconditioning fails to 

increase cell survival (Zhang et al., 2018).  In middle-aged mouse hearts in vivo 

(older 13 months), the effectiveness of IPostC depends on the strength of the 

postconditioning stimulus (Boengler et al., 2008), whereas the IS reduction by IPostC 

is lost in both middle-aged (12 months) and aged (20 months) mice in vitro (Perez et 

al., 2016). The abolished cardioprotection by IPostC in mice seen with advancing 

age is also evident in rats where IPostC is cardioprotective in aged (16-18 months) 

hearts in vivo (Yin et al., 2009), but not in old (24 months) hearts in vitro (Chen et al., 

2016). 
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The cardioprotection by RIPC is present in young rat hearts in vivo but is 

abolished in aged (22-24 months) animals (Behmenburg et al., 2017). 

The loss of cardioprotection with ageing originates from reduced 

expression/phosphorylation and subcellular localization of proteins involved in the 

protective signalling cascades, like mitochondrial connexin43 

https://www.guidetopharmacology.org/GRAC/DatabaseSearchForward?searchString

=connexin43&searchCategories=all&species=none&type=all&comments=includeCo

mments&order=rank&submit=Search+Database, RISK pathway (including the 

prosurvival Akt 

https://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=285 

and ERK1/2 

https://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=514 

cascades) , protein kinase C (PKC 

https://www.guidetopharmacology.org/GRAC/ReceptorFamiliesForward?type=ENZY

ME&familyId=286#node286) and signal transducer and activator of transcription 3 

(STAT3 

https://www.guidetopharmacology.org/GRAC/DatabaseSearchForward?searchString

=STAT3&searchCategories=all&species=none&type=all&comments=includeComme

nts&order=rank&submit=Search+Database) (Boengler et al., 2009;Kang et al., 

2017;Whittington et al., 2013) as well as alterations of mitochondrial function (Figure 

1). The activation of STAT3 is also attenuated in the presence of other 

cardiovascular risk factors (Pipicz et al., 2018), conditions in which IPC and IPostC 

often are ineffective (Xia et al., 2016). Therefore, for the cardioprotection of aged and 

diseased myocardium the development of strategies to preserve signal transduction 

and mitochondrial function are needed.  

4.2. Pharmacological treatments  

Age is known to confound the cardioprotective efficacy of pharmacological 

treatments which protect the heart against acute IR injury by targeting protective 

signalling pathways (Boengler et al., 2009) (see table for summary). 

Pharmacological preconditioning with volatile anaesthetic agents such as isoflurane 

and sevoflurane was attenuated in aged rat hearts (20-24 months), and this effect 

was attributed to a failure to activate the Akt pathway to generate signalling ROS and 

to inhibit mPTP opening (Sniecinski and Liu, 2004;Nguyen et al., 2008;Zhu et al., 

2010). Furthermore, isoflurane preconditioning was also attenuated in human atrial 

https://www.guidetopharmacology.org/GRAC/DatabaseSearchForward?searchString=connexin43&searchCategories=all&species=none&type=all&comments=includeComments&order=rank&submit=Search+Database
https://www.guidetopharmacology.org/GRAC/DatabaseSearchForward?searchString=connexin43&searchCategories=all&species=none&type=all&comments=includeComments&order=rank&submit=Search+Database
https://www.guidetopharmacology.org/GRAC/DatabaseSearchForward?searchString=connexin43&searchCategories=all&species=none&type=all&comments=includeComments&order=rank&submit=Search+Database
https://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=285
https://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=514
https://www.guidetopharmacology.org/GRAC/ReceptorFamiliesForward?type=ENZYME&familyId=286#node286
https://www.guidetopharmacology.org/GRAC/ReceptorFamiliesForward?type=ENZYME&familyId=286#node286
https://www.guidetopharmacology.org/GRAC/DatabaseSearchForward?searchString=STAT3&searchCategories=all&species=none&type=all&comments=includeComments&order=rank&submit=Search+Database
https://www.guidetopharmacology.org/GRAC/DatabaseSearchForward?searchString=STAT3&searchCategories=all&species=none&type=all&comments=includeComments&order=rank&submit=Search+Database
https://www.guidetopharmacology.org/GRAC/DatabaseSearchForward?searchString=STAT3&searchCategories=all&species=none&type=all&comments=includeComments&order=rank&submit=Search+Database
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cardiomyocytes harvested from aged (74 ± 6 years) compared to middle-aged (54 ±7 

years) patients undergoing cardiac surgery, subjected to simulated IR injury (Mio et 

al., 2008). 

 Pharmacologic postconditioning with the anaesthetic agents sevoflurane or 

isoflurane reduced IS in the myocardium of young (3-5 months age) but not aged 

(20-24 months age) rats, and this was attributed to the failure to activate the pro-

survival Reperfusion Injury Salvage Kinase (RISK) signalling pathway, comprising 

Akt and extracellular signal-regulated kinase 1/2 (Erk1/2), and lack of inhibition of the 

mPTP opening (Li et al., 2013;Chang et al., 2012). Furthermore, pharmacological 

inhibition of glycogen synthase kinase 3 beta (GSK3β 

https://www.guidetopharmacology.org/GRAC/DatabaseSearchForward?searchString

=GSK3b&searchCategories=all&species=none&type=all&comments=includeComme

nts&order=rank&submit=Search+Database), using SB-216763, reduced IS and 

inhibited mPTP opening in young (3-5 months age) but not aged (20-24 months age) 

rats (Zhu et al., 2011). Interestingly, signalling through the protein kinase G (PKG 

https://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=287) 

or protein kinase A (PKA 

https://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=284) 

pathway by sphingosine was preserved in aged rat hearts suggesting that this 

signalling cascade may not be affected (Vessey et al., 2008;Vessey et al., 2009).  

  

5. Sex and gender  

Several reports have shown that sex and gender play a major role in the 

development, perception, therapy, response to treatment and outcome of various 

diseases, including cardiovascular diseases (Regitz-Zagrosek and Kararigas, 2017). 

Sex and gender are often mistakenly used in the literature and there is a generalised 

lack of prospective design to properly study their effect. Sex is a biological attribute 

based on sex-chromosome assignment and defined by the resulting sex hormones, 

as well as genetic and epigenetic factors that lead to sex differences. Gender is a 

construct that includes socio-cultural and behavioral aspects, which give rise to 

gender identity, norms and relations. There are close interactions between sex and 

gender that affect human physiology and pathology, as sex hormones may influence 

behaviour and lifestyle, while gender may modify a patient's adherence to treatment, 

https://www.guidetopharmacology.org/GRAC/DatabaseSearchForward?searchString=GSK3b&searchCategories=all&species=none&type=all&comments=includeComments&order=rank&submit=Search+Database
https://www.guidetopharmacology.org/GRAC/DatabaseSearchForward?searchString=GSK3b&searchCategories=all&species=none&type=all&comments=includeComments&order=rank&submit=Search+Database
https://www.guidetopharmacology.org/GRAC/DatabaseSearchForward?searchString=GSK3b&searchCategories=all&species=none&type=all&comments=includeComments&order=rank&submit=Search+Database
https://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=287
https://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=284
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for example. However, for the purpose of the present review article, we consider 

here the biological aspects that affect disease and lead to pronounced sex 

differences. In particular, we discuss the hormonal, genetic and epigenetic 

mechanisms that contribute to different types of IHD developing between men and 

women. 

5.1. Sex differences in tolerance to IR injury in preclinical and clinical studies 

It is well-established that sex impacts on all aspects of cardiovascular health 

and disease. Sex-specific differences exist in the epidemiology, clinical presentation, 

underlying pathophysiological mechanisms, treatment, and clinical outcomes in 

patients with acute MI (AMI) (Mehta et al., 2016). However, experimental and clinical 

studies taking sex differences into account are scarce. Therefore, it is essential to 

include both sexes when undertaking experimental and clinical studies investigating 

AMI and consider the possible interactions between sex and comorbidities.   

Women are often older than men when they present with their first AMI (mean 

age of 72 years compared to 65 years) (Benjamin et al., 2019), and this has been 

attributed to the protective role of circulating oestrogens against endothelial 

dysfunction and lipid deposition in the vasculature (Chakrabarti et al., 2014). 

Consistent with this assumption, the incidence of AMI increases substantially in 

postmenopausal women (Benjamin et al., 2019). In terms of clinical presentation of 

AMI, women most often present with atypical chest pain and angina equivalent 

symptoms (such as dyspnea, weakness, fatigue, and indigestion), when compared 

to men who present with typical chest pain (Rubini et al., 2014). This difference 

impacts on the management and mortality of AMI, as many female patients are 

misdiagnosed. A number of studies have shown that women with AMI are less likely 

to be managed using guideline-recommended medical therapies (Jneid et al., 2008); 

undergo cardiac catheterisation (Jneid et al., 2008); and to receive timely reperfusion 

(Mehilli et al., 2005). In terms of pathophysiology underlying AMI, there are important 

sex differences. Plaque rupture, the main cause of AMI, is less common in women, 

when compared to men (55% vs. 76%, respectively) (Falk et al., 2013), which is of 

major relevance given that AMI without obstructive coronary artery disease is more 

common among women (Chokshi et al., 2010). 

In experimental animal studies of AMI there are sex differences in terms of 

susceptibility to acute IR injury [reviewed in (Blenck et al., 2016)]. In aged female 

animals, reduced tolerance to IR has been largely attributed to oestradiol deficiency. 
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Preclinical studies have demonstrated the beneficial effects of chronic or acute 

exogenous oestradiol administration in adult male and female, gonad-intact and 

gonadectomised animals (Korzick and Lancaster, 2013). However, conflicting 

evidence exists regarding the efficacy of menopausal hormone therapy in 

cardioprotection of postmenopausal women (Korzick and Lancaster, 2013). Similarly, 

in older men, the decline in testosterone levels with advancing age is associated with 

a number of symptoms and adverse cardiovascular outcomes. Yet, the advantages 

of testosterone therapy in older hypogonadal men have not been adequately 

resolved (Orwoll, 2017). Despite some inconsistencies  observed using rodent 

models of AMI, in general, female mice and rats appear to be protected against 

acute myocardial IR injury compared to males (Dow et al., 2015), specifically after 

more prolonged ischemic time (Penna et al., 2009;Dow et al., 2015). Neutrophil 

infiltration, post-AMI adverse left-ventricular (LV) remodelling, cardiac rupture, and 

mortality were lower in female when compared to male mice, irrespective of IS 

(Cavasin et al., 2004;Fang et al., 2007;Shioura et al., 2008). The mechanisms 

underlying sex-dependent differences in the susceptibility to acute myocardial IR 

injury include the presence of oestrogen, lower calcium levels and enhanced NO 

signalling (Murphy and Steenbergen, 2007), less apoptosis (Wang et al., 2010), 

more efficient ROS-generated aldehydes detoxification (Lagranha et al., 2010) and 

more favourable interplay between ROS and the expression/activation of some 

kinase-dependent survival pathways (Ciocci et al., 2018;Wang et al., 2010;Pagliaro 

and Penna, 2017) in females than in males.  

5.2. Biological mechanisms  

5.2.1 Effect of hormones on IR injury 

All the steroid sex hormones, oestrogens, progesterone and androgens, 

modify IR injury, especially when given at pharmacological concentrations. These 

hormones exert a wide variety of responses via their nuclear receptors and have 

additional effects via non-genomic cellular responses in the cardiovascular system 

(Lucas-Herald et al., 2017). The non-genomic effects are particularly well described 

for oestradiol in the context of acute cardioprotection (Deschamps and Murphy, 

2009;Sovershaev et al., 2006). Non-nuclear receptors consist of a G-protein coupled 

oestrogen receptor and extra-nuclear oestrogen receptors subtypes α and β 

(Deschamps et al., 2010). Both male and female hearts harbor oestrogen receptors. 
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Oestradiol is a cardioprotective agent both in male and female hearts when given as 

acute pretreatment, although a slightly weaker effect was observed in male rat 

hearts (Sovershaev et al., 2006). The cardioprotection is due to the activation of 

phosphoinositide 3-kinase (PI3-K) pathway converging on GSK3β and eventually 

leading to mitochondrial protection. Another cardioprotective mechanism stimulated 

by oestradiol is the upregulation of NO-signalling and S-nitrosylated proteins 

(Deschamps et al., 2010). Interestingly, antiblastic-induced cardiotoxicity, wich 

shares some mechanisms of cardiomyocyte damage with those of IR injury 

(excessive ROS production, mitochondrial dysfunction) has been shown to be 

ameliorated by oestrogens (Cadeddu et al., 2019). The effect of acute administration 

of progesterone is variable and clearly dependent on the model. Progesterone 

reduces calcium sensitivity, contractility and action potential duration in female 

hearts but not in male hearts (Feridooni et al., 2017). Acute administration of the 

main androgen subtype, testosterone, might also provide cardioprotection. The heart 

of both sexes contains aromatase, the enzyme responsible for converting androgens 

to oestrogens. Some of the reported effects of testosterone might therefore be 

oestrogen-mediated. Interestingly, increasing aromatase in male mice leads to 

upregulation of Akt phosphorylation, reduction in ischaemic contracture but reduced 

recovery of systolic function at reperfusion in isolated hearts (Bell et al., 2014).  

The results of studies investigating the role of these hormones on IR injury in 

a chronic (more physiological) setting are variable. Some authors report female 

hearts to be less vulnerable, others do not find significant differences. These 

discrepancies may be due to differences in the endpoint-selection and the 

experimental models. In addition to age, several pathophysiological changes might 

abrogate the female advantage (Bell et al., 2008). Exposure to angiotensin II leads to 

marked up-regulation of collagen and microscopic fibrosis and substantial 

impairment of post-ischaemic function after IR compared to sham rats. In this setting, 

sex-dependent differences in functional recovery were not significant despite 

differences in angiotensin II-induced molecular remodelling. When IR injury was 

compared among rats of the same sex with and without intact gonads, loss of 

gonadal function was associated with increased IR injury in box sexes  (Ross and 

Howlett, 2012)  These results might differ somewhat depending on the timing of the 

gonadectomy (i.e. young or fully mature animals) and the duration of the study. 
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However, experiments using specific oestrogen receptor knockout mice confirm the 

beneficial role of oestrogen in IR injury (Deschamps et al., 2010).  

Other hormones with sex-dependent concentration differences in a lifetime 

perspective are oxytocin and the insulin-like peptide relaxin, both produced in 

increasing amounts during pregnancy. Under experimental conditions, both have 

been shown to be cardioprotective during IR (Sarwar et al., 2017;Gonzalez-Reyes et 

al., 2015).  

5.2.2. Genetic, epigenetic mechanisms 

Genetic mechanisms strongly affect susceptibility to IR insult. Surprisingly, the 

number of X chromosomes negatively affects cardiac IR injury in mice, suggesting 

that one X is better than two, irrespective of gonadal sex (Li et al., 2014). Higher 

susceptibility of XX mice is due to the number of X chromosomes rather than the 

absence of a Y chromosome. Interestingly, most X chromosome genes do not show 

large sex differences in their levels of expression, since one X chromosome is 

randomly transcriptionally silenced in XX female adult somatic cells. However, some 

genes “escape” inactivation and are expressed from each X chromosome, so that 

they have higher gene transcript levels in XX cells compared to XY cells (Arnold et 

al., 2017).  

After completion of the human genome project, several candidate gene 

studies have been conducted to estimate the effects of specific gene variants on 

coronary artery disease (CAD) risk in both sexes (Khera et al., 2016). Several sex-

specific genetic CAD risk predictors have been identified, and while some variants 

conferred risk in both sexes, others showed significant effects only in males 

(Yamada et al., 2002;Silander et al., 2008;Khera et al., 2016). However, the majority 

of common CAD variants identified so far only cause modest increases in CAD risk 

by unknown mechanisms, and whether sex-specific effects exist has been rarely 

tested. Since mitochondria are mainly derived from the mother (Byars and Inouye, 

2018), variations in mtDNA might also account, at least in part, for sex differences. In 

addition, gene variants on the Y chromosome might also contribute to cardiovascular 

phenotypes in men. The Y chromosome is routinely excluded from large-scale 

GWAS and it is therefore the most underexplored portion of the human genome to 

date.  

In addition to gene variants, a number of epigenetic modifications can alter 

gene expression and IHD risk in a sex-specific manner (Hartman et al., 2018). 
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Firstly, epigenetic mechanisms control sex-specific gene expression during 

development, and such early epigenetic changes can alter the phenotype much later 

and even affect subsequent generations (Hartman et al., 2018). Prenatal hypoxia 

has been shown to modulate DNA methylation and repression of cardiac PKC 

epsilon 

https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=1486 

gene in a sex-dependent manner, linking fetal hypoxia and pathophysiological 

consequences in the hearts of adult offspring (Patterson et al., 2010). Consistent 

with these preclinical results, the risk of MI in women is associated with enhanced 

DNA methylation at specific loci sensitive to prenatal conditions (Talens et al., 2012). 

In post-natal life, oestrogens have been shown to protect the myocardium against IR 

through epigenetic regulation of urocortin receptor type 2 levels in female rats (Cong 

et al., 2013). Unfortunately, the majority of studies investigating the role of 

epigenetics in cardioprotection during post-natal life did not stratify data by sex 

(Hartman et al., 2018). Therefore, future studies will be needed to precisely 

determine the role of sex on epigenetic regulatory processes in IR injury. 

5.2.3. Sex differences in cardiovascular ageing 

 The heart exhibits sex-biased distinct structural and functional features at all 

ages that contribute to differences in the pattern of biological ageing between males 

and females. Morphometric analysis using autopsied human hearts has revealed that 

men experience a more pronounced age-dependent decline in the number of 

ventricular cardiomyocytes (and compensatory increase in cardiomyocyte volume) 

than women (Olivetti et al., 1995). Consistent with this, it has been shown that 

cardiomyocytes from aged male rats develop a more significant reduction in peak 

calcium transients and systolic function than aged females (Howlett, 2010). Whereas 

some prevalent pathophysiological changes present in ageing, like atrial fibrosis, do 

not clearly differ between the sexes, others may differ in their magnitude and 

prevalence, such as aortic valve calcification (men >women), reduced sensitivity to 

beta-adrenergic stimulation (men >women), increased LV wall thickness (women 

>men), concentric remodeling and diastolic dysfunction (women> men) (Keller and 

Howlett, 2016). Particularly the latter might be due to higher levels of ECM 

components in left ventricular samples of older women compared with those of 

younger women or younger and older men (Dworatzek et al., 2016). However, the 

https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=1486
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molecular mechanisms are poorly understood. Collectively, the contribution of 

biological sex to cardiovascular ageing deserves further investigation.   

 

5.3. Sex-specific pharmacology in the heart 

Basic anatomical and physiological features, such as body and organ weight, 

body composition and fat content and distribution, liver metabolism and renal 

function, influence the effects of drugs. Given that these features differ between 

males and females, efficacy and safety of pharmacological treatments may also be 

sex-specific. Consequently, the risk of experiencing adverse drug reactions and their 

severity are different between male and female patients. Sex-specific drug 

therapeutic and deleterious effects are expected to stem from sex differences in 

pharmacokinetic and pharmacodynamic properties of drugs, which, however, are 

under-investigated (Gaignebet and Kararigas, 2017). Nevertheless, it is well known 

that there are pronounced sex differences in the levels of the cytochrome P450 

enzymes and their metabolism of drugs (Schwartz, 2007;Freire et al., 2011). 

Notably, protection from pre- and post-conditioning by nitrite depends on 

ALDH2https://www.guidetopharmacology.org/GRAC/DatabaseSearchForward?searc

hString=ALDH2&searchCategories=all&species=none&type=all&comments=include

Comments&order=rank&submit=Search+Database genotype (Ormerod et al., 2017). 

A major contradiction, though, is the fact that these differences are usually not 

considered when defining drug dosing. Similarly, it is well established that women 

are underrepresented in the design and development of novel therapeutics and 

technologies. As a result, assessment of drug efficacy and safety is primarily 

performed in one sex and it is taken for granted that they should be the same in the 

other sex, which, in many situations, is not the case. Collectively, this practice leads 

to non-effectively-treated patients contributing to further suffering and important 

socioeconomic implications.  

 

6. Summary and recommendations for future research 

Biological age is the strongest predictor of cardiovascular health. Due to the 

progressive ageing of human population, heart-related diseases have become the 

leading cause of death and disability worldwide; among them, IHD accounts for the 

majority of this medical impact (Moran et al., 2014;Benjamin et al., 2019). 

https://www.guidetopharmacology.org/GRAC/DatabaseSearchForward?searchString=ALDH2&searchCategories=all&species=none&type=all&comments=includeComments&order=rank&submit=Search+Database
https://www.guidetopharmacology.org/GRAC/DatabaseSearchForward?searchString=ALDH2&searchCategories=all&species=none&type=all&comments=includeComments&order=rank&submit=Search+Database
https://www.guidetopharmacology.org/GRAC/DatabaseSearchForward?searchString=ALDH2&searchCategories=all&species=none&type=all&comments=includeComments&order=rank&submit=Search+Database
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Importantly, being old has been identified to be an independent determinant of the 

extension of MI and the outcome of cardioprotective strategies after an IR episode. 

During ageing, a plethora of molecular changes occur (Figure 2). Aged 

cardiomyocytes display excessive mitochondrial calcium accumulation and ROS 

production that play a fundamental role in the susceptibility to mPTP opening and 

cell death upon IR injury in multiple experimental models (Briston et al., 2019). 

Nevertheless, the exact molecular nature of mPTP remains elusive and attempts to 

translate experimental strategies aimed at preventing cell death secondary to mPTP 

opening to the clinical context have failed (Trankle et al., 2016). Moreover, ageing 

induces a variable degree of cell energy demand/supply mismatch secondary to 

altered cytoarchitecture (deficient SR-mitochondria calcium exchange and defective 

supramolecular assembly of respiratory chain supercomplexes) but also to 

inadequate transfer of intracellular energy and progressive metabolic remodelling 

(i.e., partial replacement of OXPHOS by glycolysis) (Fernandez-Sanz et al., 

2014;Ruiz-Meana et al., 2019;Tepp et al., 2017;Ramirez-Camacho et al., 2019). 

Whether these mechanisms impact on the outcome of CAD in elderly patients 

remains unclear.  

Advanced age may also aggravate adverse remodelling and the occurrence of 

arrhythmias secondary to MI due to changes in the composition of ECM and altered 

inflammatory response (Mohebali et al., 2014;Meschiari et al., 2017). Platelet 

abnormalities and enhanced platelet-monocyte interactions present in ageing modify 

the thrombo-inflammatory profile of elderly patients, and might require therapeutic 

adjustments and/or differential approaches, the efficacy of which has not been 

specifically addressed in clinical trials. Some canonical intracellular signalling 

pathways involved in the endogenous cardioprotection become hampered in the 

aged heart, rendering conditioning strategies less -or non- effective (Boengler et al., 

2009). This is partly explained by reduced expression/phosphorylation and altered 

trafficking and localization of intracellular proteins that participate in protective 

signalling cascades, but also by mitochondrial dysfunction during ageing, increased 

production of circulating cytokines and ROS within endothelial cells, reduced NO 

bioavailability and less neovascularization, factors that increase the threshold 

necessary to trigger cardioprotection (Edelberg et al., 2002). Cardioprotection 

includes multitarget strategies (Figure 3). Further studies are needed to determine 

whether the confounding effect of age can be overcome by increasing the 
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cardioprotective stimulus (such as combining agents), and to elucidate the 

mechanisms through which ages negatively impacts on cardioprotective signalling 

pathways.  

The intersection between ageing and sex has pathophysiological 

consequences in terms of cardio protection. Ageing leads to a decline in the 

oestrogen and testosterone levels. It is well established that the oestrogen status of 

females modulates the susceptibility of the heart to IR injury. Similarly, reduction in 

testosterone levels in older men worsens cardiovascular outcomes. Yet, the benefit 

of menopausal hormone therapy (either oestradiol or testosterone) is controversial 

(Korzick and Lancaster, 2013;Orwoll, 2017). Sex also has specific genetic and 

epigenetic implications, the contribution of which to the susceptibility to IR injury has 

not been fully unraveled. The efficacy and safety profiles of therapeutic interventions 

differ among the sexes. With some exceptions, the risk of experiencing adverse drug 

reactions is higher in women than in men. Nevertheless, these differences are not 

considered when defining the dose and timing of treatments and women tend to be 

underrepresented in clinical trials. Therefore, a better understanding of the effects of 

sex in pathophysiology and pharmacology would lead to the identification of targets 

and the development of pharmacotherapies applied in a sex-specific manner, 

thereby contributing towards a more appropriate and individualised medical care for 

both men and women (Kararigas et al., 2016). To this extent, artificial intelligence by 

means of in silico models may prove helpful in predicting sex-specific drug 

responses in large scales, which could be translated into clinical practice (Huang et 

al., 2018;Cui et al., 2018).   

      Current evidence argues for more research conducted in appropriate 

experimental models, where advanced age and biological sex are taken into 

consideration, as well as cardioprotective clinical trials carefully designed to integrate 

the basic scientific knowledge on these confounders to the patients.  

   

Nomenclature of Targets and Ligands:  

Key protein targets and ligands in this article are hyperlinked to corresponding 

entries in http://www.guidetopharmacology.org, the common portal for data from the 

IUPHAR/BPS Guide to PHARMACOLOGY (Harding et al., 2018), and are 

permanently archived in the Concise Guide to PHARMACOLOGY 2017/18 

(Alexander et al., 2017). 



 

 
This article is protected by copyright. All rights reserved. 

 

Sources of Funding: This article is based upon work from COST Action EU-

CARDIOPROTECTION CA16225 supported by COST (European Cooperation in 

Science and Technology). MRM and DGD are funded by ISCIII (PI19-01196), 

CIBER-CV, Fundació MTV3-122/C/2015, SEC-2016 and the European Regional 

Development Fundings (ERDF-FEDER); TK is funded by IUT23-1 of the Estonian 

Ministry of Education and Research; DJH is supported by the British Heart 

Foundation (CS/14/3/31002), the National Institute for Health Research University 

College London Hospitals Biomedical Research Centre, Duke-National University 

Singapore Medical School, Singapore Ministry of Health’s National Medical 

Research Council under its Clinician Scientist-Senior Investigator scheme 

(NMRC/CSA-SI/0011/2017) and Collaborative Centre Grant scheme 

(NMRC/CGAug16C006), and the Singapore Ministry of Education Academic 

Research Fund Tier 2 (MOE2016-T2-2-021); RS is funded by the German Research 

Foundation (Project number 268555672-SFI3-B05); KB is funded by the German 

Research Foundation (BO 2955/4-1); CP is funded by Ministero dell'Istruzione, 

Università e Ricerca Scientifica grant (2015583WMX) and Programma STAR grant, 

financially supported by Federico II University and Compagnia di San Paolo. This 

work is dedicated to the memory of our colleague and friend Dr. David García-

Dorado, who sadly passed away during the final stage of the preparation of this 

manuscript  

 

Disclosures:  None.  

 



 

 
This article is protected by copyright. All rights reserved. 

Reference List 
 

Adam T, Sharp S, Opie L H and Lecour S (2013) Loss of Cardioprotection With Ischemic 
Preconditioning in Aging Hearts: Role of Sirtuin 1? J Cardiovasc Pharmacol Ther 18: pp 46-53. 

Agarwal B, Dash R K, Stowe D F, Bosnjak Z J and Camara A K (2014) Isoflurane Modulates Cardiac 
Mitochondrial Bioenergetics by Selectively Attenuating Respiratory Complexes. Biochim Biophys Acta 
1837: pp 354-365. 

Alexander SP, Kelly E, Marrion N, Peters J A, Benson H E, Faccenda E, Pawson A J, Sharman J L, 
Southan C, Buneman O P, Catterall W A, Cidlowski J A, Davenport A P, Fabbro D, Fan G, McGrath J C, 
Spedding M, Davies J A, Aldrich R, Attali B, BÃ¤ck M, Barnes N, Bathgate R, Beart P, Becirovic E, Biel 
M, Birdsall N, Boison D, BrÃ¤unerâ€•Osborne H, BrÃ¶er S, Bryant C, Burnstock G, Burris T, Cain D, 
Calo G, Chan S, Chandy K, Chiang N, Christakos S, Christopoulos A, Chun J, Chung J, Clapham D, 
Connor M, Coons L, Cox H, Dautzenberg F, Dent G, Douglas S, Dubocovich M, Edwards D, Farndale R, 
Fong T, Forrest D, Fowler C, Fuller P, Gainetdinov R, Gershengorn M, Goldin A, Goldstein S, Grimm S, 
Grissmer S, Gundlach A, Hagenbuch B, Hammond J, Hancox J, Hartig S, Hauger R, Hay D, HÃ©bert T, 
Hollenberg A, Holliday N, Hoyer D, Ijzerman A, Inui K, Ishii S, Jacobson K, Jan L, Jarvis G, Jensen R, 
Jetten A, Jockers R, Kaczmarek L, Kanai Y, Kang H, Karnik S, Kerr I, Korach K, Lange C, Larhammar D, 
Leebâ€•Lundberg F, Leurs R, Lolait S, Macewan D, Maguire J, May J, Mazella J, Mcardle C, Mcdonnell 
D, Michel M, Miller L, Mitolo V, Monie T, Monk P, Mouillac B, Murphy P, Nahon J, Nerbonne J, 
Nichols C, Norel X, Oakley R, Offermanns S, Palmer L, Panaro M, Perezâ€•Reyes E, Pertwee R, Pike J, 
Pin J, Pintor S, Plant L, Poyner D, Prossnitz E, Pyne S, Ren D, Richer J, Rondard P, Ross R, Sackin H, Safi 
R, Sanguinetti M, Sartorius C, Segaloff D, Sladek F, Stewart G, Stoddart L, Striessnig J, Summers R, 
Takeda Y, Tetel M, Toll L, Trimmer J, Tsai M, Tsai S, Tucker S, Usdin T, Vilargada J, Vore M, Ward D, 
Waxman S, Webb P, Wei A, Weigel N, Willars G, Winrow C, Wong S, Wulff H, Ye R, Young M and 
Zajac J (2015) The Concise Guide to PHARMACOLOGY 2015/16: Overview. Br J Pharmacol 172: pp 
5729-5743. 

Alexander SP, Kelly E, Marrion N V, Peters J A, Faccenda E, Harding S D, Pawson A J, Sharman J L, 
Southan C, Buneman O P, Cidlowski J A, Christopoulos A, Davenport A P, Fabbro D, Spedding M, 
Striessnig J and Davies J A (2017) THE CONCISE GUIDE TO PHARMACOLOGY 2017/18: Overview. Br J 
Pharmacol 174 Suppl 1: pp S1-S16. 

Anmann T, Varikmaa M, Timohhina N, Tepp K, Shevchuk I, Chekulayev V, Saks V and Kaambre T 
(2014) Formation of Highly Organized Intracellular Structure and Energy Metabolism in Cardiac 
Muscle Cells During Postnatal Development of Rat Heart. Biochim Biophys Acta 1837: pp 1350-1361. 

Arnold AP, Cassis L A, Eghbali M, Reue K and Sandberg K (2017) Sex Hormones and Sex 
Chromosomes Cause Sex Differences in the Development of Cardiovascular Diseases. Arterioscler 
Thromb Vasc Biol 37: pp 746-756. 

Bagur R, Tanguy S, Foriel S, Grichine A, Sanchez C, Pernet-Gallay K, Kaambre T, Kuznetsov A V, Usson 
Y, Boucher F and Guzun R (2016) The Impact of Cardiac Ischemia/Reperfusion on the Mitochondria-
Cytoskeleton Interactions. Biochim Biophys Acta 1862: pp 1159-1171. 

Barnett K, Mercer S W, Norbury M, Watt G, Wyke S and Guthrie B (2012) Epidemiology of 
Multimorbidity and Implications for Health Care, Research, and Medical Education: a Cross-Sectional 
Study. Lancet 380: pp 37-43. 



 

 
This article is protected by copyright. All rights reserved. 

Behmenburg F, Heinen A, Bruch L V, Hollmann M W and Huhn R (2017) Cardioprotection by Remote 
Ischemic Preconditioning Is Blocked in the Aged Rat Heart in Vivo. J Cardiothorac Vasc Anesth 31: pp 
1223-1226. 

Bell JR, Bernasochi G B, Varma U, Boon W C, Ellem S J, Risbridger G P and Delbridge L M (2014) 
Aromatase Transgenic Upregulation Modulates Basal Cardiac Performance and the Response to 
Ischemic Stress in Male Mice. Am J Physiol Heart Circ Physiol 306: pp H1265-H1274. 

Bell JR, Porrello E R, Huggins C E, Harrap S B and Delbridge L M (2008) The Intrinsic Resistance of 
Female Hearts to an Ischemic Insult Is Abrogated in Primary Cardiac Hypertrophy. Am J Physiol Heart 
Circ Physiol 294: pp H1514-H1522. 

Benjamin EJ, Muntner P, Alonso A, Bittencourt M S, Callaway C W, Carson A P, Chamberlain A M, 
Chang A R, Cheng S, Das S R, Delling F N, Djousse L, Elkind M S V, Ferguson J F, Fornage M, Jordan L 
C, Khan S S, Kissela B M, Knutson K L, Kwan T W, Lackland D T, Lewis T T, Lichtman J H, Longenecker C 
T, Loop M S, Lutsey P L, Martin S S, Matsushita K, Moran A E, Mussolino M E, O'Flaherty M, Pandey 
A, Perak A M, Rosamond W D, Roth G A, Sampson U K A, Satou G M, Schroeder E B, Shah S H, 
Spartano N L, Stokes A, Tirschwell D L, Tsao C W, Turakhia M P, VanWagner L B, Wilkins J T, Wong S S 
and Virani S S (2019) Heart Disease and Stroke Statistics-2019 Update: A Report From the American 
Heart Association. Circulation 139: pp e56-e528. 

Bernhard D and Laufer G (2008) The Aging Cardiomyocyte: a Mini-Review. Gerontology 54: pp 24-31. 

Birch HL (2018) Extracellular Matrix and Ageing. Subcell Biochem 90: pp 169-190. 

Blenck CL, Harvey P A, Reckelhoff J F and Leinwand L A (2016) The Importance of Biological Sex and 
Estrogen in Rodent Models of Cardiovascular Health and Disease. Circ Res 118: pp 1294-1312. 

Boengler K, Konietzka I, Buechert A, Heinen Y, Garcia-Dorado D, Heusch G and Schulz R (2007) Loss 
of Ischemic Preconditioning's Cardioprotection in Aged Mouse Hearts Is Associated With Reduced 
Gap Junctional and Mitochondrial Levels of Connexin 43. Am J Physiol Heart Circ Physiol 292: pp 
H1764-H1769. 

Boengler K, Schulz R and Heusch G (2009) Loss of Cardioprotection With Ageing. Cardiovasc Res 83: 
pp 247-261. 

Botker HE, Hausenloy D, Andreadou I, Antonucci S, Boengler K, Davidson S M, Deshwal S, Devaux Y, 
Di Lisa F, Di Sante M, Efentakis P, Femmino S, Garcia-Dorado D, Giricz Z, Ibanez B, Iliodromitis E, 
Kaludercic N, Kleinbongard P, Neuhauser M, Ovize M, Pagliaro P, Rahbek-Schmidt M, Ruiz-Meana M, 
Schluter K D, Schulz R, Skyschally A, Wilder C, Yellon D M, Ferdinandy P and Heusch G (2018) 
Practical Guidelines for Rigor and Reproducibility in Preclinical and Clinical Studies on 
Cardioprotection. Basic Res Cardiol 113: pp 39. 

Briston T, Selwood D L, Szabadkai G and Duchen M R (2019) Mitochondrial Permeability Transition: A 
Molecular Lesion With Multiple Drug Targets. Trends Pharmacol Sci 40: pp 50-70. 

Bujak M, Kweon H J, Chatila K, Li N, Taffet G and Frangogiannis N G (2008) Aging-Related Defects Are 
Associated With Adverse Cardiac Remodeling in a Mouse Model of Reperfused Myocardial 
Infarction. J Am Coll Cardiol 51: pp 1384-1392. 

Byars SG and Inouye M (2018) Genome-Wide Association Studies and Risk Scores for Coronary 
Artery Disease: Sex Biases. Adv Exp Med Biol 1065: pp 627-642. 



 

 
This article is protected by copyright. All rights reserved. 

Cadeddu DC, Pepe A, Penna C, Gimelli A, Madonna R, Mele D, Monte I, Novo G, Nugara C, Zito C, 
Moslehi J J, de Boer R A, Lyon A R, Tocchetti C G and Mercuro G (2019) Sex Differences in 
Anthracycline-Induced Cardiotoxicity: the Benefits of Estrogens. Heart Fail Rev. 

Calabrese EJ (2016) Pre- and Post-Conditioning Hormesis in Elderly Mice, Rats, and Humans: Its Loss 
and Restoration. Biogerontology 17: pp 681-702. 

Cavasin MA, Tao Z, Menon S and Yang X P (2004) Gender Differences in Cardiac Function During 
Early Remodeling After Acute Myocardial Infarction in Mice. Life Sci 75: pp 2181-2192. 

Chakrabarti S, Morton J S and Davidge S T (2014) Mechanisms of Estrogen Effects on the 
Endothelium: an Overview. Can J Cardiol 30: pp 705-712. 

Chang DJ, Chang C H, Kim J S, Hong Y W, Lee W K and Shim Y H (2012) Isoflurane-Induced Post-
Conditioning in Senescent Hearts Is Attenuated by Failure to Activate Reperfusion Injury Salvage 
Kinase Pathway. Acta Anaesthesiol Scand 56: pp 896-903. 

Chen J, Gao J, Sun W, Li L, Wang Y, Bai S, Li X, Wang R, Wu L, Li H and Xu C (2016) Involvement of 
Exogenous H2S in Recovery of Cardioprotection From Ischemic Post-Conditioning Via Increase of 
Autophagy in the Aged Hearts. Int J Cardiol 220: pp 681-692. 

Chen Q, Ross T, Hu Y and Lesnefsky E J (2012) Blockade of Electron Transport at the Onset of 
Reperfusion Decreases Cardiac Injury in Aged Hearts by Protecting the Inner Mitochondrial 
Membrane. J Aging Res 2012: pp 753949. 

Chokshi NP, Iqbal S N, Berger R L, Hochman J S, Feit F, Slater J N, Pena-Sing I, Yatskar L, Keller N M, 
Babaev A, Attubato M J and Reynolds H R (2010) Sex and Race Are Associated With the Absence of 
Epicardial Coronary Artery Obstructive Disease at Angiography in Patients With Acute Coronary 
Syndromes. Clin Cardiol 33: pp 495-501. 

Chung HY, Kim D H, Lee E K, Chung K W, Chung S, Lee B, Seo A Y, Chung J H, Jung Y S, Im E, Lee J, Kim 
N D, Choi Y J, Im D S and Yu B P (2019) Redefining Chronic Inflammation in Aging and Age-Related 
Diseases: Proposal of the Senoinflammation Concept. Aging Dis 10: pp 367-382. 

Ciocci PA, Scuri S, Gonzalez Arbelaez L F, Caldiz C, Fantinelli J and Mosca S M (2018) Survival Kinase-
Dependent Pathways Contribute to Gender Difference in the Response to Myocardial Ischemia-
Reperfusion and Ischemic Post-Conditioning. Cardiovasc Pathol 33: pp 19-26. 

Cong B, Zhu X, Cao B, Xiao J, Wang Z and Ni X (2013) Estrogens Protect Myocardium Against 
Ischemia/Reperfusion Insult by Up-Regulation of CRH Receptor Type 2 in Female Rats. Int J Cardiol 
168: pp 4755-4760. 

Crossman DJ, Shen X, Jullig M, Munro M, Hou Y, Middleditch M, Shrestha D, Li A, Lal S, Dos Remedios 
C G, Baddeley D, Ruygrok P N and Soeller C (2017) Increased Collagen Within the Transverse Tubules 
in Human Heart Failure. Cardiovasc Res 113: pp 879-891. 

Cui C, Huang C, Liu K, Xu G, Yang J, Zhou Y, Feng Y, Kararigas G, Geng B and Cui Q (2018) Large-Scale 
in Silico Identification of Drugs Exerting Sex-Specific Effects in the Heart. J Transl Med 16: pp 236. 

Davidson SM, Ferdinandy P, Andreadou I, Botker H E, Heusch G, Ibanez B, Ovize M, Schulz R, Yellon D 
M, Hausenloy D J and Garcia-Dorado D (2019) Multitarget Strategies to Reduce Myocardial 
Ischemia/Reperfusion Injury: JACC Review Topic of the Week. J Am Coll Cardiol 73: pp 89-99. 



 

 
This article is protected by copyright. All rights reserved. 

Deschamps AM and Murphy E (2009) Activation of a Novel Estrogen Receptor, GPER, Is 
Cardioprotective in Male and Female Rats. Am J Physiol Heart Circ Physiol 297: pp H1806-H1813. 

Deschamps AM, Murphy E and Sun J (2010) Estrogen Receptor Activation and Cardioprotection in 
Ischemia Reperfusion Injury. Trends Cardiovasc Med 20: pp 73-78. 

Dong J, Guo X, Yang S and Li L (2017a) The Effects of Dexmedetomidine Preconditioning on Aged Rat 
Heart of Ischaemia Reperfusion Injury. Res Vet Sci 114: pp 489-492. 

Dong J, Guo X, Yang S and Li L (2017b) The Effects of Dexmedetomidine Preconditioning on Aged Rat 
Heart of Ischaemia Reperfusion Injury. Res Vet Sci 114: pp 489-492. 

Dow JS, Bhandari A, Hale S L and Kloner R A (2015) Does Sex Influence the Incidence or Severity of 
Reperfusion-Induced Cardiac Arrhythmias? Springerplus 4: pp 96. 

Dworatzek E, Baczko I and Kararigas G (2016) Effects of Aging on Cardiac Extracellular Matrix in Men 
and Women. Proteomics Clin Appl 10: pp 84-91. 

Edelberg JM, Lee S H, Kaur M, Tang L, Feirt N M, McCabe S, Bramwell O, Wong S C and Hong M K 
(2002) Platelet-Derived Growth Factor-AB Limits the Extent of Myocardial Infarction in a Rat Model: 
Feasibility of Restoring Impaired Angiogenic Capacity in the Aging Heart. Circulation 105: pp 608-613. 

Ekerstad N, Swahn E, Janzon M, Alfredsson J, Lofmark R, Lindenberger M and Carlsson P (2011) 
Frailty Is Independently Associated With Short-Term Outcomes for Elderly Patients With Non-ST-
Segment Elevation Myocardial Infarction. Circulation 124: pp 2397-2404. 

Engberding N and Wenger N K (2017) Acute Coronary Syndromes in the Elderly. F1000Res 6: pp 
1791. 

Escobales N, Nunez R E, Jang S, Parodi-Rullan R, Ayala-Pena S, Sacher J R, Skoda E M, Wipf P, 
Frontera W and Javadov S (2014) Mitochondria-Targeted ROS Scavenger Improves Post-Ischemic 
Recovery of Cardiac Function and Attenuates Mitochondrial Abnormalities in Aged Rats. J Mol Cell 
Cardiol 77: pp 136-146. 

Ezekowitz JA, Kaul P, Bakal J A, Armstrong P W, Welsh R C and McAlister F A (2009) Declining in-
Hospital Mortality and Increasing Heart Failure Incidence in Elderly Patients With First Myocardial 
Infarction. J Am Coll Cardiol 53: pp 13-20. 

Faber JE, Zhang H, Lassance-Soares R M, Prabhakar P, Najafi A H, Burnett M S and Epstein S E (2011) 
Aging Causes Collateral Rarefaction and Increased Severity of Ischemic Injury in Multiple Tissues. 
Arterioscler Thromb Vasc Biol 31: pp 1748-1756. 

Falk E, Nakano M, Bentzon J F, Finn A V and Virmani R (2013) Update on Acute Coronary Syndromes: 
the Pathologists' View. Eur Heart J 34: pp 719-728. 

Fang L, Gao X M, Moore X L, Kiriazis H, Su Y, Ming Z, Lim Y L, Dart A M and Du X J (2007) Differences 
in Inflammation, MMP Activation and Collagen Damage Account for Gender Difference in Murine 
Cardiac Rupture Following Myocardial Infarction. J Mol Cell Cardiol 43: pp 535-544. 

Ferdinandy P, Hausenloy D J, Heusch G, Baxter G F and Schulz R (2014) Interaction of Risk Factors, 
Comorbidities, and Comedications With Ischemia/Reperfusion Injury and Cardioprotection by 
Preconditioning, Postconditioning, and Remote Conditioning. Pharmacol Rev 66: pp 1142-1174. 



 

 
This article is protected by copyright. All rights reserved. 

Feridooni HA, MacDonald J K, Ghimire A, Pyle W G and Howlett S E (2017) Acute Exposure to 
Progesterone Attenuates Cardiac Contraction by Modifying Myofilament Calcium Sensitivity in the 
Female Mouse Heart. Am J Physiol Heart Circ Physiol 312: pp H46-H59. 

Fernandez-Sanz C, Ruiz-Meana M, Castellano J, Miro-Casas E, Nunez E, Inserte J, Vazquez J and 
Garcia-Dorado D (2015) Altered FoF1 ATP Synthase and Susceptibility to Mitochondrial Permeability 
Transition Pore During Ischaemia and Reperfusion in Aging Cardiomyocytes. Thromb Haemost 113: 
pp 441-451. 

Fernandez-Sanz C, Ruiz-Meana M, Miro-Casas E, Nunez E, Castellano J, Loureiro M, Barba I, Poncelas 
M, Rodriguez-Sinovas A, Vazquez J and Garcia-Dorado D (2014) Defective Sarcoplasmic Reticulum-
Mitochondria Calcium Exchange in Aged Mouse Myocardium. Cell Death Dis 5: pp e1573. 

Frangogiannis NG (2019) Cardiac Fibrosis: Cell Biological Mechanisms, Molecular Pathways and 
Therapeutic Opportunities. Mol Aspects Med 65: pp 70-99. 

Freire AC, Basit A W, Choudhary R, Piong C W and Merchant H A (2011) Does Sex Matter? The 
Influence of Gender on Gastrointestinal Physiology and Drug Delivery. Int J Pharm 415: pp 15-28. 

Gaignebet L and Kararigas G (2017) En Route to Precision Medicine Through the Integration of 
Biological Sex into Pharmacogenomics. Clin Sci (Lond) 131: pp 329-342. 

Garcia-Perez C, Hajnoczky G and Csordas G (2008) Physical Coupling Supports the Local Ca2+ 
Transfer Between Sarcoplasmic Reticulum Subdomains and the Mitochondria in Heart Muscle. J Biol 
Chem 283: pp 32771-32780. 

Gonzalez-Reyes A, Menaouar A, Yip D, Danalache B, Plante E, Noiseux N, Gutkowska J and Jankowski 
M (2015) Molecular Mechanisms Underlying Oxytocin-Induced Cardiomyocyte Protection From 
Simulated Ischemia-Reperfusion. Mol Cell Endocrinol 412: pp 170-181. 

Halestrap AP, Pereira G C and Pasdois P (2015) The Role of Hexokinase in Cardioprotection - 
Mechanism and Potential for Translation. Br J Pharmacol 172: pp 2085-2100. 

Harding SD, Sharman J L, Faccenda E, Southan C, Pawson A J, Ireland S, Gray A J G, Bruce L, 
Alexander S P H, Anderton S, Bryant C, Davenport A P, Doerig C, Fabbro D, Levi-Schaffer F, Spedding 
M and Davies J A (2018) The IUPHAR/BPS Guide to PHARMACOLOGY in 2018: Updates and Expansion 
to Encompass the New Guide to IMMUNOPHARMACOLOGY. Nucleic Acids Res 46: pp D1091-D1106. 

Hartman RJG, Huisman S E and den Ruijter H M (2018) Sex Differences in Cardiovascular Epigenetics-
a Systematic Review. Biol Sex Differ 9: pp 19. 

Hausenloy DJ, Botker H E, Engstrom T, Erlinge D, Heusch G, Ibanez B, Kloner R A, Ovize M, Yellon D M 
and Garcia-Dorado D (2017a) Targeting Reperfusion Injury in Patients With ST-Segment Elevation 
Myocardial Infarction: Trials and Tribulations. Eur Heart J 38: pp 935-941. 

Hausenloy DJ, Garcia-Dorado D, Botker H E, Davidson S M, Downey J, Engel F B, Jennings R, Lecour S, 
Leor J, Madonna R, Ovize M, Perrino C, Prunier F, Schulz R, Sluijter J P G, Van Laake L W, Vinten-
Johansen J, Yellon D M, Ytrehus K, Heusch G and Ferdinandy P (2017b) Novel Targets and Future 
Strategies for Acute Cardioprotection: Position Paper of the European Society of Cardiology Working 
Group on Cellular Biology of the Heart. Cardiovasc Res 113: pp 564-585. 



 

 
This article is protected by copyright. All rights reserved. 

Heinen A, Huhn R, Smeele K M, Zuurbier C J, Schlack W, Preckel B, Weber N C and Hollmann M W 
(2008) Helium-Induced Preconditioning in Young and Old Rat Heart: Impact of Mitochondrial Ca(2+) -
Sensitive Potassium Channel Activation. Anesthesiology 109: pp 830-836. 

Heusch G (2017) Critical Issues for the Translation of Cardioprotection. Circ Res 120: pp 1477-1486. 

Heusch G (2018) Cardioprotection Research Must Leave Its Comfort Zone. Eur Heart J 39: pp 3393-
3395. 

Horn MA and Trafford A W (2016) Aging and the Cardiac Collagen Matrix: Novel Mediators of 
Fibrotic Remodelling. J Mol Cell Cardiol 93: pp 175-185. 

Howlett SE (2010) Age-Associated Changes in Excitation-Contraction Coupling Are More Prominent 
in Ventricular Myocytes From Male Rats Than in Myocytes From Female Rats. Am J Physiol Heart Circ 
Physiol 298: pp H659-H670. 

Huang C, Yang W, Wang J, Zhou Y, Geng B, Kararigas G, Yang J and Cui Q (2018) The DrugPattern Tool 
for Drug Set Enrichment Analysis and Its Prediction for Beneficial Effects of OxLDL on Type 2 
Diabetes. J Genet Genomics 45: pp 389-397. 

Ibanez B, James S, Agewall S, Antunes M J, Bucciarelli-Ducci C, Bueno H, Caforio A L P, Crea F, 
Goudevenos J A, Halvorsen S, Hindricks G, Kastrati A, Lenzen M J, Prescott E, Roffi M, Valgimigli M, 
Varenhorst C, Vranckx P and Widimsky P (2017) 2017 ESC Guidelines for the Management of Acute 
Myocardial Infarction in Patients Presenting With ST-Segment Elevation. Rev Esp Cardiol (Engl Ed) 70: 
pp 1082. 

Jahangir A, Sagar S and Terzic A (2007) Aging and Cardioprotection. J Appl Physiol (1985 ) 103: pp 
2120-2128. 

Jneid H, Fonarow G C, Cannon C P, Hernandez A F, Palacios I F, Maree A O, Wells Q, Bozkurt B, 
Labresh K A, Liang L, Hong Y, Newby L K, Fletcher G, Peterson E and Wexler L (2008) Sex Differences 
in Medical Care and Early Death After Acute Myocardial Infarction. Circulation 118: pp 2803-2810. 

Kang C, Qin J, Osei W and Hu K (2017) Regulation of Protein Kinase C-Epsilon and Its Age-
Dependence. Biochem Biophys Res Commun 482: pp 1201-1206. 

Kararigas G, Seeland U, Barcena de Arellano M L, Dworatzek E and Regitz-Zagrosek V (2016) Why the 
Study of the Effects of Biological Sex Is Important. Commentary. Ann Ist Super Sanita 52: pp 149-150. 

Keller KM and Howlett S E (2016) Sex Differences in the Biology and Pathology of the Aging Heart. 
Can J Cardiol 32: pp 1065-1073. 

Khera AV, Emdin C A, Drake I, Natarajan P, Bick A G, Cook N R, Chasman D I, Baber U, Mehran R, 
Rader D J, Fuster V, Boerwinkle E, Melander O, Orho-Melander M, Ridker P M and Kathiresan S 
(2016) Genetic Risk, Adherence to a Healthy Lifestyle, and Coronary Disease. N Engl J Med 375: pp 
2349-2358. 

Kleinbongard P, Botker H E, Ovize M, Hausenloy D J and Heusch G (2019) Co-Morbidities and Co-
Medications As Confounders of Cardioprotection - Does It Matter in the Clinical Setting? Br J 
Pharmacol. 

Kohlhaas M, Nickel A G and Maack C (2017) Mitochondrial Energetics and Calcium Coupling in the 
Heart. J Physiol 595: pp 3753-3763. 



 

 
This article is protected by copyright. All rights reserved. 

Kong CHT, Bryant S M, Watson J J, Gadeberg H C, Roth D M, Patel H H, Cannell M B, Orchard C H and 
James A F (2018) The Effects of Aging on the Regulation of T-Tubular ICa by Caveolin in Mouse 
Ventricular Myocytes. J Gerontol A Biol Sci Med Sci 73: pp 711-719. 

Korzick DH and Lancaster T S (2013) Age-Related Differences in Cardiac Ischemia-Reperfusion Injury: 
Effects of Estrogen Deficiency. Pflugers Arch 465: pp 669-685. 

Kuznetsov AV, Javadov S, Margreiter R, Grimm M, Hagenbuchner J and Ausserlechner M J (2019) The 
Role of Mitochondria in the Mechanisms of Cardiac Ischemia-Reperfusion Injury. Antioxidants (Basel) 
8. 

Lagranha CJ, Deschamps A, Aponte A, Steenbergen C and Murphy E (2010) Sex Differences in the 
Phosphorylation of Mitochondrial Proteins Result in Reduced Production of Reactive Oxygen Species 
and Cardioprotection in Females. Circ Res 106: pp 1681-1691. 

Lam YT (2015) Critical Roles of Reactive Oxygen Species in Age-Related Impairment in Ischemia-
Induced Neovascularization by Regulating Stem and Progenitor Cell Function. Oxid Med Cell Longev 
2015: pp 7095901. 

Lee PY, Alexander K P, Hammill B G, Pasquali S K and Peterson E D (2001) Representation of Elderly 
Persons and Women in Published Randomized Trials of Acute Coronary Syndromes. JAMA 286: pp 
708-713. 

Li H, Zhou C, Chen D, Fang N, Yao Y and Li L (2013) Failure to Protect Against Myocardial Ischemia-
Reperfusion Injury With Sevoflurane Postconditioning in Old Rats in Vivo. Acta Anaesthesiol Scand 
57: pp 1024-1031. 

Li J, Chen X, McClusky R, Ruiz-Sundstrom M, Itoh Y, Umar S, Arnold A P and Eghbali M (2014) The 
Number of X Chromosomes Influences Protection From Cardiac Ischaemia/Reperfusion Injury in 
Mice: One X Is Better Than Two. Cardiovasc Res 102: pp 375-384. 

Lindsey ML (2018) Assigning Matrix Metalloproteinase Roles in Ischaemic Cardiac Remodelling. Nat 
Rev Cardiol 15: pp 471-479. 

Lucas-Herald AK, Alves-Lopes R, Montezano A C, Ahmed S F and Touyz R M (2017) Genomic and 
Non-Genomic Effects of Androgens in the Cardiovascular System: Clinical Implications. Clin Sci (Lond) 
131: pp 1405-1418. 

Ludvigsen S, Mancusi C, Kildal S, De Simone G, Gerdts E and Ytrehus K (2018) Cardiac Adaptation to 
Hypertension in Adult Female Dahl Salt-Sensitive Rats Is Dependent on Ovarian Function, but Loss of 
Ovarian Function Does Not Predict Early Maladaptation. Physiol Rep 6. 

Maggioni AP, Maseri A, Fresco C, Franzosi M G, Mauri F, Santoro E and Tognoni G (1993) Age-Related 
Increase in Mortality Among Patients With First Myocardial Infarctions Treated With Thrombolysis. 
The Investigators of the Gruppo Italiano Per Lo Studio Della Sopravvivenza Nell'Infarto Miocardico 
(GISSI-2). N Engl J Med 329: pp 1442-1448. 

Mehilli J, Ndrepepa G, Kastrati A, Nekolla S G, Markwardt C, Bollwein H, Pache J, Martinoff S, 
Dirschinger J, Schwaiger M and Schomig A (2005) Gender and Myocardial Salvage After Reperfusion 
Treatment in Acute Myocardial Infarction. J Am Coll Cardiol 45: pp 828-831. 



 

 
This article is protected by copyright. All rights reserved. 

Mehta LS, Beckie T M, DeVon H A, Grines C L, Krumholz H M, Johnson M N, Lindley K J, Vaccarino V, 
Wang T Y, Watson K E and Wenger N K (2016) Acute Myocardial Infarction in Women: A Scientific 
Statement From the American Heart Association. Circulation 133: pp 916-947. 

Mehta RH, Rathore S S, Radford M J, Wang Y, Wang Y and Krumholz H M (2001) Acute Myocardial 
Infarction in the Elderly: Differences by Age. J Am Coll Cardiol 38: pp 736-741. 

Mendes AB, Ferro M, Rodrigues B, Souza M R, Araujo R C and Souza R R (2012) Quantification of Left 
Ventricular Myocardial Collagen System in Children, Young Adults, and the Elderly. Medicina (B 
Aires) 72: pp 216-220. 

Meschiari CA, Ero O K, Pan H, Finkel T and Lindsey M L (2017) The Impact of Aging on Cardiac 
Extracellular Matrix. Geroscience 39: pp 7-18. 

Mio Y, Bienengraeber M W, Marinovic J, Gutterman D D, Rakic M, Bosnjak Z J and Stadnicka A (2008) 
Age-Related Attenuation of Isoflurane Preconditioning in Human Atrial Cardiomyocytes: Roles for 
Mitochondrial Respiration and Sarcolemmal Adenosine Triphosphate-Sensitive Potassium Channel 
Activity. Anesthesiology 108: pp 612-620. 

Mohebali D, Kaplan D, Carlisle M, Supiano M A and Rondina M T (2014) Alterations in Platelet 
Function During Aging: Clinical Correlations With Thromboinflammatory Disease in Older Adults. J 
Am Geriatr Soc 62: pp 529-535. 

Moran AE, Forouzanfar M H, Roth G A, Mensah G A, Ezzati M, Flaxman A, Murray C J and Naghavi M 
(2014) The Global Burden of Ischemic Heart Disease in 1990 and 2010: the Global Burden of Disease 
2010 Study. Circulation 129: pp 1493-1501. 

Morita H and Komuro I (2018) Heart Failure As an Aging-Related Phenotype. Int Heart J 59: pp 6-13. 

Murphy E and Steenbergen C (2007) Cardioprotection in Females: a Role for Nitric Oxide and Altered 
Gene Expression. Heart Fail Rev 12: pp 293-300. 

Nguyen LT, Rebecchi M J, Moore L C, Glass P S, Brink P R and Liu L (2008) Attenuation of Isoflurane-
Induced Preconditioning and Reactive Oxygen Species Production in the Senescent Rat Heart. Anesth 
Analg 107: pp 776-782. 

Olivetti G, Giordano G, Corradi D, Melissari M, Lagrasta C, Gambert S R and Anversa P (1995) Gender 
Differences and Aging: Effects on the Human Heart. J Am Coll Cardiol 26: pp 1068-1079. 

Ong SB, Samangouei P, Kalkhoran S B and Hausenloy D J (2015) The Mitochondrial Permeability 
Transition Pore and Its Role in Myocardial Ischemia Reperfusion Injury. J Mol Cell Cardiol 78: pp 23-
34. 

Ormerod JO, Evans J D, Contractor H, Beretta M, Arif S, Fernandez B O, Feelisch M, Mayer B, 
Kharbanda R K, Frenneaux M P and Ashrafian H (2017) Human Second Window Pre-Conditioning and 
Post-Conditioning by Nitrite Is Influenced by a Common Polymorphism in Mitochondrial Aldehyde 
Dehydrogenase. JACC Basic Transl Sci 2: pp 13-21. 

Orwoll E (2017) Further Elucidation of the Potential Benefits of Testosterone Therapy in Older Men. 
JAMA Intern Med 177: pp 459-460. 

Pagliaro P and Penna C (2017) Hypertension, Hypertrophy, and Reperfusion Injury. J Cardiovasc Med 
(Hagerstown ) 18: pp 131-135. 



 

 
This article is protected by copyright. All rights reserved. 

Patterson AJ, Chen M, Xue Q, Xiao D and Zhang L (2010) Chronic Prenatal Hypoxia Induces Epigenetic 
Programming of PKC{Epsilon} Gene Repression in Rat Hearts. Circ Res 107: pp 365-373. 

Peart JN, Pepe S, Reichelt M E, Beckett N, See H L, Ozberk V, Niesman I R, Patel H H and Headrick J P 
(2014) Dysfunctional Survival-Signaling and Stress-Intolerance in Aged Murine and Human 
Myocardium. Exp Gerontol 50: pp 72-81. 

Penna C, Tullio F, Merlino A, Moro F, Raimondo S, Rastaldo R, Perrelli M G, Mancardi D and Pagliaro 
P (2009) Postconditioning Cardioprotection Against Infarct Size and Post-Ischemic Systolic 
Dysfunction Is Influenced by Gender. Basic Res Cardiol 104: pp 390-402. 

Piper HM, Garcia-Dorado D and Ovize M (1998) A Fresh Look at Reperfusion Injury. Cardiovasc Res 
38: pp 291-300. 

Pipicz M, Demjan V, Sarkozy M and Csont T (2018) Effects of Cardiovascular Risk Factors on Cardiac 
STAT3. Int J Mol Sci 19. 

Ramirez-Camacho I, Flores-Herrera O and Zazueta C (2019) The Relevance of the Supramolecular 
Arrangements of the Respiratory Chain Complexes in Human Diseases and Aging. Mitochondrion. 

Regitz-Zagrosek V and Kararigas G (2017) Mechanistic Pathways of Sex Differences in Cardiovascular 
Disease. Physiol Rev 97: pp 1-37. 

Ross JL and Howlett S E (2012) Age and Ovariectomy Abolish Beneficial Effects of Female Sex on Rat 
Ventricular Myocytes Exposed to Simulated Ischemia and Reperfusion. PLoS One 7: pp e38425. 

Rubini GM, Reiter M, Twerenbold R, Reichlin T, Wildi K, Haaf P, Wicki K, Zellweger C, Hoeller R, 
Moehring B, Sou S M, Mueller M, Denhaerynck K, Meller B, Stallone F, Henseler S, Bassetti S, Geigy 
N, Osswald S and Mueller C (2014) Sex-Specific Chest Pain Characteristics in the Early Diagnosis of 
Acute Myocardial Infarction. JAMA Intern Med 174: pp 241-249. 

Ruiz-Meana M, Fernandez-Sanz C and Garcia-Dorado D (2010) The SR-Mitochondria Interaction: a 
New Player in Cardiac Pathophysiology. Cardiovasc Res 88: pp 30-39. 

Ruiz-Meana M, Inserte J, Fernandez-Sanz C, Hernando V, Miro-Casas E, Barba I and Garcia-Dorado D 
(2011) The Role of Mitochondrial Permeability Transition in Reperfusion-Induced Cardiomyocyte 
Death Depends on the Duration of Ischemia. Basic Res Cardiol 106: pp 1259-1268. 

Ruiz-Meana M, Minguet M, Bou-Teen D, Miro-Casas E, Castans C, Castellano J, Bonzon-Kulichenko E, 
Igual A, Rodriguez-Lecoq R, Vazquez J and Garcia-Dorado D (2019) Ryanodine Receptor Glycation 
Favors Mitochondrial Damage in the Senescent Heart. Circulation 139: pp 949-964. 

Sarwar M, Du X J, Dschietzig T B and Summers R J (2017) The Actions of Relaxin on the Human 
Cardiovascular System. Br J Pharmacol 174: pp 933-949. 

Schulman D, Latchman D S and Yellon D M (2001) Effect of Aging on the Ability of Preconditioning to 
Protect Rat Hearts From Ischemia-Reperfusion Injury. Am J Physiol Heart Circ Physiol 281: pp H1630-
H1636. 

Schwartz JB (2007) The Current State of Knowledge on Age, Sex, and Their Interactions on Clinical 
Pharmacology. Clin Pharmacol Ther 82: pp 87-96. 



 

 
This article is protected by copyright. All rights reserved. 

Sessions AO, Kaushik G, Parker S, Raedschelders K, Bodmer R, Van Eyk J E and Engler A J (2017) 
Extracellular Matrix Downregulation in the Drosophila Heart Preserves Contractile Function and 
Improves Lifespan. Matrix Biol 62: pp 15-27. 

Shih H, Lee B, Lee R J and Boyle A J (2011) The Aging Heart and Post-Infarction Left Ventricular 
Remodeling. J Am Coll Cardiol 57: pp 9-17. 

Shioura KM, Geenen D L and Goldspink P H (2008) Sex-Related Changes in Cardiac Function 
Following Myocardial Infarction in Mice. Am J Physiol Regul Integr Comp Physiol 295: pp R528-R534. 

Silander K, Alanne M, Kristiansson K, Saarela O, Ripatti S, Auro K, Karvanen J, Kulathinal S, Niemela 
M, Ellonen P, Vartiainen E, Jousilahti P, Saarela J, Kuulasmaa K, Evans A, Perola M, Salomaa V and 
Peltonen L (2008) Gender Differences in Genetic Risk Profiles for Cardiovascular Disease. PLoS One 3: 
pp e3615. 

Sniecinski R and Liu H (2004) Reduced Efficacy of Volatile Anesthetic Preconditioning With Advanced 
Age in Isolated Rat Myocardium. Anesthesiology 100: pp 589-597. 

Sovershaev MA, Egorina E M, Andreasen T V, Jonassen A K and Ytrehus K (2006) Preconditioning by 
17beta-Estradiol in Isolated Rat Heart Depends on PI3-K/PKB Pathway, PKC, and ROS. Am J Physiol 
Heart Circ Physiol 291: pp H1554-H1562. 

Strait JB and Lakatta E G (2012) Aging-Associated Cardiovascular Changes and Their Relationship to 
Heart Failure. Heart Fail Clin 8: pp 143-164. 

Talens RP, Jukema J W, Trompet S, Kremer D, Westendorp R G, Lumey L H, Sattar N, Putter H, 
Slagboom P E and Heijmans B T (2012) Hypermethylation at Loci Sensitive to the Prenatal 
Environment Is Associated With Increased Incidence of Myocardial Infarction. Int J Epidemiol 41: pp 
106-115. 

Tepp K, Puurand M, Timohhina N, Adamson J, Klepinin A, Truu L, Shevchuk I, Chekulayev V and 
Kaambre T (2017) Changes in the Mitochondrial Function and in the Efficiency of Energy Transfer 
Pathways During Cardiomyocyte Aging. Mol Cell Biochem 432: pp 141-158. 

Tepp K, Timohhina N, Puurand M, Klepinin A, Chekulayev V, Shevchuk I and Kaambre T (2016) 
Bioenergetics of the Aging Heart and Skeletal Muscles: Modern Concepts and Controversies. Ageing 
Res Rev 28: pp 1-14. 

Timohhina N, Guzun R, Tepp K, Monge C, Varikmaa M, Vija H, Sikk P, Kaambre T, Sackett D and Saks 
V (2009) Direct Measurement of Energy Fluxes From Mitochondria into Cytoplasm in Permeabilized 
Cardiac Cells in Situ: Some Evidence for Mitochondrial Interactosome. J Bioenerg Biomembr 41: pp 
259-275. 

Trankle C, Thurber C J, Toldo S and Abbate A (2016) Mitochondrial Membrane Permeability 
Inhibitors in Acute Myocardial Infarction: Still Awaiting Translation. JACC Basic Transl Sci 1: pp 524-
535. 

Trial J, Entman M L and Cieslik K A (2016) Mesenchymal Stem Cell-Derived Inflammatory Fibroblasts 
Mediate Interstitial Fibrosis in the Aging Heart. J Mol Cell Cardiol 91: pp 28-34. 

Vessey DA, Kelley M, Li L and Huang Y (2009) Sphingosine Protects Aging Hearts From 
Ischemia/Reperfusion Injury: Superiority to Sphingosine 1-Phosphate and Ischemic Pre- and Post-
Conditioning. Oxid Med Cell Longev 2: pp 146-151. 



 

 
This article is protected by copyright. All rights reserved. 

Vessey DA, Li L, Kelley M, Zhang J and Karliner J S (2008) Sphingosine Can Pre- and Post-Condition 
Heart and Utilizes a Different Mechanism From Sphingosine 1-Phosphate. J Biochem Mol Toxicol 22: 
pp 113-118. 

Vonck J and Schafer E (2009) Supramolecular Organization of Protein Complexes in the 
Mitochondrial Inner Membrane. Biochim Biophys Acta 1793: pp 117-124. 

Wang F, He Q, Sun Y, Dai X and Yang X P (2010) Female Adult Mouse Cardiomyocytes Are Protected 
Against Oxidative Stress. Hypertension 55: pp 1172-1178. 

Wang M, Zhang J, Telljohann R, Jiang L, Wu J, Monticone R E, Kapoor K, Talan M and Lakatta E G 
(2012) Chronic Matrix Metalloproteinase Inhibition Retards Age-Associated Arterial Proinflammation 
and Increase in Blood Pressure. Hypertension 60: pp 459-466. 

Webster I, Salie R, Marais E, Fan W J, Maarman G, Huisamen B and Lochner A (2017) Myocardial 
Susceptibility to Ischaemia/Reperfusion in Obesity: a Re-Evaluation of the Effects of Age. BMC 
Physiol 17: pp 3. 

Westman PC, Lipinski M J, Luger D, Waksman R, Bonow R O, Wu E and Epstein S E (2016) 
Inflammation As a Driver of Adverse Left Ventricular Remodeling After Acute Myocardial Infarction. J 
Am Coll Cardiol 67: pp 2050-2060. 

Whittington HJ, Harding I, Stephenson C I, Bell R, Hausenloy D J, Mocanu M M and Yellon D M (2013) 
Cardioprotection in the Aging, Diabetic Heart: the Loss of Protective Akt Signalling. Cardiovasc Res 
99: pp 694-704. 

Willems L, Zatta A, Holmgren K, Ashton K J and Headrick J P (2005) Age-Related Changes in Ischemic 
Tolerance in Male and Female Mouse Hearts. J Mol Cell Cardiol 38: pp 245-256. 

Xia Z, Li H and Irwin M G (2016) Myocardial Ischaemia Reperfusion Injury: the Challenge of 
Translating Ischaemic and Anaesthetic Protection From Animal Models to Humans. Br J Anaesth 117 
Suppl 2: pp ii44-ii62. 

Yabluchanskiy A, Ma Y, Chiao Y A, Lopez E F, Voorhees A P, Toba H, Hall M E, Han H C, Lindsey M L 
and Jin Y F (2014) Cardiac Aging Is Initiated by Matrix Metalloproteinase-9-Mediated Endothelial 
Dysfunction. Am J Physiol Heart Circ Physiol 306: pp H1398-H1407. 

Yamada Y, Izawa H, Ichihara S, Takatsu F, Ishihara H, Hirayama H, Sone T, Tanaka M and Yokota M 
(2002) Prediction of the Risk of Myocardial Infarction From Polymorphisms in Candidate Genes. N 
Engl J Med 347: pp 1916-1923. 

Zhu F, Li Y, Zhang J, Piao C, Liu T, Li H H and Du J (2013) Senescent Cardiac Fibroblast Is Critical for 
Cardiac Fibrosis After Myocardial Infarction. PLoS One 8: pp e74535. 

Zhu J, Rebecchi M J, Glass P S, Brink P R and Liu L (2011) Cardioprotection of the Aged Rat Heart by 
GSK-3beta Inhibitor Is Attenuated: Age-Related Changes in Mitochondrial Permeability Transition 
Pore Modulation. Am J Physiol Heart Circ Physiol 300: pp H922-H930. 

Zhu J, Rebecchi M J, Tan M, Glass P S, Brink P R and Liu L (2010) Age-Associated Differences in 
Activation of Akt/GSK-3beta Signaling Pathways and Inhibition of Mitochondrial Permeability 
Transition Pore Opening in the Rat Heart. J Gerontol A Biol Sci Med Sci 65: pp 611-619. 



 

 
This article is protected by copyright. All rights reserved. 

Zuurbier CJ, Heinen A, Koeman A, Stuifbergen R, Hakvoort T B, Weber N C and Hollmann M W (2014) 
Cardioprotective Efficacy Depends Critically on Pharmacological Dose, Duration of Ischaemia, Health 
Status of Animals and Choice of Anaesthetic Regimen: a Case Study With Folic Acid. J Transl Med 12: 
pp 325. 
 
 



 

 
This article is protected by copyright. All rights reserved. 

Table: Summary of major studies investigating the confounding effect of age on the 

cardioprotective efficacy of pharmacological conditioning agents 

Pharmacological 
conditioning agent 
 

Model of IRI Confounded 
by age 

Mechanism References 

 
Preconditioning with 
adenosine A1 receptor 
agonist (CCPA1), PKC 
activator (DAG), and 
mitochondrial KATP 

channel activator 
(diazoxide)  

 
Rat 
 

 
Yes 

 
Failure to activate 
known mediators 
of IPC - 
adenosine A1 
receptor, PKC, 
and mitochondrial 
KATP channel  
 

 
(Schulman et 
al., 2001) 

 
Volatile anaesthetic 
preconditioning 
(isoflurane/sevoflurane)  

 
Rat 
Human atrial 
cardiomyocytes 

 
Yes 

 
Failure to activate 
Akt, produce 
signalling ROS 
and inhibit MPTP 
opening 
 

 
(Sniecinski 
and Liu, 
2004;Nguyen 
et al., 
2008;Zhu et 
al., 2010;Mio 
et al., 2008) 

 
Helium preconditioning   

 
Rat 
 

 
Yes 

 
Failure to activate 
Ca2+-sensitive 
potassium 
channels and 
uncouple 
mitochondria 
 

 
(Heinen et 
al., 2008) 

 
Dexmedetomidine 
preconditioning 
 

 
Rat 

 
Yes 

 
Failure to have 
antioxidant effect 

 
(Dong et al., 
2017a) 

 
High-dose folic acid 
preconditioning 
 

 
Rat 

 
Yes 

Failure to 
maintain 
dimerization of 
eNOS 

 
(Zuurbier et 
al., 2014) 

 
Volatile anaesthetic 
postconditioning 
(isoflurane/sevoflurane)  

 
Rat 
 

 
Yes 

 
Failure to activate 
Akt and Erk1/2 
and inhibit MPTP 
opening 
 

 
(Li et al., 
2013;Chang 
et al., 2012) 

 
SB-216763 
postconditioning 
(GSK-3β inhibitor) 
 

 
Mouse 

 
Yes 

 
Failure to inhibit 
MPTP opening 

 
(Zhu et al., 
2011) 

 
Sphingosine 

 
Rat 

 
No 

Persisting 
cardioprotection 
via PKG and PKA 

(Vessey et 
al., 
2009;Vessey 
et al., 2008) 

 
Amobarbital 
postconditioning 
(reversible 
mitochondrial inhibitor) 

 
Rat 

 
No 

 (Chen et al., 
2012) 
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Figure 1: Molecular players involved in the mitochondrial cardioprotective 

response during IR that may be altered in the aged cardiomyocytes. 

Supercomplex mitochondrial interactosome (MIt), consisting of mitochondrial ATP 

synthase, phosphate carrier (PiC), voltage-dependent anion channel (VDAC), 

mitochondrial creatine kinase (MtCK), adenine nucleotide translocase (ANT) and 

respiratory chain complexes, is shown separately. MtCK: mitochondrial creatine 

kinase (MtCK); MIM: mitochondrial inner membrane; MOM: mitochondrial outer 

membranes; IMS: intermembrane space; HK: hexokinase; AK: adenylate kinase; SR: 

sarcoplasmic reticulum. 
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Figure 2: Intracellular targets altered by aging and sex that can be targeted by 

specific cardioprotective strategies.  
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Figure 3:  Multitarget strategies involved in cardioprotection. Multiple cardiac 

and extra-cardiac factors modulate IR injury in the heart and are potentially 

targetable by cardioprotective interventions.     

 

 

 


