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Abstract 

This thesis is presented in the form of one peer reviewed publication and one 

chapter presented in the form of a submitted manuscript, abstracted below. 

Publication abstract (Chapter 2):  

Loss of mineralocorticoid receptor signaling selectively in cardiomyocytes can 

ameliorate cardiac fibrotic and inflammatory responses caused by excess 

mineralocorticoids. The aim of this study was to characterize the role of 

cardiomyocyte mineralocorticoid receptor signaling in ischemia–reperfusion injury 

and recovery and to identify a role of mineralocorticoid receptor modulation of 

cardiac function. Wild-type and cardiomyocyte mineralocorticoid receptor knockout 

mice (8 weeks) were uninephrectomized and maintained on (1) high salt (0.9% NaCl, 

0.4% KCl) or (2) high salt plus deoxycorticosterone pellet (0.3 mg/d, 0.9% NaCl, 

0.4% KCl). After 8 weeks of treatment, hearts were isolated and subjected to 20 

minutes of global ischemia plus 45 minutes of reperfusion. Mineralocorticoid excess 

increased peak contracture during ischemia regardless of genotype. Recovery of left 

ventricular developed pressure and rates of contraction and relaxation post 

ischemia–reperfusion were greater in knockout versus wild-type hearts. The 

incidence of arrhythmic activity during early reperfusion was significantly higher in 

wild-type than in knockout hearts. Levels of autophosphorylated Ca2+/calmodulin 

protein kinase II (Thr287) were elevated in hearts from wild-type versus knockout 

mice and associated with increased sodium hydrogen exchanger-1 expression. 

These findings demonstrate that cardiomyocyte-specific mineralocorticoid receptor–

dependent signaling contributes to electromechanical vulnerability in acute 

ischemia–reperfusion via a mechanism involving Ca2+/calmodulin protein kinase II 

activation in association with upstream alteration in expression regulation of the 

sodium hydrogen exchanger-1. 

 

Chapter abstract (Chapter 3):  

Nitric oxide (NO) is an important regulator of cardiac function and plays a key role in 

ischemic cardioprotection. The role of chronic NO deficiency in coordinating ischemic 

vulnerability in female myocardium has not been established. The aim of this study 

was to determine the influence of chronic in vivo NO synthase inhibition in 

modulating ex vivo ischemia-reperfusion responses in female hearts (relative to 
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males). Mice were subjected to L-NAME (L-NG-Nitroarginine-methyl-ester) treatment 

in vivo for 8 weeks. Cardiac fibrotic, inflammatory and cardiomyocyte Ca2+ handling 

related gene expression changes were assessed. Hearts were Langendorff-

perfused, subjected to 20 minutes global ischemia with 45 minutes reperfusion. In 

response to this moderate ex vivo ischemic insult, hearts derived from L-NAME 

treated female animals exhibited increased incidence of reperfusion arrhythmias, 

diastolic abnormality and reduced contractile recovery in reperfusion. This differential 

response was observed even though baseline performance of hearts from L-NAME 

treated animals was not different to vehicle controls, myocardial inflammatory and 

fibrotic indices were similar in males and females and the systolic blood pressure 

effect of L-NAME administration was equivalent in both sexes. To examine 

underlying pre-disposing mechanisms, expression of a panel of candidate genes 

encoding proteins involved in electromechanical homeostasis (particularly relevant to 

ischemic challenge) was evaluated in normoxic myocardial tissues from the L-

NAME- and vehicle-treated animals.  Analysis revealed that L-NAME treatment in 

females selectively regulated expression of genes related directly and indirectly to 

cardiomyocyte Ca2+ handling in a manner consistent with destabilization of Ca2+ 

homeostasis and arrhythmogenesis. Our investigation provides new insight into the 

role of sustained decrease in NO bioavailability in determining distinctive female 

cardiac vulnerability to ischemic challenge.  
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1.1 Introduction 

The MR (mineralocorticoid receptor) is a ligand-activated steroid hormone receptor 

best known for its role in sodium and water homoeostasis in response to 

aldosterone. It is present not only in epithelial tissues, but also in many cell types in 

the heart where it plays a key role in cardiac inflammation and fibrosis. 

Cardiovascular disease is the leading cause of death and disability and the 

prevalence of heart failure and hypertension is increasing. Large scale clinical trials 

using low dose MR antagonists have demonstrated an important role for MR 

signalling in the development of heart failure (Pitt, Zannad et al. 1999; Pitt, Remme 

et al. 2003) . One issue that arose in these studies was an increased incidence of 

hyperkalaemia in patients receiving MR antagonists owing to MR blockade in the 

kidney. Other side effects of the first generation MR antagonist spironolactone were 

problematic (notably in men, gynecomastia and impotence) owing to cross-reactivity 

with other nuclear receptors. Although the cell-specific mechanisms involved in the 

benefits observed in these clinical studies are still being defined, emerging 

experimental evidence suggests that cardiomyocyte MR signalling plays a central 

role in the development of cardiac fibrosis, inflammation and hypertension (Brilla, 

Matsubara et al. 1993; Young, Lam et al. 2007; Wynn 2008). Another important 

consideration is sex-specific outcomes of cardiovascular disease, in particular 

ischemia/reperfusion, and the role of female-specific signalling pathways, e.g.  

nitric oxide (NO).  

The present introduction addresses the role of the cardiomyocyte MR, sex and NO 

signalling in cardiac pathophysiology and discusses the known mechanisms of 

cardiomyocyte MR action in influencing myocardial function after ischemia and 

disease development in relation to oxidative stress, inflammation and fibrosis. 

Similarly, the link between reactive oxygen species generation and NO bioavailabily/ 

signalling in relation to female-specific cardioprotection is discussed.  

  



  Chapter 1 
 

 
3 

 

1.2 MR signalling mechanisms  

The MR is expressed in epithelial cells in the kidney, colon and salivary glands and 

in non-epithelial tissues such as vascular smooth muscle cells, myeloid cells  

(i.e. monocytes and macrophages), neurons of the hippocampus and the placenta 

(Pearce and Funder 1987; Arriza, Simerly et al. 1988). In the heart MRs are 

expressed in cardiomyocytes, macrophages, vascular smooth muscle and 

endothelial cells, but not at detectible levels in fibroblasts (Lombes, Oblin et al. 1992; 

Lombes, Alfaidy et al. 1995; Sheppard and Autelitano 2002; Odermatt and 

Kratschmar 2012). The MR is a member of the steroid hormone receptor family of 

ligand-activated transcription factors. Typically, as has been well studied in epithelial 

cell types, the MR is located within the cytosol and upon ligand binding forms dimers 

and translocates to the nucleus where, together with associated co-regulatory 

proteins, it binds to hormone-response elements in the promoter of target genes to 

regulate gene transcription (reviewed in (Yang and Young 2009)). Of note, 

cardiomyocyte MRs are mostly chromatin bound within the nucleus owing to 

hyperactive localization signals, rather than as a direct result of circulating 

corticosteroid levels (Gomez-Sanchez, de Rodriguez et al. 2006; Hernandez-Diaz, 

Giraldez et al. 2010). MR signalling can be nongenomic where MR signalling occurs 

rapidly within minutes of receptor activation and does not require nuclear 

translocation of the receptor–hormone complex or protein synthesis (Wehling, Eisen 

et al. 1992; Wehling, Neylon et al. 1995; Dooley, Harvey et al. 2012). MR can act via 

rapid, non-genomic mechanisms, which are not dependent on gene transcription and 

protein synthesis (Alzamora, Michea et al. 2000; Mihailidou, Mardini et al. 2004; 

Hayashi, Kobara et al. 2008; Nolly, Caldiz et al. 2014).  Numerous studies have been 

unable to identify a separate receptor for rapid MR effects, suggesting that rapid 

responses are mediated by the classical MR pathway in the cytoplasm that 

stimulates second messenger signalling (Funder 2005; Harvey, Alzamora et al. 

2008; Thomas, McEneaney et al. 2008; Thomas and Harvey 2011). The G-protein-

coupled receptor GPR30 (G-protein-coupled receptor 30; also known as GPER  

[G-protein-coupled ER (estrogen receptor) 1]), which has a well-described role in 

rapid estrogen signalling, has recently been suggested to be involved in rapid MR 

signalling in the vasculature although the role of GPR30–aldosterone interaction in 

cardiomyocytes is currently unknown (Gros, Ding et al. 2011). The convergence of 
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ER and MR signalling pathways, perhaps via GPR30-related pathways, may be a 

mechanism whereby MR signalling is differentially regulated in males and females 

(Deschamps, Murphy et al. 2010; Funder 2011; Gros, Ding et al. 2011; Gros, Ding et 

al. 2011; Wendler, Albrecht et al. 2012). An important consideration in the regulation 

of MR signalling is that the MR has a high affinity for both physiological 

glucocorticoids, cortisol in humans and corticosterone in rodents, as well as the 

mineralocorticoids (Arriza, Weinberger et al. 1987). Given that glucocorticoids are 

present at concentrations 10–100-fold higher than aldosterone, the specificity of the 

MR in epithelial tissues is conferred by the enzyme 11β-HSD2 (11β-hydroxysteroid 

dehydrogenase type 2) which converts glucocorticoids into their inactive metabolites 

(cortisone and 11-dehydroxycorticosterone) (Edwards, Stewart et al. 1988; Funder, 

Pearce et al. 1988; Stewart, Whorwood et al. 1991; Albiston, Obeyesekere et al. 

1994; Krozowski, Provencher et al. 1994). In non-epithelial tissues, such as neural 

and myocardial tissue, the MR is not co-localized with 11β-HSD2 and thus the MR in 

these tissues is normally occupied by glucocorticoids (Funder and Myles 1996; 

Sheppard and Autelitano 2002; Berger, Wolfer et al. 2006; Odermatt and Kratschmar 

2012). Increasing evidence shows that, in contrast to MRs located in the kidney, 

glucocorticoid-occupied MRs do not produce responses equivalent to aldosterone. 

However, in the presence of tissue damage or oxidative stress, glucocorticoids act 

as full agonists (Ward, Kanellakis et al. 2001; Funder 2009; Wilson, Morgan et al. 

2009). The aldosterone–MR complex is not only more stable than the glucocorticoid–

MR complex, it is also more active at target gene promoters, which implies that the 

co-activator/repressor recruitment may be critical in MR activation by different 

ligands (Farman and Rafestin-Oblin 2001). It is of note that the ligand-mediated 

conformational change of the MR (i.e. N terminal–C terminal interaction) only occurs 

with aldosterone and not with cortisol. Whether the presence of cellular oxidative 

stress modifies this interaction has not been addressed (Rogerson and Fuller 2003; 

Pippal and Fuller 2008). Regulation of MR signalling is therefore, in part, dependent 

upon the presence or absence of the 11β-HSD enzyme and the local context of 

different target cells. The contrasting role of glucocorticoid regulation of the MR in 

physiology and disease is discussed below.  
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1.3 MR antagonists are clinically protective in heart failure  

MR antagonists, in combination with current best practice therapy including 

angiotensin receptor blockers and angiotensin converting enzyme inhibitors, 

decrease morbidity and mortality in patients with primary heart failure and heart 

failure secondary to myocardial infarction (Pitt, Zannad et al. 1999; Pitt, Remme et 

al. 2003; Kolkhof and Barfacker 2017). Most patients in these trials did not have 

elevated plasma aldosterone levels and these clinical outcomes provide support for 

a critical role for inappropriate glucocorticoid activation of MR in heart failure 

progression. Serious hyperkalaemia was increased by MR blockade in ∼1% of heart 

failure patients (serum potassium levels >6.0 mmol/l). Although serum potassium 

levels of 4.0 mmol/l have been correlated with increased mortality in heart failure 

patients, the incidence of adverse cardiac events was not increased (Pitt, Zannad et 

al. 1999; Ahmed, Zannad et al. 2007). Correcting plasma potassium levels may be 

beneficial and reduce adverse cardiac events. Despite the incidence of 

hyperkalaemia, patients receiving MR antagonists showed decreased risk of 

mortality from sudden cardiac death. This was associated with a reduction in 

arrhythmia consistent with a role for MR blockade in the regulation of excitation/ 

contraction coupling. MR antagonism reduces the risk of death and hospitalization in 

patients with chronic heart failure and can improve left ventricular hypertrophy 

regression and systolic blood pressure control in patients with mild heart failure when 

used in conjunction with an angiotensin-converting enzyme inhibitor (Pitt, Reichek et 

al. 2003; Zannad, McMurray et al. 2011).  

More recently, the incidence of atrial fibrillation in patients with mild heart failure was 

effectively decreased by the second generation MR antagonist eplerenone (Zannad, 

McMurray et al. 2010; Preiss, van Veldhuisen et al. 2012; Swedberg, Zannad et al. 

2012). Analysis of serum biomarkers in RALES and EPHESUS identified collagen 

turnover as a marker that can be limited by MR suppression treatment (Zannad, 

Gattis Stough et al. 2012). In addition to structural changes induced post-MI, MR 

suppression reduces arrhythmia, which suggests that these compounds are doing 

more than improving ventricular structure (Beygui, Labbe et al. 2013). These clinical 

trials clearly indicate the importance of including MR antagonists with current 

combination therapy in the treatment of heart failure and hypertension.  
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The current clinical understanding of the use of MR antagonists in patients with heart 

failure, hypertension and atrial fibrillation has recently developed substantially 

(Catena, Colussi et al. 2012). In a randomized double blind placebo-controlled 

clinical trial involving heart failure patients with preserved ejection fraction, MR 

antagonism with eplerenone was associated with reduced collagen turnover and 

improved diastolic function (Deswal, Richardson et al. 2011). Patients exhibiting 

heart failure with reduced ejection fraction treated with the MR antagonist canrenone 

(the principle active metabolite in spironolactone) in addition to optimal therapy 

showed improved diastolic function, suggesting a synergistic effect of the combined 

therapies (de Simone, Chinali et al. 2011). Evidence shows that hypertensive 

patients treated with MR antagonists have reduced left ventricular mass and 

hypertensive patients with diastolic dysfunction have improved left ventricular 

contractility and systolic function (Mottram, Haluska et al. 2004). The inconsistencies 

between the clinical and experimental data are discussed below. More recently, a 

non-steroid MR antagonist, finerenone (BAY 94-8862), has been developed and 

shows greater selectivity for MR compared with spironolactone and stronger binding 

to MR compared with eplerenone (Barfacker, Kuhl et al. 2012). This compound has 

been utilized in a phase II clinical trial, designed to identify biomarkers of cardiac and 

renal function or injury together with the safety and tolerability (Pitt, Filippatos et al. 

2012). Finerenone was found to be safe and improved biomarker expression to a 

similar level as spironolactone with a lower rate of hyperkalemia (Barfacker, Kuhl et 

al. 2012; Pitt, Kober et al. 2013). In this clinical trial, finerenone was administered at 

a lower concentration than spironolactone, together with evidence from animal 

studies demonstrating greater effects in cardiac vs renal tissues, this may account 

for the reduction in hyperkalaemia observed.  

Much of the clinical research into the impact of MR antagonism has focussed on 

heart failure with reduced ejection fraction (HFrEF), while more recently the condition 

of heart failure with preserved ejection fraction (HFpEF) has come into focus. HFpEF 

is a disease etiology that is increasing and is more common in women (Hummel and 

Kitzman 2013; Westerman and Wenger 2016).  Despite some positive outcomes in 

early trials treating HFpEF patients with spironolactone, TOPCAT (the largest study 

to date) did not show any clinical benefit (Deswal, Richardson et al. 2011; Edelmann, 

Wachter et al. 2013; Pitt, Pfeffer et al. 2014). Interestingly, post-hoc analysis 
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demonstrated variations in patients groups from different areas and suggested that 

possible benefits were observed in the American patients compared to the 

Russia/Georgia patients (Elguindy 2013; Pitt, Pfeffer et al. 2014; Pfeffer, Claggett et 

al. 2015). Therefore, more work needs to be done to understand the differences in 

heart failure populations to determine the group most likely to benefit from MR 

antagonist therapy (Ferreira, Mentz et al. 2017). MR antagonists are not only 

beneficial in patients with heart failure, but also in patients with atrial fibrillation. MR 

expression is higher in cardiac tissue samples from patients with atrial fibrillation 

compared with patients with normal sinus rhythm, suggesting that local aldosterone 

levels may not be as important as expression of the MR in the setting of atrial 

fibrillation (Tsai, Chiang et al. 2010). Primary aldosteronism is accompanied by 

increased prevalence of atrial fibrillation and MR antagonists, along with surgery, 

reduced atrial fibrillation incidence to a level comparable with essential hypertension 

(Milliez, Girerd et al. 2005; Catena, Colussi et al. 2008). The potential for MR 

antagonists to be of benefit in preventing atrial fibrillation was suggested by a clinical 

trial that randomized patients with recurrent fibrillation into treatment groups with 

spironolactone in addition to a β-blocker and found that this combined treatment 

prevented arrhythmia episodes (Dabrowski, Borowiec et al. 2010). Further studies 

have validated the benefits of additional MR antagonist treatment for patients with 

coronary disease and/or heart failure in terms of a reduction in the risk of sudden 

cardiac death (Wei, Ni et al. 2010). Collectively, these studies have highlighted a 

critical role for MR in the development and progression of cardiac injury.  

Differences between males and females have been described for the prevalence, 

presentation and outcomes of cardiac events (reviewed in (Leuzzi, Sangiorgi et al. 

2010; Dunlay and Roger 2012)). Whereas premenopausal women are less 

susceptible to ischaemic heart disease, post myocardial infarction they experience 

increased mortality (Hayward, Kelly et al. 2000; Mehilli, Ndrepepa et al. 2005). After 

menopause, cardiovascular event risk is equivalent for males and females (Hayward, 

Kelly et al. 2000; Mehilli, Ndrepepa et al. 2005; Mendelsohn and Karas 2005). Both 

sex and age exert important influence on myocardial gene expression and signalling 

processes, yet few studies (clinical or experimental) have been conducted primarily 

on females (Diedrich, Tadic et al. 2007). Given that estrogen can interact with many 

widely used cardiovascular drugs, including β-blockers, calcium channels blockers 
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and diuretics this may account for differences in drug activity between men and 

women (Jochmann, Stangl et al. 2005). Moreover, cytochrome P450 enzymes that 

are important in drug metabolism are more predominantly expressed in females 

compared with males, adding to the complexity of understanding the sex differences 

in drug action (Waxman and Holloway 2009). Clinical trials using MR antagonists 

have primarily comprised male participants. The RALES (Randomized Aldactone 

Evaluation Study) and EPHESUS (Eplerenone Post-Acute Myocardial Infarction 

Heart Failure Efficacy and Survival Study) both consisted of∼30%females, and the 

4E study of ∼40% females.  

No significant sex differences were detected in these trials (Pitt, Zannad et al. 1999; 

Pitt, Reichek et al. 2003; Pitt, Remme et al. 2003). In contrast, the Framingham 

Heart Study, comprised ∼72% females, demonstrated a correlation between plasma 

aldosterone levels and cardiac wall thickness in women, but not men. Other clinical 

studies have not demonstrated differences in cardiac morphology between males 

and females (Pouleur, Uno et al. 2011). Recently, the failed RELAX trial 

demonstrated that it is critically important to consider sex-specific differences in drug 

and trial design. Sildenafil, a phosphodiesterase 5 (PDE5) inhibitor which augments 

NO availability, did not show beneficial effect in treatment of HFpEF. Subsequent 

animal studies showed that Sildenafil is only beneficial in females when estrogen is 

present (Murphy and Steenbergen 2014; Sasaki, Nagayama et al. 2014). These 

findings have highlighted the importance of sex-specific medicine, and have provided 

key insight in relation to HFpEF etiology. These discrepant findings between studies 

may reflect differences in the proportion of male and female patients studied and/or 

other confounding factors, such as age or different rates of co-morbidities that may 

conceal sex dimorphism in heart failure.   

 

1.4 Cardiac oxidative stress, inflammation and MR signalling  

Experimental studies have demonstrated that an important early event in the onset 

of cardiovascular fibrosis is oxidative stress and inflammation in the vessel wall 

(endothelial and vascular smooth muscle cells) and in the myocardium 

(cardiomyocytes and macrophages). MR-induced cardiac oxidative stress and 

inflammation occur within days of experimentally induced mineralocorticoid excess 
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and precede the development of cardiac fibrosis and hypertrophy (Rocha, Martin-

Berger et al. 2002; Rocha, Rudolph et al. 2002; Wilson, Morgan et al. 2009).  

MR-induced inflammation and oxidative stress in vivo can be abrogated by either the 

MR antagonist spironolactone or the addition of an antioxidant, indicating that 

oxidative stress plays an important role in cardiac MR activation (Sun, Zhang et al. 

2002). After coronary artery ligation, both aldosterone and AngII (angiotensin II) 

significantly increase NOX (NADPH oxidase) and mitochondrial superoxide 

generation. MR-induced reactive oxygen species (ROS) regulates extracellular 

matrix turnover induced by increasing matrix metalloprotease 2 and 9 activity, 

highlighting further mechanisms of cardiomyocyte MR regulation of cardiac structure 

(Rude, Duhaney et al. 2005). Blockade of MR and AngII signalling leads to a 

synergistic attenuation of oxidative stress in cardiomyocytes, demonstrating a key 

involvement of aldosterone in the cardiac oxidative stress response (Noda, Kobara 

et al. 2012). Studies have suggested that the small GTPase Rac1 is required for 

oxidative stress-induced activation of cardiomyocyte MRs, potentially in a ligand-

independent manner (Nagase, Ayuzawa et al. 2012). These data show that the 

redox state of a cardiomyocyte may modulate both MR activation and gene 

transcription. Therefore the MR can have both genomic and nongenomic effects on 

ROS (reactive oxygen species) production in the heart, and can in turn be regulated 

by oxidative stress itself. Cardiomyocyte MR activation regulates the cardiac 

response to oxidative stress. Genetic loss of cardiomyocyte MR (myo-MRKO) 

decreases the generation of mitochondrial superoxide and reduces post-infarction 

up-regulation of the NADPH oxidase subunits NOX2 and NOX4 (Fraccarollo, Berger 

et al. 2011). Myo-MRKO mice have lower basal levels of expression of the NADPH 

oxidase subunit p22phox, which is not altered by mineralocorticoid excess over an 8 

week treatment period (Rickard, Morgan et al. 2012). In contrast, transverse aortic 

constriction increases cardiac NOX2 expression in both the wild-type and  

myo-MRKO mice (Lother, Berger et al. 2011). These studies add further support to 

the hypothesis that the cellular response to disease is important in determining the 

effect of MR signalling on cardiac inflammation and oxidative stress. Cardiomyocyte 

MRs can have direct effects on the coronary endothelium to elevate oxidative stress, 

decrease relaxation and to promote endothelial dysfunction (Favre, Gao et al. 2011). 

Overexpression of human MR in mouse cardiomyocytes induces decreased nitric 
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oxide mediated coronary artery relaxation and increased cardiac ROS generation in 

endothelial cells. This raises the possibility of a paracrine signalling mechanism 

whereby activation of MR within cardiomyocytes induces expression of 

proteins/molecules that act on surrounding cells to incite an oxidative stress 

response. These studies highlight the involvement of multiple cell types, including 

cardiomyocytes, in the translation of MR signalling to produce cardiac inflammation 

and oxidative stress. There is evidence that macrophage recruitment following tissue 

damage is a central feature of cardiac inflammation and fibrosis (Shen and Young 

2012). Mice in which the MR is selectively deleted from monocytes and 

macrophages (mac-MRKO) display normal inflammatory cell recruitment in response 

to pharmacological activation of the MR receptor by DOC (deoxycorticosterone; a 

precursor to aldosterone that has potent mineralocorticoid activity), with reduced 

cardiac inflammation, oxidative stress, fibrosis and hypertension (Rickard, Morgan et 

al. 2009). Similarly, the hearts of mac-MRKO mice exhibit reduced L-NAME  

(L-NG-Nitroarginine methyl ester)/salt-induced cardiac fibrosis despite robust 

macrophage recruitment, inflammation and oxidative stress (Bienvenu, Morgan et al. 

2012). These findings contrast with other studies using a different mac-MRKO model 

(generated with a LysMCre promotor and a different strain of MR flox/flox mice) , 

reporting that loss of macrophage MRs was associated with reduced AngII/L-NAME-

induced hypertrophy and fibrosis in a setting where macrophage infiltration was 

concomitantly reduced (Usher, Duan et al. 2010).  

In addition to cardiomyocyte MRs facilitating the recruitment of macrophages, 

cardiomyocyte MRs  play a key role in the activation of macrophages (Rickard and 

Young 2009). In vivo, cardiac MRKO macrophages have reduced inducible nitric 

oxide synthase and tumour necrosis factor α expression and thus loss of the M1 

macrophage pro-inflammatory phenotype (Usher, Duan et al. 2010). Isolated 

peritoneal MRKO macrophages are suggested to be polarized towards alternative 

activated or M2 macrophages; however, these cells were stimulated with 

thioglycolate prior to collection and similar results were not found in non-stimulated 

cells (Usher, Duan et al. 2010; Bienvenu, Morgan et al. 2012). Macrophage MRs are 

thus necessary for the translation of inflammation and oxidative stress into interstitial 

and perivascular fibrosis after nitric oxide deficiency, even when plasma aldosterone 

is not elevated, providing further evidence for redox alteration of MR signalling 
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multiple cell types. Cortisol is normally anti-inflammatory acting via the GR 

(glucocorticoid receptor), but it also has a role in MR induced inflammation (Barnes 

2011; Biddie, Conway-Campbell et al. 2012). As noted above, glucocorticoids can 

bind to both the GR and, when 11β-HSD2 is not present, to the MR. The differential 

role of cortisol compared with aldosterone at the MR in the heart is illustrated by both 

experimental overexpression of 11β-HSD2, which allows aldosterone to access the 

receptor, and tissue damage (e.g. induced-oxidative stress), which enables cortisol 

activation of MR resulting in equivalent cardiac inflammation to aldosterone excess 

(Qin, Rudolph et al. 2003; Mihailidou and Funder 2005). Cortisol has been shown to 

mimic the effect of aldosterone on the sodium/potassium pump in isolated 

cardiomyocytes when the redox state is altered by the addition of GSSG (Mihailidou 

and Funder 2005). Similarly, corticosterone exerts a more pronounced chronotropic 

effect on spontaneously contracting cardiomyocytes in culture when cellular 

oxidative stress is promoted pharmacologically (Rossier, Lenglet et al. 2008). 

Interestingly, cortisol signalling through the MR and GR regulates distinct pathways 

as determined by transcriptome analysis of mice overexpressing the MR or GR 

(Latouche, Sainte-Marie et al. 2010). Further evidence from in vivo MR 

overexpression studies indicates different transcriptional networks operating for MR 

and GR signalling when activated by glucocorticoids (Latouche, Sainte-Marie et al. 

2010). Despite high levels of circulating glucocorticoids, aldosterone can activate MR 

and regulate transcription of specific genes, suggesting a mechanism other than 

11β-HSD2 could be responsible for regulating MR activation by mineralocorticoids 

and glucocorticoids in cardiomyocytes (Messaoudi, Gravez et al. 2013). The precise 

action and response of aldosterone versus endogenous glucocorticoids at the MR 

remains unclear. 

 

1.5 The MR is a key determinant of cardiac fibrosis 

MR signalling is well recognized as a major contributor to the development of cardiac 

fibrosis and heart failure (Brilla and Weber 1992; Young, Fullerton et al. 1994; Weber 

2001). Long term clinical and experimental studies have demonstrated a direct 

relationship between cardiac fibrosis and circulating mineralocorticoid levels (Robert, 

Silvestre et al. 1995; Young, Head et al. 1995; Fujisawa, Dilley et al. 2001; Young 

and Funder 2004). Tissue fibrosis and collagen synthesis are characterized by the 
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early presence of markers of inflammation, including cytokines and chemokines 

(monocyte chemoattractant protein 1, intercellular adhesion molecule 1 and vascular 

cell adhesion molecule) that stimulate extracellular matrix accumulation and tissue 

scarring (Wynn 2008). Mineralocorticoid excess in the presence of high salt 

increases the accumulation of collagen type I and type III fibres in rat hearts, leading 

to myocardial stiffness (Weber 1989; Brilla and Weber 1992; Swynghedauw 1999; 

Lijnen and Petrov 2000). Activation of MR directly in the coronary vasculature and in 

cardiomyocytes is an important regulatory step in the development of cardiac fibrosis 

(Lijnen and Petrov 2000; Favre, Gao et al. 2011; Messaoudi, Gravez et al. 2013). 

Mineralocorticoid-induced cardiac fibrosis occurs independently of hypertension and 

hypertrophy, demonstrating that increased collagen accumulation is cardiac  

MR-dependent (Young and Funder 1996; Young, Lam et al. 2007). Aldosterone 

induces a fibrotic response (i.e. expression of collagen 1A and 3A) ex vivo in HL-1 

myocytes via MR and angiotensin receptor 1 (AT1R) and mitogen activated protein 

kinase (MAPK) crosstalk (Tsai, Yang et al. 2013).  Treatment with aldosterone or the 

MR agonist DOC combined with elevated sodium intake induces left ventricular 

hypertrophy and increased collagen accumulation over a period of 8 weeks in 

rodents. This response is not seen when aldosterone or DOC are administered 

alone, highlighting the importance of moderate salt loading in this pathology (Brilla 

and Weber 1992; Brilla, Matsubara et al. 1993; Young, Fullerton et al. 1994; Robert, 

Silvestre et al. 1995). Clinical evidence similarly indicates that high dietary sodium is 

required for aldosterone’s detrimental cardiac effects (du Cailar, Fesler et al. 2010). 

Chronic blockade of nitric oxide synthesis induced by L-NAME causes hypertension 

and vascular damage through increased oxidative stress on the vessel lumen, 

without direct and immediate up-regulation of the renin–angiotensin–aldosterone 

system (Arnal, Warin et al. 1992; Baylis, Mitruka et al. 1992; Lahera, Salazar et al. 

1992; Ribeiro, Antunes et al. 1992). That MR antagonism with eplerenone does not 

alter systolic blood pressure, but can decrease cardiac fibrosis and inflammation, 

suggests that cardiovascular responses to the inhibition of nitric oxide production are 

only partially MR-dependent (Tsukamoto, Minamino et al. 2006). Aldosterone 

increases the activity of MMP (matrix metalloproteinase) 2 and MMP9 in adult rat 

ventricular myocyte cultures in a ROS-dependent manner that involves the MEK1/2 

[MAPK/ERK (extracellular signal- regulated kinase) kinase 1/2]/ERK1/2 signalling 
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cascade (Rude, Duhaney et al. 2005). Thus, cardiac MR can alter the breakdown 

and turnover of the extracellular matrix. In a cardiomyocyte MR-deficient model, 

supressed expression of pro-fibrotic markers, as well as enhanced MMP2/9 activity 

following mineralocorticoid excess, has been observed (Rickard, Morgan et al. 

2012). These findings suggest a mechanism by which MR signalling in the 

cardiomyocyte increases fibrosis and inhibits extracellular matrix breakdown.  

As discussed above, increased collagen gene expression is apparently an effect of 

MR activation in non-fibroblast cell types, such as macrophages and 

cardiomyocytes. Whether mineralocorticoids directly increase collagen gene 

expression in cardiac fibroblasts remains controversial, with direct evidence of 

cardiac fibroblast MR expression not consistently reported in the literature (Brilla and 

Weber 1992; Lombes, Oblin et al. 1992; Fullerton and Funder 1994). That MRs do 

not play a direct role in fibroblast function is supported by a recent study in which 

transgenic mice null for fibroblast MR showed no reduction in cardiac fibrosis or 

improvement of cardiac function when subjected to pressure overload (Lother, 

Berger et al. 2011). It is thus unlikely that MRs have a direct effect on cardiac 

fibroblasts, with other cell types likely responsible for fibroblast stimulation through 

paracrine mechanisms (Figure 1.1). As previously noted, myo-MRKO mice showed 

no detectable baseline differences in cardiac morphology compared with the wild-

type; however, pulmonary oedema, cardiac hypertrophy and accumulation of 

extracellular matrix proteins were attenuated and capillary density was increased 

after infarction. At 7 days post infarct, myo- MRKO mice showed enhanced 

neovascularization and improved collagen structural organization. Interestingly, while 

these studies were conducted on male and female mice, sex differences were not 

assessed (Fraccarollo, Berger et al. 2011).  

Of note, two studies which used the same strain of myo-MRKO mouse described 

different basal hypertrophy phenotypes: one exhibiting mild hypertrophy at the 

baseline and the other finding no differences between the wild-type and myo-MRKO 

mice (Lother, Berger et al. 2011).Other studies using a different strain of myo-MRKO 

mice (i.e. myosin light chain-2V compared with atrial myosin light chain driven 

deletion) showed reduced cardiac fibrosis and increased extracellular matrix turnover 

compared with the wild-type in response to DOC/salt treatment (Rickard, Morgan et 

al. 2012). Although some aspects of these studies/models are discrepant, overall the 
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indication is that cardiomyocyte MR signalling is involved in both cardiac remodelling 

and ischaemic heart failure and is directly involved in infarct healing, hypertrophy 

and the fibrotic process (Table 1.1). There is evidence of interaction between MR 

and estrogen signalling in the development of cardiac fibrosis and in blood pressure 

control.  

Estrogen acts in the cardiovascular system via two receptors, estrogen receptor α 

(ERα) and estrogen receptor β (ERβ) (Grohe, Kahlert et al. 1997; Lizotte, Grandy et 

al. 2009). These receptors belong to the same nuclear receptor hormone family as 

the MR and can have important regulatory effects in MR-induced cardiovascular 

changes (Beato and Klug 2000; Gurgen, Hegner et al. 2011). In females, loss of ERβ 

is known to induce cardiac hypertrophy, fibrosis and maladaptive calcineurin 

signalling which is not observed in males. Sex differences in DOC/salt-induced 

cardiomyopathy are mediated by ER signalling (Gurgen, Hegner et al. 2011). mTOR 

(mammalian target of rapamycin) is involved in the ERβ regulation of cardiac fibrosis 

and hypertrophy in normotensive mice during mineralocorticoid excess, supporting a 

differential role for MR activation in males relative to females (Gurgen, Kusch et al. 

2013). DOC/salt treatment exacerbates blood pressure independent cardiac 

hypertrophy in male mice only (Karatas, Hegner et al. 2008). Blood pressure 

increases in response to DOC/salt treatment are milder in female rats compared with 

males. Adrenal medullectomy only reduces blood pressure in male mice, suggesting 

that sex differences in DOC/salt hypertension may be attributed to differences in the 

adrenal medulla and catecholamine levels (Ouchi, Share et al. 1987; Lange, 

Haywood et al. 1998). In rats, a very high salt diet (4% NaCl) significantly increases 

systolic blood pressure in both males and females. This effect can be blocked in 

males, but not females, by the MR antagonist spironolactone independently of 

gonadal steroids (Michaelis, Hofmann et al. 2012). Females may thus have different 

sensitivity to aldosterone, although how responses in the adrenal medulla differ is 

unclear (Schunkert, Hense et al. 1997; Duprez 2004; Vasan, Evans et al. 2004). The 

relative contribution of MR and ER to cardiac fibrosis and blood pressure control may 

depend on the level of each steroid and the interaction between activation of the 

receptors and rapid signalling pathways. Together these data indicate that MR 

signalling and the resulting cardiopathology is mediated differently in males and 

females. 
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Figure 1.1 Indirect effect of MR signalling on induction of cardiac fibrosis 

 

Multiple cell types within the myocardium are responsible for the induction of cardiac 
fibrosis. MR signalling in the cardiomyocyte can induce the development of cardiac 
fibrosis, potentially by indirectly altering the activation state of macrophages. 
Alteration of macrophage activation state (M1 to M2 activation, signalling 
mechanisms unidentified) can stimulate myofibroblast differentiation and the 
expression of pro-fibrotic proteins, such as connective tissue growth factor (CTGF) 
and transforming growth factor-β (TGF-β), and the subsequent production of 
collagen fibres including collagen I and III (COL I and COL III respectively). 
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Table 1.1 Comparison of the cardiac features described in studies of 

cardiomyocyte MR-null mice exposed to different cardiovascular insults 

 

The transverse aortic constriction, myocardial infarction, and corticosterone (DOC) 
and salt data are taken from Lother et al 2011, Fraccarollo et al 2011, and Rickard et 
al 2012 respectively. WT, wild-type; =, no difference; ↑, increased compared with the 
control treatment; ↓, decreased compared with the control treatment; *, mild 
hypertrophy at baseline, function (in vivo); ejection fraction, function (ex vivo); left 
ventricular developed pressure. 
 

 Transverse aortic 

constriction 

Myocardial  

infarction 

Corticosterone 

(DOC) and salt 

Cardiac feature WT MR null WT MR null WT MR null 

Function (in vivo) ↓ ↑ ↓ ↑   

Function (ex vivo)    ↑ =   

Dilation ↑ ↓ ↑ ↓   

Hypertrophy ↑ = ↑ ↑* = = 

Fibrosis ↑ = ↑ = ↑ = 

Macrophage infiltration ↑ ↑ ↑ = ↑ = 

Inflammation ↑ = ↑ = ↑ = 

Oxidative stress ↑ =  ↑ =  

Apoptosis ↑ ↓ = =   
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1.6 A role for the MR in cardiac arrhythmia  

Arrhythmia can occur via multiple mechanisms, including altered ventricular 

cardiomyocyte propagation of action potentials or altered pacemaker activity 

(atrial/sinus rhythm). As mentioned above, in the clinical setting, MR antagonists are 

beneficial in patients with atrial fibrillation, the most common form of cardiac 

arrhythmia. Involvement of MR in cardiac arrhythmia has now been identified in both 

isolated ventricular cardiomyocytes and cardiomyocyte cell lines (Gravez, Tarjus et 

al. 2013). MR activation can increase the expression of multiple ion channels 

including the potassium/sodium hyperpolarization-activated cyclic nucleotide gated 

channel 4 (a non-selective pacemaker channel), T-type Ca2+ channel (Cav3.2/α1H 

subunit) and L-type Ca2+ channel (α1C subunit) to promote electrical alterations in 

cardiomyocytes and cardiac arrhythmia (Maturana, Lenglet et al. 2009; Rossier, 

Python et al. 2010). Interestingly, oxidative stress increased T-type Ca2+ current 

amplitude, but decreased L-type channel activity indicating that the redox state of a 

cardiomyocytes, as well as MR activation, contribute to cardiac Ca2+ signalling and 

arrhythmia (Maturana, Lenglet et al. 2009). Some links have been made at the 

mechanistic level relating MR action with the cellular substrates of arrhythmia. 

Overexpression of human MR in mouse cardiomyocytes alters the behaviour of the 

ryanodine receptor, which regulates the release of activator Ca2+ from the 

sarcoplasmic reticulum (Gomez, Rueda et al. 2009). Abnormal operation of the 

ryanodine receptor and subsequent Ca2+ release is associated with increased 

occurrence of delayed afterdepolarizations, diastolic dysfunction and 

arrhythmogenesis. Overexpression of human MR decreases heart rate variability 

and increases the risk of arrhythmia in vivo (Ouvrard-Pascaud, Sainte-Marie et al. 

2005). In contrast, MR antagonism in the clinical setting decreases heart rate 

variability (Mottram, Haluska et al. 2004). These data may reflect the inconsistencies 

between the clinical and experimental settings, or may suggest that both low and 

high MR activation can lead to a pro-arrhythmic state, the mechanisms of which are 

unclear. MR blockade prevented infarction-associated prolongation of cardiomyocyte 

action potential, suggesting that MR plays a role in early electrical changes prior to 

hypertrophy (Perrier, Kerfant et al. 2004).  
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Sex differences are apparent in arrhythmic vulnerability, in addition to heart failure 

outcomes as discussed in Section 1.3. In particular, ventricular repolarisation is 

different between male and female hearts, female ventricular myocytes have 

lengthened action potential duration due to reduced expression of Kv1.5 and thus 

lower K+ current (Ikur) (Trepanier-Boulay, St-Michel et al. 2001). These sex 

differences in ventricular repolarisation are due to androgens (Brouillette, Trepanier-

Boulay et al. 2003; Brouillette, Rivard et al. 2005). Conversely, ovariectomy 

increased K+ current (Ito) and reduced ventricular action potential duration 

specifically via ERα (El Gebeily, El Khoury et al. 2015). Together these data 

establish sex as an important modulator of cardiac arrhythmia, although mechanisms 

of action in relation to MR and sex-specific signalling pathways are yet to be 

determined (Tadros, Ton et al. 2014; Dow, Bhandari et al. 2015).  

Although MR activation by itself is enough to significantly alter cardiac function and 

the incidence of arrhythmia, interstitial fibrosis can also have functional 

arrhythmogenic consequences related to conduction disruption (Esposito, Varahan 

et al. 2013; Morita, Mandel et al. 2014). AngII is a major contributor to heart failure 

and related arrhythmias (Rivard, Paradis et al. 2008; Mathieu, El Khoury et al. 2016). 

Aged mice treated with MR and/or AngII receptor antagonists have significantly 

decreased incidence of arrhythmia correlating with reduced interstitial fibrosis (Stein, 

Boulaksil et al. 2010). MR regulation of fibrosis in atrial fibrillation and may represent 

a target for preventing atrial fibrosis and the downstream functional consequences 

(Lavall, Selzer et al. 2014). To understand the mechanisms involved in MR-induced 

oxidative stress, inflammation and cardiac fibrosis and how this affects cardiac 

function and induction of arrhythmia, further research is required. 

 

1.7 MR signalling regulates cardiomyocyte contractility and arrhythmogenicity  

MR signalling is sufficient to modify ventricular cardiomyocyte function leading to 

propagation of arrhythmias. In vitro experiments have shown that aldosterone can 

modulate cardiomyocyte contractility via increased density of L-type Ca2+ currents 

(the primary trigger for contraction) and decreased transient outward potassium 

current (involved in action potential plateau shaping) (Benitah and Vassort 1999; 

Benitah, Perrier et al. 2001). In contrast, rats fed a low-salt diet show increased 
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plasma aldosterone levels in vivo, but this aldosterone elevation was not associated 

with an increased cardiomyocyte L-type Ca2+ current, demonstrating that increased 

plasma aldosterone alone is not sufficient to modulate L-type Ca2+ channel flux 

(Wagner, Rudakova et al. 2008). Physiological concentrations of corticosterone were 

found to increase L-type Ca2+ currents in an MR-dependent manner, but aldosterone 

in combination with corticosterone did not result in a further increase in the Ca2+ 

current. These observations provide evidence that aldosterone does not affect 

cardiomyocyte Ca2+ signalling when physiological glucocorticoid is present (Wagner, 

Rudakova et al. 2008). Cultured rat neonatal cardiomyocytes exhibit increased Ca2+ 

current in response to aldosterone treatment, an effect reflecting increased L-type 

Ca2+ current amplitude and associated with elevated expression of L-type channel 

subunits (α1c and β2). The addition of aldosterone to isolated rat cardiomyocytes 

increases the L-type Ca2+ current that can be blocked by an antioxidant, providing 

further evidence for redox regulation of MR signalling. In neonatal mouse 

cardiomyocytes, aldosterone up-regulates peak Ca2+ current levels as a direct effect 

of MR activation. The use of MRKO and GR-knockout cardiomyocytes isolated from 

global MRKO or GR-knockout mice directly demonstrates the importance of the MR 

in the regulation of cardiac Ca2+ current (Rougier, Muller et al. 2008). Collectively, 

these experimental studies identify MR influences on cardiomyocyte contractile 

responses through direct regulation of the Ca2+ fluxes involved in activating 

excitation/ contraction coupling.  

There is a growing body of experimental evidence which identifies a role for MR in 

the regulation of cardiomyocyte rhythmicity. In cardiomyocytes the T-type Ca2+ 

channel is involved in determining pacemaker depolarization activity. T-type Ca2+ 

channels are almost undetectable in the normal adult rodent heart, however, under 

pathological stress conditions these channels are re-expressed. This can increase 

Ca2+ transients, leading to calcium overload and activation of other Ca2+ channels, 

e.g. Na+/Ca2+ exchanger (NCX), and overall ion handling dysfunction (Ono and 

Iijima 2010). Mineralocorticoids and glucocorticoids promote T-type Ca2+ channel 

protein expression (Cav3.2/α1H subunit) linked with increased Ca2+ current and 

cardiomyocyte contraction frequency. Suppression of the expression of T-type 

channel subunits reduced cardiomyocyte chronotropic responses to corticosteroids. 

Changes in redox state were found to increase chronotropic responses by increasing 
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T-type channel activity and decreasing L-type channel activity, without modifying 

gene expression. Glucocorticoids and mineralocorticoids increase cardiac 

contraction via a T-type channel dependent mechanism (Maturana, Lenglet et al. 

2009). Both MR and GR induce chronotropic responses in adult and neonatal rat 

ventricular cardiomyocytes; aldosterone and corticosterone increased occurrence of 

spontaneous contraction and expression of T-type Ca2+ channels in isolated rat 

ventricular cardiomyocytes (Lalevee, Rebsamen et al. 2005; Rossier, Python et al. 

2010). Aldosterone has a dose-dependent positive chronotropic effect in isolated 

ventricular cardiomyocytes, an effect blocked by MR antagonism and reduced by GR 

antagonism, establishing a clear role for MR in cardiac Ca2+ signalling and regulation 

of cardiac rhythm in a mixed mineralocorticoid/glucocorticoid manner (Lalevee, 

Rebsamen et al. 2005; Rossier, Lenglet et al. 2008; Rossier, Python et al. 2010). MR 

overexpression in embryonic stem cell-derived cardiomyocytes increased the 

frequency of contractions coincident with increased expression of the 

hyperpolarization-activated cyclic nucleotide-gated potassium channel 1 pacemaker 

channel (Le Menuet, Munier et al. 2010). Conversely, a reduction in heart rate has 

cardioprotective effects and MR blockade with spironolactone decreases both the 

heart rate and heart rate variability, demonstrating parasympathetic nerve activity is, 

in part, MR-dependent (Yee and Struthers 1998; Ovaert, Elliott et al. 2010; Zhang, 

Christensen et al. 2010). Although MR-mediated heart rate change is not invariably 

observed (Xue, Beltz et al. 2011). These extensive data demonstrate an important 

involvement of MR activation by corticosteroids and mineralocorticoids in the 

regulation of myocardial rhythmicity at the level of the myocyte and intact heart.  

Some progress has been made in identifying the cell signalling events, which 

mediate the action of MRs and GRs on cardiomyocyte contractility and rhythmicity. 

The direct positive inotropic effect of aldosterone on basal cardiomyocyte shortening 

in vitro occurs coincidentally with increased generation of oxygen radicals and 

elevated diastolic and systolic Ca2+ levels (Wenzel, Tastan et al. 2010). In contrast, 

other reports suggest that aldosterone does not directly alter cardiac contractility, 

rather it has been found to induce an increase intracellular sodium concentration via 

sodium/ hydrogen exchanger up-regulation, which would directly modulate pH (and 

hypertrophic growth response) and indirectly modulate Ca2+ (Matsui, Satoh et al. 
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2007). An interesting finding is that the MR antagonist spironolactone can act as a 

weak MR agonist in certain situations (Mihailidou, Loan Le et al. 2009).  

Both aldosterone and spironolactone can exert rapid effects on cardiac contractility 

when administered in the physiological range for aldosterone and the therapeutic 

range for spironolactone. Co-infusion of both ligands in ex vivo rat hearts has an 

additive effect on cardiac contractility suggesting that parallel pathways and/or 

signalling cascades may be involved (Barbato, Mulrow et al. 2002). Subsequent 

studies demonstrated that increased cytosolic pH promotes aldosterone-induced 

inotropic actions, whereas increased diastolic Ca2+ and increased myosin ATPase 

Ca2+ sensitivity are responsible for spironolactone-induced inotropic effects (Barbato, 

Rashid et al. 2004). The renin-angiotensin-aldosterone system has a role in 

influencing excitability and arrhythmic vulnerability. Further studies have identified a 

feedback loop where AngII and aldosterone cross-talk can activate MEK1/2 

signalling leading to a time-dependent increase in T-type Ca2+ channel activity and 

subsequent MEK1/2 inactivation which was associated with PP2A (protein 

phosphatase 2A)-induced CREB inactivation (Ferron, Ruchon et al. 2011; Ruchon, 

Ferron et al. 2012).  

MR antagonism with eplerenone was shown to inhibit the AngII-induced increase in 

Ca2+ current density in cardiomyocytes derived from a myopathic model (Ahmed, 

Zannad et al. 2007). The same affect was observed acutely in vitro and was partially 

reversed by aldosterone treatment. Expression of the angiotensin receptor was 

significantly reduced by eplerenone treatment, indicating that MR signalling is 

essential in the intracrine angiotensin regulation of Ca2+ current (De Mello and 

Gerena 2008). Other studies have described AngII reduced Na+ current in stem cell 

derived cardiomyocytes (human and mouse) via PKCα. How AngII and MR interact 

to impact on Na+ signalling is an area for further investigation (Mathieu, El Khoury et 

al. 2016).  

In overview, there are numerous lines of evidence which support the conclusion that 

MR signalling in the cardiomyocyte has a direct role in modulating myocardial 

contractility and rhythmicity by altering the expression and activity of proteins 

involved in excitation/contraction coupling, including Ca2+ fluxes in particular (Figure 

1.2). On-going work will determine how these cellular and tissue influences 
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contribute to in vivo cardiac regulation, acutely and chronically, in a variety of 

myocardial disease states. 

 

1.8 Cardiomyocyte ischaemic injury and death responses are regulated by MR 

signalling 

In isolated rat heart preparations, acute cortisol and aldosterone infusion increased 

infarct size at low doses (Mihailidou, Loan Le et al. 2009). Eplerenone decreased 

infarct size and increased the recovery of left-ventricular developed pressure (Chai, 

Garrelds et al. 2006). These data support the hypothesis that in disease states, 

oxidative stress may allow the glucocorticoid activation of MR. Pre-treatment with 

MR antagonists decreased infarct size and phosphorylation of Akt and ERK1/2, 

signalling intermediates known to mediate ischaemic cardioprotection (Hausenloy, 

Tsang et al. 2005). Moreover the beneficial effects of an MR antagonist at 

reperfusion were similar to the effects of pre-conditioning (Schmidt, Tissier et al. 

2010). Applied following myocardial infarction, eplerenone suppressed the extent of 

ventricular dilatation, the reduction in ejection fraction and the magnitude of the 

transcriptional response. Interestingly, these protective effects were more 

pronounced in females than males, suggesting greater MR sensitivity of females in 

the postinfarct environment (Kanashiro-Takeuchi, Heidecker et al. 2009). Cell death 

occurs both as a normal part of cardiac development and in disease conditions such 

as ischemia and heart failure. Apoptotic cell loss plays a critical role in many forms of 

cardiac injury including post infarction(Saraste, Pulkki et al. 1997). The outcomes of 

cardiac injury are known to differ significantly between males and females and are 

likely to be due, at least in part, to estrogen and testosterone-induced alterations of 

the cell death processes (reviewed in (Pierdominici, Ortona et al. 2011)). 

Cardiac MRs directly affect cell death and survival under stress conditions. 

Cardiomyocytes contain an aldosterone responsive plasma membrane-associated 

receptor that is critical for aldosterone-induced apoptosis through the calcineurin/Bad 

(Bcl-2/Bcl-xL-antagonist, causing cell death) pathway (Mano, Tatsumi et al. 2004). 

Low dose MR antagonists supress infarction-induced apoptosis by attenuating the 

degradation of anti-apoptotic proteins (apoptosis repressor with a caspase 

recruitment domain) and by reducing processing of pro-apoptotic proteins (apoptotic 
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chromatin condensation inducer in the nucleus and inhibitor of caspase activated 

DNAse) (Loan Le, Mardini et al. 2012).  

Cardiomyocyte-specific MR deletion reduces myocardial apoptosis through 

accelerated activation and repression of nuclear factor κ-light-chain-enhancer of 

activated B-cell signalling (Fraccarollo, Berger et al. 2011). In neonatal rat 

cardiomyocytes, aldosterone treatment induces transcription of the CaV3.1 subunit 

of the T-type Ca2+ channel to enhance Ca2+ influx and increase apoptosis and 

necrosis (Ferron, Ruchon et al. 2011). MR-dependent increases ROS in isolated rat 

cardiomyocytes via non-genomic activation of NADPH oxidase promotes apoptosis 

(Hayashi, Kobara et al. 2008). Aldosterone induces apoptosis in myocytes via up-

regulation of calpain and apoptosis-inducing factor (AIF) (Xiao, Zhang et al. 2013). 

MR suppression, with eplerenone or spironolactone, reduces cardiac apoptosis and 

the associated function changes (Loan Le, Mardini et al. 2012; Ramirez, Klett-Mingo 

et al. 2013). Aldosterone treatment induces transcription of CaV3.1 subunit of the T-

type calcium channel and enhance Ca2+ influx leading to cardiomyocyte apoptosis 

and necrosis (Ferron, Ruchon et al. 2011). More work is required to dissect the 

influence of MR on cardiomyocyte viability responses: necrotic, apoptotic and other 

types of programmed cell death. Cardiomyocyte attrition in the context of fibrotic 

infiltration in the heart, and understanding how these pathologies are linked through 

MR action, will be of potential therapeutic benefit. 
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Figure 1.2 Genomic compared with non-genomic MR activation  

 

Genomic MR signalling. MR binds aldosterone in the cytosol and undergoes 
conformational changes leading to dimerization of the receptors, which then 
translocate into the nucleus, bind to the MR-response element (MRE) and induce 
gene transcription. This leads to increased expression of inflammatory, pro-fibrotic 
and oxidative stress (Ox stress) proteins such as NOX subunits. MR activation can 
also up-regulate the expression of T- and L-type Ca2+ channel subunits, increasing 
Ca2+ signalling, beating frequency and arrhythmia. Non-genomic MR signalling. It is 
currently unclear whether rapid MR signalling is ligand-independent or requires 
either aldosterone or glucocorticoid involvement. Rapid MR signalling results in 
activation of the MEK1/2 and ERK1/2 signalling pathways as well as potentially 
increasing ROS generation and Ca2+ signalling through T- and L-type Ca2+ channels. 
These processes rapidly increase cell beating and contraction as well as altering cell 
death responses in both isolated cells and intact hearts. A, aldosterone; C, 
glucocorticoid, cortisol or corticosterone. 
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1.9 Clinical scenario of cardiac ischemia 

Ischemic heart disease (IHD) is a leading cause of mortality and morbidity in both 

men and women, accounting for 7 million deaths globally in 2010 (Murray, Vos et al. 

2012; Wong 2014). Though sudden cardiac death has decreased steadily in higher-

income countries over the past 25 years, the combination of population growth and 

aging has led to a 35% increase in deaths from IHD since 1990 (Moran, Forouzanfar 

et al. 2014). The prevalence and incidence of IHD is associated with common 

cardiovascular risk factors including hypertension, smoking, diabetes mellitus, 

obesity and dyslipidaemia. IHD is most commonly due to atherosclerotic coronary 

vessel narrowing that serves to reduce the supply of oxygenated blood to the 

myocardium and eventuates in myocardial infarction. Fatal arrhythmias and sudden 

cardiac death account for approximately 50% of MI mortalities (Pouleur, Barkoudah 

et al. 2010). For those that do survive, reduced ventricular functional capacity 

stimulates compensatory hypertrophic remodelling of viable myocardium to maintain 

normal systolic function. However, this eventually deteriorates into decompensation, 

failure and death. Despite new therapeutic interventions considerably improving 

acute MI survival, the likelihood of dying within 5 years after a first MI remains at 

approximately 50% (Mozaffarian, Benjamin et al. 2015). Women are especially 

vulnerable to premature death between 1 and 5 years post-MI regardless of age 

(Mehta, Beckie et al. 2016), and are more likely to develop heart failure (Leening, 

Ferket et al. 2014). A greater understanding of the basic mechanisms underlying 

ischemia-related injury and death are required to generate novel molecular 

candidate targets for optimal therapeutic interventions in men and women. Heart 

failure is associated with low levels of NO and clinical evidence indicates sex 

differences in NO mediated responses (Bhushan, Kondo et al. 2014; Zamani, Rawat 

et al. 2015). Ischemic heart disease due to microvascular dysfunction is greater in 

women compared to men, where the converse is true for macro-vascular dysfunction 

(Campbell, Somaratne et al. 2011). This implies that local regulatory mediators, i.e. 

vessel wall/cardiomyocyte paracrine factors for example nitric oxide (NO), may be 

critical in female-specific ischemic responses.  

IHD is progressive, made up of acute and chronic phases, beginning with reduced 

tissue blood supply resulting in tissue damage, inflammation and cell death. These 

acute changes evolve into chronic inflammatory, fibrotic and structural changes 



  Chapter 1 
 

 
26 

 

culminating in systolic and diastolic dysfunction of the viable myocardium. Multiple 

cellular signalling pathways are involved and the consequences of IHD can be 

sudden, i.e. sudden cardiac death, or long term chronic heart failure.  

 

1.10 MR signalling has a role in mediating ischemic injury 

Many different signalling pathways are involved in the predisposition to and 

development of IHD. These range from neurohormonal effectors, AngII, 

catecholamines, corticosteroids, aldosterone, inflammatory and cytokine factors as 

well as cell death cascades. Acute changes in cardiac electrophysiology, such as 

arrhythmia, together with chronic changes in cardiac structure, i.e. fibrosis, can 

influence how the heart responds to the acute stress of ischemia. Classically, 

increased cardiac fibrosis is associated with altered cardiac conduction causing 

conduction slowing(‘block’) and re-entry in isolated human cardiac tissues from MI 

patients (Morita, Mandel et al. 2014) (Ghuran and Camm 2001) (de Bakker, van 

Capelle et al. 1993). A key determinant of cardiac fibrosis and electrical remodelling 

is MR signalling which can impact the outcome of IHD at several key levels, 

including cell ion homeostasis and function, acute and chronic inflammation leading 

to structural alterations.  

MR blockade reduces morbidity and mortality in patients with heart failure post MI, 

partially through improvement in turnover of cardiac collagen (Pitt, Zannad et al. 

1999; Pitt, Reichek et al. 2003; Pitt, Remme et al. 2003; Markowitz, Messineo et al. 

2012; Miller and Howlett 2015). Moreover, there is increased prevalence of IHD in 

patients with high levels of aldosterone, i.e. primary aldosteronism or renovascular 

hypertension. As discussed in detail, exposure to elevated aldosterone and sodium 

leads to cardiac fibrosis and hypertrophy in both experimental animals and patients 

with heart failure via a pathological program that involves cardiac inflammation and 

oxidative stress in humans (Freel, Mark et al. 2012) as discussed above in section 

1.9. Other research studies suggest that in the clinical setting MR blockers are 

underused for IHD and heart failure post MI, and should be considered more often 

for their protective effects in both the short and longer term for patients with high 

aldosterone levels following acute MI (Beygui, Montalescot et al. 2009; Rao, 

Enriquez et al. 2013).  
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As discussed previously in section 1.3, MR targeted therapy has both benefits and 

limitations; and it is therefore necessary to identify cardiac specific actions of MR 

signalling in both fibrotic disease and ischemic injury in order to develop cardiac-

specific, MR-directed therapies. Furthermore, given the importance of MR signalling 

in the clinical outcomes of ischemic heart disease, understanding the events 

following ischemia/reperfusion as informed by experimental studies is a key step 

towards identifying novel targets with clinical relevance.  

1.11 MR in experimental ischemia 

Over the last decade experimental studies have highlighted the importance of 

cardiac MR activation for both acute and chronic outcomes in cardiac cell function 

via regulation of gene expression, phosphorylation cascades, calcium and sodium 

handling proteins and other cell signalling pathways (section 1.6, 1.7, 1.8). Early 

evidence for direct MR involvement in cardiac cell function came from studies 

treating isolated rodent cardiomyocytes with aldosterone and MR blockers (Perrier, 

Kerfant et al. 2004). In right ventricular myocytes isolated from rats post-MI, patch 

clamp studies showed lengthened action potential durations and concomitant 

increases in Ica and Ito current which were blocked by MR blockers suggesting that 

electrical alterations induced post-MI can be triggered by MR (Perrier, Kerfant et al. 

2004).  

In addition, investigations in isolated cardiomyocytes have offered mechanistic 

insights into the role of MR signalling in cell death. Cardiomyocytes contain an 

aldosterone-responsive, plasma membrane-associated receptor that is important for 

aldosterone-induced apoptosis via activation of calcineurin and dephosphorylation of 

Bad (Mano, Tatsumi et al. 2004). Acute up-regulation of NADPH oxidase induces 

myocyte apoptosis associated with apoptosis signal-regulating kinase 1 (ASK1) in 

response to acute aldosterone (Hayashi, Kobara et al. 2008). MR activation can 

occur in a non-genomic manner to increase ROS production via NADPH oxidase 

and increase apoptosis in association with ASK1 signalling (Hayashi, Kobara et al. 

2008). When administered to isolated rat ventricular cardiomyocytes, aldosterone 

rapidly increases cell volume by increasing intracellular Na+ concentration via 

regulation of NHE-1 and NKCCI expression, without changes in cell contractility or 

calcium transients (Matsui, Satoh et al. 2007). Activation of MR is thus able to 
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modulate many aspects of cell physiology related to the outcomes of ischemia. 

Consistent with these data, ex vivo studies demonstrated that cardiac 

ischemia/reperfusion MR signalling regulates a number of cellular processes, e.g. 

infarct size and apoptosis. Acute treatment with cortisol or aldosterone increases 

infarct size even at low doses (Mihailidou, Loan Le et al. 2009).  

MR blockade either before or after an ischemic event is sufficient to reduce infarct 

area in rodent hearts and is associated with improved left ventricular developed 

pressure, reduced cell death and activation of cardioprotective intermediates AKT 

and ERK1/2 (Chai, Garrelds et al. 2005; Hausenloy, Tsang et al. 2005; Chai, 

Garrelds et al. 2006). Acute, beneficial effects of MR blockade on ischemic infarct 

size can be prevented by inhibiting adenosine receptor, protein kinase C, PI3K and 

ERK, suggesting many different signalling pathways are involved in these effects 

(Schmidt, Tissier et al. 2010). In rodents, low dose MR blockade can suppress 

infarct-induced apoptosis by attenuating degradation of anti-apoptotic proteins 

(apoptosis repressor with caspase recruitment domain) and by reducing processing 

of pro-apoptotic proteins (apoptotic chromatin condensation inducer in the nucleus 

and inhibitor of caspase-activated DNAse) (Loan Le, Mardini et al. 2012). 

Furthermore, the addition of eplerenone can increase recovery of left ventricular 

developed pressure and reduce infarct area in the mid- to long-term (Chai, Garrelds 

et al. 2005). Functional improvements with MR blockade (decreased ischemic 

contracture and increased contractile recovery) are comparable to that seen with 

angiotensin converting enzyme inhibition (Rochetaing, Chapon et al. 2003). It is 

important to note that the major source of aldosterone responsible for these effects 

comes from circulation (Chai, Garrelds et al. 2006). In the acute period prior to 

ischemia, aldosterone preconditioning improved LV contractile and diastolic function 

potentially due to p38MAPK phosphorylation, eplerenone did not block these 

beneficial effects suggesting this occurs independent of MR (Yoshino, Nagoshi et al. 

2014). Both aldosterone and MR suppression can have rapid, positive inotropic 

actions in the heart, even in the presence of an MR blocking agent, aldosterone can 

increase left ventricular pressure, indicating non-genomic signalling is involved 

(Barbato, Mulrow et al. 2002). Thus, both ligand and receptor have complex actions 

of the course of an ischemic event.  
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In addition to ex vivo experiments, it is important to investigate chronic MR signalling 

in vivo to further understand the multifaceted role of MR in the complex process of 

cardiac ischemic injury and post-infarct pathology. Cardiac MR signalling is critical 

not only for its well-described role in cardiac inflammation, oxidative stress and 

fibrosis but also in ischemic injury and functional outcomes in whole animals. Early 

studies showed that treatment with MR blockers post-MI had little or no effect on 

infarct healing but did prevent reactive fibrosis development in the viable 

myocardium (Delyani, Robinson et al. 2001) (Mill, Milanez Mda et al. 2003). MR 

blockers were similarly beneficial following in vivo-MI in rodents, reducing not only 

cardiac fibrosis but also abrogating increases in left ventricular end diastolic pressure 

(LVEDP) and left ventricular end diastolic volume (LVEDV) along with increased left 

ventricle function (Cittadini, Monti et al. 2003; Fraccarollo, Galuppo et al. 2003; 

Fraccarollo, Galuppo et al. 2005). The beneficial effects of post-MI eplerenone 

included reduced fibrosis (myocardial and aortic), increased ejection fraction and 

cardiac output and reduced left ventricle systolic area and weight which occurred 

independent of blood pressure changes (Wang, Liu et al. 2004) (Masson, 

Staszewsky et al. 2004). Some of these functional outcomes are related to lower 

expression of AP-1, NFkB, MCP-1, PAI-1, ANP, BNP as well as collagens I and III in 

animals given MR antagonists (Enomoto, Yoshiyama et al. 2005) (Matsumoto, 

Yoshiyama et al. 2004). Thus the timing of blockade therapy is key to the functional 

and gene expression outcome in vivo. Following MI, spironolactone can prevent not 

only fibrosis and deterioration of cardiac function, but can limit apoptosis via 

repression of MR and 11β-HSD2 expression, further evidence for interaction with 

multiple signalling pathways (Takeda, Tatsumi et al. 2007). In addition to fibrotic and 

functional outcomes, MR blockers improve neovascular formation and reduce 

thinning and dilation of infarcted myocardial walls at early  

(3 days) and late (7 weeks) time points. This underpins the improvement in wall 

function and is associated with early increases in blood monocytes and macrophage 

infiltration and a transient up-regulation of MCP-1 and TNFα (Fraccarollo, Galuppo et 

al. 2008). Another important outcome of MR blockade post-infarct is reduced atrial 

fibrosis, which may have broader implications for myocardial susceptibility to 

arrhythmia (Milliez, Deangelis et al. 2005). More recently, MR suppression has been 

shown to have no benefit for left ventricle cardiac chamber mass index and wall 
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thickness despite reduced cardiomyocyte cross sectional area and reduced fibrosis 

post-MI (Minicucci, dos Santos et al. 2013). MR blockade after coronary artery 

ligation can prevent myocardial lipid peroxidation and suppress NADPH oxidase and 

mitochondrial superoxide production in addition to improving left ventricle dilation 

and function (Noda, Kobara et al. 2012).  

Thus, MR is important for regulating molecular changes in the heart that can lead to 

structural (fibrotic, cell death, infarct size) and mechanical alterations (LV 

contractility, EDP). Another consideration is the cross talk between MR and other 

signalling pathways, i.e. inflammation, ROS, cell death, in determining outcomes of 

cardiovascular disease and selective cardiomyocyte mechanisms of 

cardioprotection. Potential aspects which are under investigation but still require 

more works are cell- and sex-specific implications of MR activation in ischemia. 

Deprivation of glucose and oxygen during ischemia effects not only cardiomyocytes 

but all cell types within the myocardium. Activation of MR in one cell type can result 

in cross talk and alterations in neighbouring cells, clearly demonstrated by 

cardiomyocyte-specific overexpression of MR resulting in coronary endothelial 

dysfunction (Favre, Gao et al. 2011). Vascular responses are crucial during 

ischemia. Deletion of vascular smooth muscle cell MR is sufficient to improve LV 

function after MI (Gueret, Harouki et al. 2016). This effect is equivalent to that seen 

with the addition of an MR blocker indicating that the signalling outcomes between 

cell-specific and global cardiac MR blockade need to be elucidated to generate the 

most optimal cardiac outcome. Endothelial cell MR activation influences many 

aspects of cardiac physiology, it contributes to vascular nitric oxide function in large 

conduit arteries (not in resistance vessels) and independently impacts DOC/salt-

induced remodelling (Rickard, Morgan et al. 2014). More recently, MR in endothelial 

cells have been associated with consumption of a western diet reduced nitric oxide 

production, oxidative stress, and inflammation that lead to aortic remodelling and 

stiffness in female mice  (Jia, Habibi et al. 2015; Jia, Habibi et al. 2016). Deletion of 

MR in vascular smooth muscle cells can improve left ventricular dysfunction after MI, 

likely through maintenance of the coronary reserve and improvement of coronary 

endothelial function (Gueret, Harouki et al. 2016). As well as benefits to cardiac 

function, abrogation of macrophage MR plays a key role in cardiac fibrosis and 

oxidative stress responses which may have downstream effects on the ability of the 
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heart to respond to acute ischemic stress (Usher, Duan et al. 2010; Bienvenu, 

Morgan et al. 2012). Together these studies illustrate that blocking MR signalling in 

the heart improves cardiac structural changes and function and suggest that using a 

multi-faceted approach targeting specific cell signalling pathways relevant to multiple 

cell-types may allow a more optimal treatment to be developed.     

Collagen deposition by fibroblasts contributes to the predisposition to ischemic heart 

disease, arrhythmia and outcomes of acute pathology. As stated above, deletion of 

MR from cardiomyocytes improved functional outcomes after ischemia, whereas 

suppression of fibroblast MR did not protect against pressure overload induced 

dilatation and failure. Thus,  MR signalling outcomes vary between cell types and 

these data suggest that paracrine cell-cell interactions are important in determining 

cardiac structural changes (Lother, Berger et al. 2011). Clearly there is potential for 

MR suppression to be of benefit not only during an ischemic event but also 

throughout long term structural remodelling. Although blockade or deletion of MR 

has beneficial effects in many cell types, one way to treat the heart specifically is to 

identify and target the mechanisms that underpin the beneficial effects of MR 

blockade specifically in cardiomyocytes.  

 

1.12 Sex specificity – MR signalling and cardioprotection 

As previously discussed in Section 1.3 and Section 1.6, cardiovascular disease is 

the leading cause of death and disability in men and women. The incidence of 

cardiovascular disease differs between the sexes with earlier onset in men and 

increasing incidence in women post-menopause (Leening, Ferket et al. 2014) 

(reviewed (Bell, Bernasochi et al. 2013)). Sex differences exist in the 

pathophysiology of coronary heart disease, symptom presentation, efficacy of 

diagnostic tests, response to pharmacological interventions, and clinical outcomes of 

ischemic heart disease (McSweeney, Rosenfeld et al. 2016). Despite the overall lack 

of data for the efficacy of pharmacological treatments in women, due to limited 

enrolment of females in clinical trials, similar efficacy for the use of MR antagonists 

has been reported for both sexes  (Pitt, Reichek et al. 2003; Pitt, Remme et al. 2003; 

Kanashiro-Takeuchi, Heidecker et al. 2009; Mehta, Beckie et al. 2016). Despite 

these data, serum aldosterone levels are correlated with left ventricular mass in 
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females but not males, indicating that some aspects of differences observed 

clinically between males and females may have an MR-dependent mechanism 

(Vasan, Evans et al. 2004). Women are more likely to develop heart failure after 

acute MI, indicating a need for the development of new strategies to improve long 

term MI recovery in both sexes (Westerman and Wenger 2016). Better-tolerated or 

selective MR antagonists may be one strategy to provide cardioprotection in women. 

Sex differences are regulated by MR suppression in rodent hearts post MI. 

Eplerenone reduced infarct size in male and female hearts; however, attenuation of 

left ventricular dilation (end diastolic volume dimension enlargement) is more evident 

in female than male hearts (Kanashiro-Takeuchi, Heidecker et al. 2009). Female 

hearts had increased ejection fraction and transcriptome analysis revealed that for 

female hearts, eplerenone reversed 19% of down regulated genes and 44% of up-

regulated genes, whereas only 4% of up-regulated genes responded to eplerenone 

in male hearts (Kanashiro-Takeuchi, Heidecker et al. 2009). These data indicate that 

MR blockade may preferentially reduce structural and functional changes in female 

hearts (Kanashiro-Takeuchi, Heidecker et al. 2009). Furthermore, suppression of 

ventricular dilation, ejection fraction and transcriptional responses are more 

pronounced in female hearts compared to male hearts, suggesting greater MR 

sensitivity in females in the post-MI environment (Kanashiro-Takeuchi, Heidecker et 

al. 2009). These data indicate that MR-induced cardiovascular disease can be 

medicated differently in males and females by multiple intracellular signalling 

pathways. This has important implications moving from the bench to bedside, in 

terms of clinical outcomes for males and females and highlights the need for 

therapeutic strategies that address unique disease profiles in both sexes. Thus it is 

essential to examine female cardiovascular signalling pathways.  

The ER is expressed in cardiomyocytes, fibroblasts and vascular cells (Lombes, 

Alfaidy et al. 1995; Grohe, Kahlert et al. 1997; Lizotte, Grandy et al. 2009). In rodent 

models, activation of ER protects against the detrimental blood pressure, fibrotic and 

hypertrophic effects of mineralocorticoid excess (Arias-Loza, Hu et al. 2007).  As 

discussed in Section 1.5, DOC/salt-induced cardiovascular damage can be mediated 

by ER signalling; genetic loss of ERβ signalling demonstrated a differential response 

to mineralocorticoid excess-induced cardiac fibrosis and mTOR (mammalian target 

of rapamycin) in male and female mice (Gurgen, Hegner et al. 2011; Gurgen, Kusch 
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et al. 2013). More recently it has been shown that vascular MR transcriptional activity 

can be directly inhibited by ERα suggesting that novel MR:ER interactions could 

underlie the mechanisms of sex differences in cardiac MR activity (Barrett Mueller, 

Lu et al. 2014). Previously discussed in Section 1.2, rapid aldosterone effects can be 

medicated by GPER (Rossol-Haseroth, Zhou et al. 2004; Chai, Garrelds et al. 2005; 

Michea, Delpiano et al. 2005; Gros, Ding et al. 2011; Gros, Ding et al. 2013). An 

important consideration moving forward will be the interaction of MR with other 

receptors, such as ERα, as well as genomic and rapid activation signalling pathways 

(Funder 2011). In addition to steroid receptor interactions, there are female specific 

aspects to cardiac function and ischemic responses.  

 

1.13 NO as a central regulator of cardiac function/ischemia-reperfusion injury 

In rodent studies, females have improved functional outcomes post acute-ischemia, 

reduced infarct size and less severe dysfunction/remodelling compared to males 

(Bell, Porrello et al. 2008; Lagranha, Deschamps et al. 2010). Female cardio-

protection involves nitric oxide (NO) signalling pathways and interactions between 

NO and reactive oxygen species (ROS) underpins many sex-specific outcomes from 

cardiac ischemia (Murphy, Lagranha et al. 2011). Nitric oxide synthase (NOS) 

converts the amino acid L-arginine into l-citrulline and NO, a critical signalling 

messenger in the cardiovascular system (Bredt and Snyder 1994; Zhang, Jin et al. 

2014). Three NOS enzymes have a wide distribution; endothelial NOS (eNOS) 

regulates vascular tone, inducible NOS (iNOS) is expressed in response to injury 

and is important in the oxidative burst response in phagocytic cells, and neuronal 

NOS (nNOS) which plays a role in neuronal and cardiac function (Stein, 

Eschenhagen et al. 1998; Zatz and Baylis 1998).  

NO synthesized by the endothelium is responsible for regulating blood pressure as 

well as regulating cardiac function (Baylis, Mitruka et al. 1992; Andelova, Bartekova 

et al. 2005; Ritchie, Drummond et al. 2017). Endothelial cells produce NO in 

response to a many different stimuli, i.e.  sheer stress, acetycholine or bradykinin, 

causing a calcium influx which stimulates eNOS (Moncada and Higgs 1993). NO 

diffuses to adjacent smooth muscle cells where it activates soluble guanylate 

cyclase, increasing production of cyclic guanosine monophosphate (cGMP) resulting 
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in relaxation of smooth muscle cells (Figure 1.3) (Moncada and Higgs 1993). 

Reduced cardiac NO bioavailability induces cardiac and vascular damage leading to 

a wide range of pathological responses, for example, fibrosis (Ferreira-Melo, Yugar-

Toledo et al. 2006). In the cardiomyocyte, NO regulates downstream signalling 

pathways directly, e.g. PKA. While under disease conditions where NADPH oxidase 

is upregulated the increase in ROS can interact with NO, forming peroxynitrite and 

further exacerbating ROS production and cardiac damage (Figure 1.3). Uncoupling 

of NOS and its cofactor BH4 before or during an ischemic event can increase the 

generation of reactive nitrous species including peroxynitrite, leading to worse 

functional outcomes (Zhang, Boddicker et al. 2005; Zweier and Talukder 2006; 

Ritchie, Drummond et al. 2017).  
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Figure 1.3 Physiological action of nitric oxide.  

 

Nitric oxide (NO) produced by the endothelial cell nitric oxide synthase (NOS) from 
L-arginine (L-arg) diffuses from endothelial cells to smooth muscle cells where it 
induces relaxation in the vascular smooth muscle cells by activation of soluble 
guanylate cyclase (sGC) converting GTP to cGMP. In the cardiomyocyte, sGC 
conversion of GTP to cGMP leads to downstream activation of signalling pathways, 
e.g. PKG. In disease settings, i.e. ischemia/reperfusion, upregulation of NADPH 
oxidase reactive oxygen species generation can react with NO resulting in 
peroxynitrite (ONOO.) formation and further exacerbation of ROS (Adapted from 
Moncada et al 1993, Forstermann et al 2012, Franssen et al 2015). 
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Chronic oral administration of the non-specific NOS inhibitor L-NAME induced 

hypertension as well as cardiac and renal damage (Arnal, Warin et al. 1992; Baylis, 

Mitruka et al. 1992; Lahera, Salazar et al. 1992; Ribeiro, Antunes et al. 1992). 

Experimental investigations have not yet resolved the specific contexts in which NO 

intervention may achieve optimal beneficial outcomes. Findings in relation to NO 

augmentation using pharmacological donor treatments in the setting of cardiac 

ischemia/reperfusion are equivocal (Bice, Jones et al. 2016). The effects of NOS 

suppression depend on the timing of treatment; chronic administration of L-NAME 

promoted hypertension, oxidative stress, fibrosis and cardiovascular dysfunction 

through increased generation of reactive oxygen species and tissue injury processes 

(Yang, Gao et al. 2015). In contrast, acute NOS blockade by L-NAME treatment 

improved cardiac recovery post-ischemia in both females and males, via reduction in 

NO levels and maintenance of cellular ATP and redox state (Cross, Murphy et al. 

2002; Kawahara, Hachiro et al. 2006). Chronic NOS blockade is reported to abolish 

the protective effects of numerous cardiovascular treatments – but this effect has 

only been evaluated in males (Ferreira-Melo, Demacq et al. 2011; Zhang, Ding et al. 

2014). Importantly, the effect of chronic in vivo NOS inhibition on cardiac function in 

females has not been investigated.  Given the special involvement of NO signalling 

in regulating female susceptibility to cardiovascular disease, understanding of the 

role of chronic NO deficiency in pre-disposing for myocardial ischemic damage in 

female hearts remains unknown. Modifying NO levels may differentially alter the 

progression towards heart failure for females versus males, and may alter outcomes 

post-ischemia. This difference is clinically relevant and important to understand given 

that patients often have underlying pathological cardiac changes prior to ischemic 

events.  

Following chronic NO deficiency, MR antagonism with eplerenone did not modulate 

blood pressure response despite increased plasma aldosterone levels. Cardiac 

fibrosis and inflammation induced by NO deficiency was blocked by eplerenone 

suggesting that sustained inhibition of NOS acts through MR to cause cardiovascular 

remodelling (Tsukamoto, Minamino et al. 2006). Another widely used cardiovascular 

disease model is AngII/NO deficiency which induces arterial damage and myocardial 

inflammation (Oestreicher, Martinez-Vasquez et al. 2003). MR antagonism with 

spironolactone prevented this damage, highlighting the key role aldosterone plays in 
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AngII/NO deficiency- induced injury. The mechanisms by which MR antagonism 

protects against the development of fibrosis in NO deficiency is still unknown. 

Targeting both NO bioavailability and MR activation may therefore be an attractive 

target for sex-specific therapies in heart failure although the impact of chronic low 

NO levels on ischemic outcomes is unclear. The use of NO donors in the clinic has 

had variable results despite experimental evidence demonstrating benefits of NO 

treatment during ischemia/reperfusion (I/R) (Bice, Jones et al. 2016). Importantly, 

pre-existing cardiac changes induced by altered basal NO levels may underlie 

adverse outcomes of acute I/R in females with increased susceptibility to NO-

mediated disease. Understanding how the female heart responds to acute stress 

following low NO conditions may have relevant clinical ramifications for female-

specific treatments. In addition to NO signalling, many different signalling pathways 

are involved in mediating I/R injury and recovery including the MR pathway. 

Modifying NO levels may differentially alter the progression towards heart failure for 

females versus males, and may alter outcomes post-ischemia. This difference is 

clinically relevant and it is crucial to understand in order to determine optimal 

treatments for patients who often have underlying pathological cardiac changes prior 

to ischemic events. Interaction between female-specific signalling pathways and 

other receptors involved in ischemic consequences is vital to consider in order to 

target sex-specific mechanistic pathways. 

 

1.14 Conclusions and future directions 

The MR is present in many cell types within the myocardium, and recently 

cardiomyocyte MR have emerged as an important player in mediating the 

development of cardiovascular structural and functional disease. In particular, 

cardiomyocyte MR is crucial in reducing cardiac contractility, increasing electrical 

conduction and tissue fibrosis. The interaction between cardiomyocyte MR signalling 

and other cell types in the myocardium is an important consideration in the pathology 

of cardiac disease. Recent studies suggest that the initiation of tissue inflammatory 

responses and coronary vascular reactivity may be dependent upon cardiomyocyte 

MR. Although MR blockade in the heart is an attractive therapeutic option for the 

treatment of heart failure and other forms of heart disease, current antagonists are 
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limited by side effects owing to MR inactivation in other tissues (including renal 

targets). This has led to increased efforts to develop therapeutics that are more 

selective for cardiac MR to reduce side effects in non-cardiac tissues. MR-induced 

cardiac fibrosis and dysfunction appears to differ between males and females. At 

present these data are limited and the mechanisms have not been defined, yet 

females are substantially underrepresented in the literature. Determining whether 

clinical observations of sex differences in cardiac events and outcomes of cardiac 

injury relate to the differential regulation of MR signalling in males and females is an 

important investigative priority. Further research targeted to identify sex differences 

in cardiomyocyte MR activation and signalling processes has the potential to provide 

the basis for the development of cardiac specific MR therapies that may also be sex-

specific. Males and females respond differently in terms of predisposition to and 

outcomes of IHD. In order to effectively treat men and women, sex-specific therapies 

targeting unique signalling cascades that are different between the sexes, i.e. NO 

signalling, need to be identified. Importantly, the potential for cross-talk between 

different pathways, i.e. MR and NO, need to be recognized.   
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1.15 Research goals and study approaches 

 

Overall the research goal of this thesis was to: 

 

1) determine if cardiomyocyte MR deletion protects against cardiac remodelling and 

ischemia/reperfusion injury and dysfunction in male and female hearts with pre-

existing cardiovascular disease, and  

2) evaluate the impact of NO deficiency on cardiac remodelling, injury and post-

ischemic dysfunction in male and female hearts.  

 

Two independent studies were undertaken: 

 

1) Role of myo-MRKO in cardiac recovery post-acute ischemia/reperfusion following 

chronic mineralocorticoid excess in mice 

(Publication: Cardiomyocyte mineralocorticoid receptor activation  impairs acute 

cardiac functional recovery after ischemic insult) 

The goal of this study was to examine the role of cardiomyocyte MR in mediating ex 

vivo acute cardiac responses to acute ischemia/reperfusion in normal and high levels 

of chronic systemic exposure to mineralocorticoids. Male and female, wild type and 

cardiomyocyte MR knockout mice were treated with chronic in vivo excess 

mineralocorticoids for 8 weeks, basal and acute ischemia/reperfusion was evaluated.   

 

2) Sex-specific role of chronic in vivo NOS inhibition in cardiac remodelling and I/R 

functional responses in mice 

(Publication: Chronic in vivo nitric oxide deficiency impairs cardiac functional 

recovery after ischemia in female (but not male) mice) 

The goal of this study was to determine the i) influence of chronic in vivo NOS 

inhibition in modulating cardiac remodelling and ex vivo ischemia/reperfusion 

responses in female and male hearts and to ii) assess the impact of myo-MRKO on 

NO deficiency-induced cardiac remodelling and functional modulation.  
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Mineralocorticoid receptor (MR) antagonists are beneficial 
in heart failure and can reduce the incidence of sudden 

cardiac death, although side effects (including hyperkalemia) 
limit their widespread use.1–3 Establishing tissue-specific roles 
for MR signaling is critical to develop selective target therapies 
to achieve the beneficial effects of MR blockade without del-
eterious side effects.

MR signaling involvement in systemic fluid homeo-
stasis is well established. Emerging evidence identifies an 
important role of MR in pathophysiologic regulation of car-
diac function. Clinical and experimental studies demonstrate 
that mineralocorticoid excess is associated with cardiac 
inflammation, oxidative stress, fibrosis, and hypertrophy—
responses characterized by cardiomyocyte gene expression 
shifts. In vitro and ex vivo studies provide evidence for MR 
modulation of cardiomyocyte electromechanical function, 

although a clear mechanistic understanding has not yet been 
resolved. Aldosterone has been found to increase contrac-
tility in isolated hearts and shortening in cardiomyocytes 
(via a mechanism involving intracellular pH modulation).4,5 
Consistent with this positive inotropic effect, evidence 
for aldosterone-mediated augmentation of cardiomyo-
cyte calcium (Ca2+) current density has been observed.6–8 
In contrast, other cardiomyocyte studies have demon-
strated no change in either Ca2+ signaling or contractility 
with sodium–hydrogen exchanger-1 (NHE-1) activation.9 
Cardiomyocyte-specific MR overexpression is linked with 
cardiac arrhythmia in the absence of fibrotic or inflamma-
tory responses, suggesting direct cardiomyocyte involve-
ment in MR-mediated arrhythmogenesis.10 Collectively 
these data show MR capacity to regulate cardiomyocyte oper-
ation via multiple mechanisms, but an understanding of how 

Abstract—Loss of mineralocorticoid receptor signaling selectively in cardiomyocytes can ameliorate cardiac fibrotic 
and inflammatory responses caused by excess mineralocorticoids. The aim of this study was to characterize the role 
of cardiomyocyte mineralocorticoid receptor signaling in ischemia–reperfusion injury and recovery and to identify a 
role of mineralocorticoid receptor modulation of cardiac function. Wild-type and cardiomyocyte mineralocorticoid 
receptor knockout mice (8 weeks) were uninephrectomized and maintained on (1) high salt (0.9% NaCl, 0.4% KCl) 
or (2) high salt plus deoxycorticosterone pellet (0.3 mg/d, 0.9% NaCl, 0.4% KCl). After 8 weeks of treatment, hearts 
were isolated and subjected to 20 minutes of global ischemia plus 45 minutes of reperfusion. Mineralocorticoid excess 
increased peak contracture during ischemia regardless of genotype. Recovery of left ventricular developed pressure and 
rates of contraction and relaxation post ischemia–reperfusion were greater in knockout versus wild-type hearts. The 
incidence of arrhythmic activity during early reperfusion was significantly higher in wild-type than in knockout hearts. 
Levels of autophosphorylated Ca2+/calmodulin protein kinase II (Thr287) were elevated in hearts from wild-type versus 
knockout mice and associated with increased sodium hydrogen exchanger-1 expression. These findings demonstrate that 
cardiomyocyte-specific mineralocorticoid receptor–dependent signaling contributes to electromechanical vulnerability in 
acute ischemia–reperfusion via a mechanism involving Ca2+/calmodulin protein kinase II activation in association with 
upstream alteration in expression regulation of the sodium hydrogen exchanger-1.  (Hypertension. 2015;66:970-977.  
DOI: 10.1161/HYPERTENSIONAHA.115.05981.) • Online Data Supplement

Key Words: deoxycorticosterone ■ ischemia ■ mineralocorticoids ■ myocyte, cardiac  
■ receptors, mineralocorticoid ■ reperfusion
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these responses contribute to functional outcomes in different 
settings is not clear.

MR participation in promoting myocardial injury 
responses to ischemia has been described. After myocardial 
infarction, cell selective MR knockout in cardiomyocytes 
attenuates the extent of adverse left ventricular functional 
deterioration, hypertrophy, fibrosis, and angiogenesis with 
improved extracellular matrix structural organization.11 
Other studies of infarcted hearts have provided evidence 
for the involvement of Ca2+/calmodulin-dependent protein 
kinase II (CaMKII) in mediating aldosterone/MR-induced 
cardiac dysfunction.12 The direct involvement of cardio-
myocyte-specific MR in this CaMKII action has not yet 
been determined.

We have previously shown that selective cardiomyocyte 
MR null mice are protected from deoxycorticosterone/salt 
(DOC/salt)-mediated cardiac fibrosis and inflammation.13 
The aim of this study was to assess the role of the cardiac MR 
in mediating acute cardiac responses to ischemia and reperfu-
sion challenge in normal and high levels of chronic systemic 
exposure to mineralocorticoids. Functional and molecular 
signaling responses of hearts from cardiomyocyte MR null 
mice were examined. We have identified a significant con-
tribution of cardiomyocyte MR in perpetrating ischemia–
reperfusion-related arrhythmogenesis and electromechanical 
dysfunction.

Methods
Methods are available in the online-only Data Supplement.

Results
Cardiomyocyte MR Knockout and Cardiac 
Structure
Knockout (KO) mice exhibited somatic phenotypes compara-
ble with wild-type (WT) mice as previously described.13 Body 
weight, tibia length, and heart weight ratio were not different 
in WT and KO vehicle or DOC/salt treatment groups, consis-
tent with our previous studies (Table 1).13

Cardiac MR and Estrogen Receptor Gene 
Expression
Myocardial MR mRNA levels were significantly lower in KO 
than in WT hearts, confirming knockdown of MR in cardio-
myocytes (Figure S1A in the online-only Data Supplement).13 
Residual levels of MR mRNA expression in KO hearts reflect 
MR expression in noncardiomyocyte cell types in the myo-
cardium. Signaling crosstalk between the MR and estrogen 
receptor has been recently reported.14 Cardiac mRNA levels 

for estrogen receptor-α, estrogen receptor-β, and G protein–
coupled estrogen receptor were similar in all treatment groups 
(Figure S2), indicating that neither loss of MR signaling nor 
enhanced MR signaling alters cardiac expression of these 
other nuclear receptors.

Mineralocorticoid Excess Induces Cardiac Fibrosis 
and Inflammation
DOC/salt treatment increased cardiac collagen content 
in WT hearts only, consistent with our previous findings 
(Figure S1B).13 Macrophage infiltration was equivalent in 
vehicle-treated WT and KO hearts, consistent with previ-
ous studies.13 DOC/salt increased macrophage infiltration 
in WT but not in KO hearts, demonstrating a role of cardio-
myocyte MR signaling in cardiac macrophage recruitment 
(Figure S1C).

MR Versus Mineralocorticoid-Mediated Basal and 
Ischemia Functional Responses
Baseline (normoxic) ex vivo cardiac contractile function did 
not differ between WT and KO hearts in vehicle-treated hearts 
(Table 2). Chronic DOC/salt treatment did not regulate basal 
cardiac contractile function (Table 2). Thus, basal function 
was preserved in the hearts of mice treated with chronic DOC/
salt and with loss of cardiomyocyte MR.

Time to ischemic contracture, indicated by end-diastolic 
pressure reaching 15 mm Hg during ischemia, was equiva-
lent for WT and KO hearts treated with vehicle; DOC/salt 
treatment reduced time to contracture in both genotypes 
(Figure 1A). Peak contracture was equivalent for WT and KO 
hearts given vehicle. Chronic DOC/salt treatment increased 
indicators of ischemic response regardless of the presence of 
MR in cardiomyocytes, suggesting MR activation in noncar-
diomyocyte cell types may underlie these effects (Figure 1B 
and 1C).

Comparison of basal and ischemic functional parameters 
between vehicle-treated and untreated hearts (mice not sub-
jected to uninephrectomy or high salt diet) demonstrated that 
vehicle treatment did not modulate cardiac function in WT 
and KO hearts (Table S3).

Loss of Cardiomyocyte MR Improves Cardiac 
Function After an Acute Ischemic Event
Post ischemia, reperfusion recovery of left ventricular devel-
oped pressure and rates of cardiac contraction and relaxation 
were significantly higher in KO hearts than in WT hearts under 
both normal (vehicle and untreated) and high mineralocorti-
coid levels (Figure 2A–2C; Table S3). End-diastolic pressure 

Table 1. In Vivo Characteristics in Male Mice

Parameters Male WT Vehicle, n=7 Male WT DOC, n=10 Male KO Vehicle, n=9 Male KO DOC, n=10 P<0.05 by 2-way ANOVA

Body weight, g 26.91±0.8 28.96±1.2 27.93±0.5 28.28±0.5 ns

Tibia length, mm 16.59±0.1 16.88±0.1 16.73±0.1 16.85±0.1 ns

Heart weight, mg 132±7 148±7 148±6 145±4 ns

Heart weight/tibia length, mg/mm 7.9±0.4 8.8±0.4 8.8±0.4 8.6±0.3 ns

All data were analyzed by 2-way ANOVA. P=ns by Bonferroni’s post hoc test. Mean±SEM, n=7–10. DOC indicates deoxycorticosterone; KO, knockout; ns, 
nonsignificant; and WT, wild-type.
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and coronary flow were not different between WT and KO 
hearts at the end of reperfusion (data not shown). These find-
ings provide evidence for postischemic cardiac functional 
recovery mediated by cardiomyocyte MR, but independent of 
exogenous mineralocorticoid.

Ectopic Beats Are Reduced by Loss of 
Cardiomyocyte MR
Early reperfusion arrhythmias can be triggered by the 
Ca2+ and sodium (Na+) accumulation that occurs during 
ischemia, associated with destabilization of the intracel-
lular sarcoplasmic reticulum Ca2+ store. KO hearts had 
reduced ectopic beats during early reperfusion compared 
with WT hearts under normal mineralocorticoid levels. 
DOC/salt-treated KO hearts also displayed fewer ectopic 
beats than DOC/salt-treated WT hearts (Figure 3; Figure 
S3). Arrhythmic activity was not apparent under basal 
conditions in WT and KO hearts, suggesting that MR 
modification does not affect baseline cardiac rhythm. An 
arrhythmogenic role of MR was revealed in stress condi-
tions. These data indicate cardiac arrhythmia during early 

reperfusion is dependent on cardiomyocyte MR activation 
but not on mineralocorticoid levels.

MR-Dependent Cardiomyocyte Na and Ca 
Handling
Contractile recovery post ischemia depends on homeostatic 
regulation of Ca2+, Na+, and proton (H+) levels via modula-
tion of action of key ionic transporters. Autophosphorylated 
CaMKII (P-CaMKII (Thr287)) was higher in WT hearts 
than in KO hearts, regardless of treatment (Figure 4A); 
there was no difference in levels of oxidized CaMKII (ox-
CaMKII(Met281/2)) between WT and KO hearts (Figure 
S4A). Protein levels of NHE-1 were also greater in WT 
than in KO hearts, regardless of mineralocorticoid status 
(Figure 4B). DOC/salt treatment did not affect expression 
levels of sarcoplasmic reticulum Ca2+ ATPase 2a (SERCA2a), 
sarcoplasmic reticulum Ca2+ release channel (RyR2), or 
phosphorylation status of phospholamban (P-PLB(Thr17)) 
in WT or KO hearts (Figure S4B–S4D). These data demon-
strate cardiac functional responses to ischemia–reperfusion 
in KO and WT are differentially modulated by a mechanism 

Table 2. Regulation of Basal Cardiac Function by Cardiomyocyte Mineralocorticoid Receptor

Parameters Male WT Vehicle, n=7 Male WT DOC, n=10 Male KO Vehicle, n=9 Male KO DOC, n=10 P<0.05 by 2-way ANOVA

LVDevP, mm Hg 69.75±8.79 88.05±3.83 74.39±5.32 77.28±7.21 ns

LVDevP (paced), mm Hg 74.67±9.68 90.92±4.75 77.75±5.14 83.26±4.56 ns

EDP, mm Hg 6.95±0.91 3.99±1.29 4.68±0.85 4.98±0.73 ns

Coronary flow, mL/min per g 16.59±1.71 21.41±4.16 16.42±1.38 24.69±3.41 DOC>Vehicle

dP/dt
max

, mm Hg/s 2900±344 3418±194 3051±139 3335±168 ns

dP/dt
min

, mm Hg/s 2177±392 2509±130 2034±118 2231±127 ns

Heart rate, bpm 351±18.77 359±14.64 358±17.96 298±32.03 ns

All data were analyzed by 2-way ANOVA. P=ns by Bonferroni’s post hoc test. Mean±SEM, n=7–10. DOC indicates deoxycorticosterone; EDP, end-diastolic pressure; 
KO, knockout; LVDevP, left ventricular developed pressure; ns, nonsignificant; and WT, wild-type.

Figure 1. Effect of mineralocorticoid 
receptor (MR) activation on ischemic 
injury. A, Time to onset of ischemic 
contracture is shorter in hearts treated 
with deoxycorticosterone/salt (DOC/
salt) regardless of genotype. B, Peak 
contracture is greater in DOC/salt-
treated hearts regardless of genotype 
by 2-way ANOVA. C, Time-compressed 
representative left ventricular pressure 
traces from a wild-type (WT) vehicle 
(VEH)-treated and WT DOC/salt-treated 
hearts. All data were analyzed by 
2-way ANOVA, P=nonsignificant (ns) 
genotype effect, †P<0.05 treatment 
effect, and P=ns interaction effect by 
2-way ANOVA, P=ns by Bonferroni’s 
post hoc test. Mean±SEM, n=7 to 10.
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involving altered expression of NHE-1 and altered activation 
of CaMKII.

Cell death markers involved in autophagy and apoptosis 
induction were also assessed and were not different in WT and 
KO groups, control or DOC/salt treated (Figure S5A–S5E).

Female and Male Cardioprotective Effects of MR 
Deletion Are Similar
To examine sex-specificity of KO responses, parallel experi-
ments were performed in age-matched female mice. Gene 
expression analysis confirmed that group differences in MR 
expression levels in females were similar to those observed 
in males (Figure S6). Cardiac weight indices were similar for 

female vehicle-treated WT and KO hearts. DOC/salt treat-
ment increased cardiac weight in WT compared with KO 
mice (Table S4). Cardiac fibrotic, inflammatory, and reperfu-
sion functional responses were equivalent in male and female 
hearts (Figures S7 and S8; Table S5). Some differences in the 
time course and amplitude of contracture development in isch-
emia were observed between females and males (Figure S9), 
which may reflect a hypertrophic response to excess miner-
alocorticoid treatment which is present in females but not in 
males (Table S4).

Discussion
This study provides novel demonstration that cardiomyo-
cyte MR signaling is instrumental in determining cardiac 
functional recovery after acute ischemia–reperfusion insult. 
Although deletion of cardiomyocyte MR had no effect on 
basal cardiac function, during reperfusion KO hearts exhib-
ited enhanced recovery of cardiac systolic function and 
reduced arrhythmia. Excess mineralocorticoid treatment did 
not regulate basal ex vivo cardiac function or recovery post 
ischemia in the presence or absence of cardiomyocyte MR. 
Molecular analysis revealed increased P-CaMKII activation 
(Thr287) and NHE-1 expression in KO hearts. These find-
ings demonstrate for the first time that cardiomyocyte-specific 
MR-dependent signaling contributes to electromechanical 
vulnerability in acute ischemia–reperfusion via a mechanism 
involving CaMKII activation in association with upstream 
alteration in expression regulation of NHE-1. Our data add 
new insight into the role of cardiomyocyte MR signaling in 
ischemic cardiac injury.

Functional Recovery Was Improved by MR 
Deletion in Cardiomyocytes
Recovery of left ventricular developed pressure and rates 
of cardiac contraction and relaxation were greater in KO 
than in WT hearts at the end of reperfusion. MR antago-
nists benefit functional improvement after myocardial 
infarction.15,16 This is the first investigation to demonstrate 

Figure 2. Loss of cardiomyocyte mineralocorticoid receptor 
(MR) increases functional recovery at the end of reperfusion. A, 
Recovery of left ventricular (LV) developed pressure is greater in 
knockout (KO) hearts than in wild-type (WT) hearts. B, Recovery 
of LV cardiac contraction (dP/dtmax) is greater in KO hearts than 
in WT. C, Recovery of LV cardiac relaxation (dP/dtmin) is greater in 
KO hearts than in WT. All data were analyzed by 2-way ANOVA, 
#P<0.05 genotype effect, P=nonsignificant (ns) treatment 
effect, P=ns interaction effect by 2-way ANOVA, and P=ns by 
Bonferroni’s post hoc test. Mean±SEM, n=7 to 10. DOC indicates 
deoxycorticosterone; and VEH, vehicle.

Figure 3. Loss of cardiomyocyte mineralocorticoid receptor 
(MR) reduces early reperfusion arrhythmia post ischemia. In 
wild-type (WT) hearts, there is an increased incidence of ectopic 
beats in early reperfusion compared with knockout (KO) hearts. 
All data were analyzed by 2-way ANOVA, #P<0.05 genotype 
effect, P=nonsignificant (ns) treatment effect, P=ns interaction 
effect by 2-way ANOVA, and P=ns by Bonferroni’s post hoc test. 
Mean±SEM, n=7 to 10. DOC indicates deoxycorticosterone; and 
VEH, vehicle.
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that cardiomyocyte MR are directly involved in mediat-
ing the acute phase of the ischemia–reperfusion response. 
Interestingly, chronic in vivo exposure to mineralocorticoid 
excess did not modify end reperfusion cardiac function 
in either WT or KO hearts, suggesting that in this injury 
context the MR involvement is independent of mineralo-
corticoid ligand action. Our data show that the functional 
benefits of loss of cardiomyocyte-specific MR signaling 
can be achieved early post ischemic insult and are essen-
tially equivalent for males and females.

Cardiomyocyte MR Mediates Arrhythmogenesis
Suppressed occurrence of ectopic activity during early reper-
fusion in KO revealed that cardiomyocyte MR plays a role 
in facilitating dysrhythmia. This finding is consistent with 
the reduced sudden cardiac death incidence observed clini-
cally with MR antagonist treatment. The enhanced systolic 
function and decreased arrhythmia in the KO were associ-
ated with a reduction in P-CaMKII(Thr287) and no change 
in ox-CaMKII(Met281/2) levels. Ox-CaMKII(Met281/2) has 
previously been shown to be involved in pathophysiologi-
cal MR signaling in a setting of chronic ischemic heart dis-
ease. Taken together, these findings indicate that although 
ox-CaMKII(Met281/2) plays a role in long-term remodeling 
induced by mineralocorticoid excess, a P-CaMKII(Thr287) 
effect is more prominent in the acute setting.12 Further work 
is required to prove definitively the causational involvement 
of different CaMKII post-translational modifications in acute 
and chronic ischemia.

In this study, we have shown that MR deletion produces 
a decrease in expression of the NHE-1. This is consistent 
with other experimental studies showing inhibition of 
NHE-1 suppresses ventricular arrhythmia.17 During isch-
emia–reperfusion augmented Na+ influx driven by intracel-
lular proton accumulation via Na+–H+ exchange, couples 
to consequential increase in Ca2+ influx through Na+–Ca2+ 
exchange, with resultant sarcoplasmic reticulum loading 
instability instigating arrhythmia and systolic dysfunction.18 

The suppression of arrhythmia and systolic functional 
enhancement seen in the KO hearts thus identifies the car-
diomyocyte MR as a key mediator of these downstream 
deleterious outcomes through joint NHE-1 and CaMKII 
regulatory mechanisms (Figure 5).

There is also evidence that CaMKII can activate the 
NHE-1 through direct phosphorylation, constituting a positive 
feedback arrhythmogenic relationship between these 2 effec-
tor proteins, consistent with the present finding of reduced 
P-CaMKII(Thr287) in the KO.19,20 No differences in the 
expression levels of SERCA2a or RyR2 were observed nor 
in the activation of the SERCA2a regulator P-PLB (Thr17). 
This suggests an MR-mediated action of P-CaMKII(Thr287), 
which does not involve modulation of levels of these sarco-
plasmic reticulum uptake and release proteins.

Basal Cardiac Function Maintained With MR-
Mediated Fibrosis
Basal cardiac function was not different between WT and 
KO. This observation that loss of cardiomyocyte MR does 
not modulate resting cardiac function is consistent with 
previous cardiomyocyte MR knockout studies conducted 
on C57Bl6 mice using the myosin light chain 2v and atrial 
myosin light chain promoter to drive Cre recombinase 
expression.11,13,21 Thus, difference in postischemic func-
tional outcomes cannot be attributed to difference in pre-
ischemic status per se.

Cardiomyocyte MR is involved in the development of 
cardiac fibrosis and macrophage infiltration.13 Previous stud-
ies, using the same MLC2v cardiomyocyte MR KO mouse 
strain as the current study, have confirmed MR deletion on 
cardiomyocytes which resulted in increased expression of 
chemoattractant proteins and cytokines with upregulation of 
the connective tissue growth factor–transforming growth fac-
tor β-collagen type III profibrotic pathway.13 An increase in 
fibrosis was observed in WT hearts treated with DOC/salt, 
but not in KO hearts. This confirms our earlier finding estab-
lishing cardiomyocyte MR involvement in the development 

Figure 4. Loss of cardiomyocyte mineralocorticoid 
receptor (MR) reduces P-CaMKII(Thr287) 
and sodium–hydrogen exchanger-1 (NHE-1) 
expression. A, P-CaMKII(Thr287)/CaMKII is 
greater in wild-type (WT) hearts than in knockout 
(KO) hearts. B, Expression of NHE-1 is greater 
in WT than in KO hearts. All data were analyzed 
by 2-way ANOVA, #P<0.05 genotype effect, 
P=nonsignificant (ns) treatment effect, P=ns 
interaction effect by 2-way ANOVA, and P=ns 
by Bonferroni’s post hoc test. Mean±SEM, 
n=7 to 10. CaMKII indicates Ca2+/calmodulin-
dependent protein kinase II. DOC indicates 
deoxycorticosterone; and VEH, vehicle.
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and progression of cardiac fibrosis.13 Other cardiomyocyte 
MR knockout studies have shown either no reduction in 
fibrosis or reduced fibrosis with improved collagen structural 
organization in KO hearts, depending on the specific disease 
model and the origin of genetic model.11,21 These various 
observations imply that the antifibrotic benefit of MR block-
ade depends on the nature and severity of disease setting. In 
this study, MR ablation prevented fibrosis development, but 
given the finding that basal performance across all groups 
was similar, it can be concluded that the modest extent of 
fibrosis development after 8-week DOC/salt treatment did 
not affect functional status.

Developmental changes in gene expression, capable of 
modifying development and regulation of cardiac function 
in KO hearts, are unlikely as the adult myosin Cre (MLC2v) 
used to generate KO mice is expressed from neonatal day 7 
to 10. Importantly, no difference in either basal cardiac func-
tion or arrhythmia before ischemia was observed in WT and 
KO hearts, and our findings are consistent with those observed 
with acute MR antagonism.22 MR expression was significantly 
reduced in KO hearts compared with WT hearts; although 
variability in these data may arise from small shifts in MR 
expression in nonmyocyte cell types, it has previously been 
demonstrated that MR expression does not respond to DOC 
treatment.23

Another important consideration is blood pressure 
responses in WT and KO mice to excess mineralocorticoid 
treatment. Previously, we have shown that both WT and KO 
mice become mildly hypertensive after 8-week DOC/salt 
treatment.13 Importantly, vehicle-treated hearts had equivalent 
recovery of cardiac function post ischemia compared with 
untreated hearts, indicating that there is no blood pressure–
dependent effect on functional outcomes following unine-
phrectomy and high-salt diet.

Ischemic Functional Response Is Influenced by 
DOC/Salt, Not Deletion of Cardiomyocyte MR
Loss of cardiomyocyte MR did not modify ischemic func-
tional parameters. In contrast, DOC/salt treatment reduced the 

time to contracture and increased peak contracture in WT and 
KO hearts compared with vehicle treatment. These findings 
provide evidence that ischemic functional responses are a con-
sequence of ligand activation of MR in noncardiomyocyte cell 
types (ie, vascular smooth muscle or endothelial cells) and not 
a direct action of cardiomyocyte MR signaling, although fur-
ther experiments are required to confirm these actions.

It has been previously established that MR antagonists 
reduce infarct size and apoptosis in ex vivo rodent hearts.24 
In the model of global no flow ischemia used in this study, 
no difference was observed in levels of proteins involved in 
apoptosis or autophagy induction between WT and KO hearts 
from animals of both normal and excess mineralocorticoid 
in vivo exposure levels, a finding consistent with previous 
cardiomyocyte MR knockout studies.21 These data indicate 
that cardiomyocyte MR may not play a role in induction of 
programmed cell death pathway signaling in the early reper-
fusion window.

Cardiac MR Is Not Ligand-Selective
MR ligand selectivity is regulated in a tissue-specific man-
ner by the activity of 11β-hydroxysteroid dehydrogenase 
type 2,which converts glucocorticoids to inactive metabo-
lites, resulting in MR being responsive to only mineralocor-
ticoids.25,26 Cardiomyocyte MR do not discriminate between 
glucocorticoid and mineralocorticoid ligands because of the 
absence of 11β-hydroxysteroid dehydrogenase type 2.27,28

Moreover, evidence suggests that MR-glucocorticoid 
complexes or unliganded receptors can be activated under 
stress conditions, such as ischemia–reperfusion.29,30

In this study, the finding that basal cardiac function was 
not modulated by cardiomyocyte MR deletion or DOC/salt 
treatment indicates that in a nonischemic state MR do not 
have a significant role in the regulation of myocardial func-
tion. Ischemic contracture responses were increased by excess 
mineralocorticoids, providing evidence to support a role of 
mineralocorticoids acting in nonmyocyte cell types to increase 
ischemic functional responses, for example, vascular smooth 
muscle cells.31 Recovery during reperfusion was greater in 
KO hearts even under normal mineralocorticoid levels, dem-
onstrating that cardiomyocyte MR can mediate functional 
responses independent of mineralocorticoid ligand activation. 
These findings are consistent with glucocorticoid activation 
of MR specifically in conditions of ischemia–reperfusion. 
Further work is required to understand the nuanced roles of 
different ligands in cardiomyocyte MR activation in different 
pathophysiologic conditions and in the complex neurohor-
monal interactions involved in medicating cardiac damage in 
situ during myocardial infarction.

Perspectives
MR antagonists are known to have clear benefit clinically, 
in relation to cardiac structural remodeling and in sudden 
cardiac death prevention. The cellular mechanisms of MR 
signaling in different cardiovascular cell types are not well 
delineated. Our data show for the first time that selective 
MR deletion from cardiomyocytes suppresses arrhythmia 
and improves cardiac functional recovery via a Na+/Ca2+ 
modulatory mechanism. Furthermore, the protective effect 

Figure 5. Suggested mechanism of cardiomyocyte 
mineralocorticoid receptor (MR) activation in cardiac function 
post ischemia. CaMKII indicates Ca2+/calmodulin-dependent 
protein kinase II; and NHE, sodium–hydrogen exchanger-1.
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of MR deletion on ischemic recovery is achieved with main-
tenance of normal basal cardiac performance, and in the 
context of a moderate level of mineralocorticoid stimulated 
cardiac fibrosis. These findings highlight the important role 
of cardiomyocyte MR in mediating functional pathology in 
the acute phase of postischemia reperfusion. The MR plays 
an important role in several different cell types that may 
also be involved in the cardiac responses to ischemia. Our 
data also suggest that MR-dependent responses in nonmyo-
cyte cell types, such as vascular smooth muscle cells, can 
modify the cardiac injury response during acute ischemia. 
The cardiomyocyte MR is, however, an attractive target for 
selective MR blockade for both sexes to achieve cardiac 
protection with the advantage of avoiding systemic side 
effects.
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What Is New?
•	We show that cardiomyocyte-specific mineralocorticoid receptor (MR) 

signaling is critical in determining acute functional recovery after isch-
emia–reperfusion injury in both males and females.

•	Ablation of cardiomyocyte MR was associated with improved recovery of 
left ventricular developed pressure during reperfusion, improved cardiac 
rhythm, and lower P-CaMKII(Thr287) activation and sodium–hydrogen 
exchanger-1 expression

What Is Relevant?
•	Selective loss of cardiomyocyte MR signaling has clear cardioprotective 

outcomes and supports the development of cardiac-specific therapies 

for heart failure and post myocardial infarction that avoid negative side 
effects of current MR antagonists.

Summary

Activation of cardiomyocyte MR reduces cardiac functional re-
covery postischemia-reperfusion which is associated with 
 P-CaMKII(Thr287) and expression of sodium–hydrogen exchang-
er-1 in males, whereas loss of cardiomyocyte MR enhances func-
tional recovery in both males and females.

Novelty and Significance
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Supplementary methods 
 
Experimental animal model 
All procedures involving animals were approved by the relevant Institute Animal Ethics and Biosafety 
Committees. Male MRflox/flox (wild type, WT) and cardiac-specific MR-null MRflox/flox/MLC2vCre+-  mice (KO) (20-
30g) were uninephrectomised and given vehicle or DOC (7 mg s.c. pellet/3wk) and maintained on standard 
chow plus 0.9 % NaCl plus 0.4 % KCl drinking solution to accelerate progression of excess mineralocorticoid 
influence on cardiovascular phenotype over the 8 week treatment period. Selected parallel experiments were 
performed in age-matched untreated (no surgery plus water to drink) and female mice as indicated.  
 
Assessment of cardiac function ex vivo 
WT and KO mice were anesthetised with sodium pentobarbitone (70mg/kg, i.p). A thoracotomy was 
performed, hearts excised into ice-cold perfusion fluid and the aorta cannulated. Hearts were retrogradely 
perfused with oxygenated (95% O2-5% CO2) modified Krebs-Henselit buffer (37.0°C, pH 7.4) in Langendorff 
mode at a constant pressure of 80mmHg and instrumented for pressure recording as previously described 
(ADInstruments, Labchart v7.2). 1 The modified Krebs-Henselit buffer contained (in mmloes per liter): 119.0 
NaCl, 11.0 glucose, 22.0 NaHCO3, 4.7 KCL, 1.2 MgCl, 1.2 KH2PO4, 0.5 EDTA, 1.75 CaCl, 2.0 Na pyruvate. 
Hearts were perfused for 30 minutes prior to 20 minutes of global no flow ischemia and 45 minutes of 
reperfusion. Pacing at 420 beats per minute was maintained during the stabilisation period and re-
commenced at 2 minutes reperfusion. Arrhythmia incidence was assessed from left ventricle pressure 
records as previously validated from electrocardiogram measurements. 2 Hearts were removed from the 
apparatus and a mid-section cut and fixed in formalin overnight for histological analysis, the remainder was 
snap frozen for protein and mRNA analysis.  
 
Histological and immunohistochemical analyses  
Assessment of immunostaining was carried out in a blinded manner. Approximately 20 fields were sampled 
per tissue for determination of percent collagen area. Paraffin-embedded, 5 μm thick heart sections were 
incubated for 1 hour with MAC2 (1:200; eBioscience, CA), followed by the appropriate biotinylated secondary 
antibody for 45 minutes at room temperature and then incubated with ABC complex (Vectastain, Vector 
Laboratories, CA) for 45 min. Positive staining was visualized by incubation with 3,3- diaminodenzidine 
(DAKO Corp., CA), and the tissues were counterstained with hemotoxylin. An optical dissector approach was 
used to quantify infiltration of macrophages using the Computer-Assisted Stereological Toolbox (C.A.S.T.-
GRID) software package, version 1.10 (Olympus DK A/s, Denmark). Histological analysis for collagen was 
performed on tissues stained with 0.1% Sirius Red (Sigma-Aldrich, Australia) as previously described. 3 
Tissue sections were sampled using an unbiased systematic approach where the investigator was blinded to 
the identity of the sections. 
 
Protein analysis and immunoblotting 
Tissues were homogenized with a Polytron tissue grinder in the following solution (mM): 20 Tris-HCL pH6.8, 
5 EGTA, 5 NaF, 0.5 Na3VO4 + protease inhibitor cocktail (Complete, Roche) (4C, 5-7.5% w/v) and 
reconstituted in 2X sodium dodecyl sulfate sample buffer. Concentration of the total protein fraction was 
determined by modified Lowry assay. Polyacrylmamide gels (12%) were loaded with equal amount of 
sample protein (3-21ug) for SDS-PAGE/Western blot analysis. Western blot experiments were performed 
using equal protein loading, achieved by performing multiple Lowry assay to confirm protein concentration 
within ±5%, quantified by coomassie staining to confirm equal loading. A calibrator sample was run across all 
membranes to normalize samples for differences in chemiluminescent signal development. 
Chemiluminescent imaging and analysis completed in a blinded manner (Image Lab V4.0 software, Bio-Rad, 
CA). Primary antibodies utilized listed in Table S1. Secondary antibody utilized: anti-rabbit (1:2000) HRP-
conjugated (GE Healthcare UK Ltd, UK). 
 
Quantitative PCR 
Total mouse heart RNA was prepared with Ultraspec (Fisher Scientific). For each sample, 500 ng of total 
RNA was reversed transcribed using random hexamer primers and SuperScript III reverse transcription 
(Invitrogen) in a total volume of 20 μl. Quantitative PCR amplification was performed on Applied Biosystems 
7900HT Real-Time PCR instrument using SYBR Green reaction mix Applied Biosystems).  Data was 
analyzed with SDS Automation Controller software (version 2.3; Applied Biosystems, Life Technologies) and 
normalized to glyceraldehyde 3-phosphate dehydrogenase mRNA levels. Polymerase chain reaction (PCR) 
was carried out using primer sets listed in Table S2. PCR targets: MR, estrogen receptor alpha (ERα), 
estrogen receptor beta (ERβ) and g-protein coupled estrogen receptor (GPER).  
  
Statistical analysis 
All data sets were analysed by Two Way ANOVA and Bonferroni’s post hoc test (GraphPad Prism version 
5.0a, GraphPad Software, CA). Differences between mean values were considered significant at P<0.05. All 



data are reported as mean ± SEM and n=7-10 to examine the effects of cardiomyocyte MR knockout and 
give 95% confidence of detecting changes of ≥20% in groups with a standard deviation of ≤15%. 
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Table S1. A

 

Antibodies ussed for weste

 

ern blot. 



Table S2. PCR Primer Sequences 

Gene Name Accession no. Forward Primer Reverse Primer 

MR NP_037263.1 ggtcacaggtcctccacact ggaggaggacatggagttga   

ERα BAI48013.1 acatgttgctggctacgtca gccatcaggtggatcaaagt 

ERβ NM_207707.1 gagtagccggaagctgacac tacaccgggaccacattttt 

GPER NM_029771 aagccagggtgtcatttctg tggacagggtgtctgatgtc   

GAPDH  NM_008084.2   aactttggcattgtggaagg ggatgcagggatgatgttct  

 

  



Table S3. R
 

 

 

Regulation off cardiac func

 

ction by carddiomyocyte MMR in untreatted and Veh treated malee hearts 

 



Table S4. In vivo characteristics in female mice 
 
 

Parameters 

Female  

WT Veh 

(n=10) 

Female  

WT DOC 

(n=10) 

Female  

KO Veh 

(n=10) 

Female  

KO DOC (n=8) 

P<0.05 by 2-way 

ANOVA 

Body weight  

(g) 

21.48 

±0.4 

22.03 

±0.5 

21.06 

±0.4 

22.07  

±0.4 

ns 

Tibia length  

(mm) 

16.30 

±0.1 

16.67 

±0.1 

16.2 

±0.1 

16.34 

±0.2  

ns 

Heart weight  

(mg) 

112 

±3 

143 

±11  

114 

±5 

114 

±5 

DOC>VEH 

WT>KO 

WT DOC>WT VEH 

Heart weight/ 

Tibia length 

(mg/mm) 

6.9 

±0.2 

8.6 

±0.6 

6.9 

±0.3 

6.7 

±0.2  

DOC>VEH 

WT>KO 

WT DOC>WT VEH 

All data analyzed by two-way ANOVA . P=ns by Bonferroni’s post hoc test. Mean ± SEM, n=8-10.   
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Regulation off cardiac func

 

ction by carddiomyocyte MMR in untreatted and Veh treated femaale hearts 
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3.1 Abstract 

Nitric oxide (NO) is an important regulator of cardiac function and plays a key role in 

ischemic cardioprotection. The role of chronic NO deficiency in coordinating ischemic 

vulnerability in female myocardium has not been established. The aim of this study was to 

determine the influence of chronic in vivo NO synthase inhibition in modulating ex vivo 

ischemia-reperfusion responses in female hearts (relative to males). Mice were subjected 

to L-NAME (L-NG-Nitroarginine-methyl-ester) treatment in vivo for 8 weeks. Cardiac 

fibrotic, inflammatory and cardiomyocyte Ca2+ handling related gene expression changes 

were assessed. Hearts were Langendorff-perfused, subjected to 20 minutes global 

ischemia with 45 minutes reperfusion. In response to this moderate ex vivo ischemic insult, 

hearts derived from L-NAME treated female animals exhibited increased incidence of 

reperfusion arrhythmias, diastolic abnormality and reduced contractile recovery in 

reperfusion. This differential response was observed even though baseline performance of 

hearts from L-NAME treated animals was not different to vehicle controls, myocardial 

inflammatory and fibrotic indices were similar in males and females and the systolic blood 

pressure effect of L-NAME administration was equivalent in both sexes. Evaluation of a 

subgroup of mice with cardiomyocyte specific mineralocorticoid receptor deletion suggests 

involvement of this receptor in NO-deficiency mediated responses. To examine underlying 

pre-disposing mechanisms, expression of a panel of candidate genes encoding proteins 

involved in electromechanical homeostasis (particularly relevant to ischemic challenge) 

was evaluated in normoxic myocardial tissues from the L-NAME- and vehicle-treated 

animals.  Analysis revealed that L-NAME treatment in females selectively regulated 

expression of genes related directly and indirectly to cardiomyocyte Ca2+ handling in a 

manner consistent with destabilization of Ca2+ homeostasis and arrhythmogenesis. Our 

investigation provides new insight into the role of sustained decrease in NO bioavailability 

in determining distinctive female cardiac vulnerability to ischemic challenge.  

 
KEY WORDS 

heart, nitric oxide, ischemia/reperfusion, sex, cardioprotection, mineralocorticoid receptor 
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3.2 Introduction 

Ischemic heart disease is the leading cause of death and disability for men and women. 

The incidence of cardiovascular disease differs between the sexes with earlier onset in 

men and rising incidence in women post-menopause (Leening, Ferket et al. 2014). 

Ischemic heart disease due to microvascular dysfunction is more prevalent in women, and 

in both women and men the importance of ischemic disease which may not be the 

consequence of obstructive coronary artery pathology is increasingly recognized 

(Campbell, Somaratne et al. 2011; Bairey Merz, Pepine et al. 2017). Local production of 

vascular and myocardial regulatory mediators (i.e. nitric oxide, NO) plays an important role 

in maintaining coronary flow and protecting against ischemic myocardium pathology. Low 

levels of NO are implicated in heart failure (Bhushan, Kondo et al. 2014) and failure is 

linked with generalized systemic impairment of vasodilatory reserve (Borlaug, Olson et al. 

2010).  

 

Various lines of evidence indicate sex differences in NO-dependent responses. In rodent 

models, sex differences in NO production capacity have been linked with differential 

cardiac functional responses to ischemia (Sun, Picht et al. 2006; Lim, Bryan et al. 2009). 

Preclinical studies have also shown that in females (but not males) endogenous estrogen-

mediated NO production is permissive in modulating effectiveness of PDE5-inhibitor 

treatment in the pre-failure setting (Murphy and Steenbergen 2014; Sasaki, Nagayama et 

al. 2014). Regulating NO bioavailability may therefore be an attractive target for sex-

specific therapies in cardiac ischemia and failure. 

 

The particular contexts in which NO intervention may achieve beneficial outcomes have 

not yet been resolved. Findings in relation to NO augmentation using pharmacological 

donor treatments in the setting of cardiac ischemia/reperfusion are equivocal. 

Experimentally, NO treatments and increased coronary NO levels after myocardial 

infarction induction have been linked with improved cardiac outcomes (in male animals) 

but clinical studies have not demonstrated that NO donor treatment administered at the 

time of an acute ischemic event can confer infarct sparing benefit (Siddiqi, Neil et al. 2014; 

Couto, Britto et al. 2015; Bice, Jones et al. 2016; Ritchie, Drummond et al. 2017).  
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Experimental investigation of the impact of NO deficiency have utilized L-NAME  

(L-arginine, NG-nitro-L-arginine methyl-ester), a non-specific NO synthase (NOS) inhibitor 

(Moncada, Palmer et al. 1991). In rodent studies L-NAME has been shown to abrogate the 

beneficial effects of β-adrenoceptor modulation when administered at the time of an 

ischemic insult (in vivo and ex vivo), and this effect is observed to be more pronounced in 

females (Cross, Murphy et al. 2002; Zhang, Ding et al. 2014).  Preclinical studies 

investigating the sex-specific effects of chronic in vivo NO deficiency on cardiac responses 

to ischemic insult are lacking. Given the clinically demonstrated link between NO 

deficiency and cardiac functional decline, this knowledge gap is important.  

 

Thus, the aim of this study was to determine the influence of sustained in vivo NOS 

inhibition in modulating acute cardiac responses to ischemia-reperfusion in females and 

males. Mice were subjected to chronic L-NAME treatment in vivo. Cardiac structural 

remodelling was evaluated and sex-specific shifts in expression of a panel of genes 

relevant to electromechanical function were investigated. The influence of NO inhibition on 

female and male arrhythmogenic and contractile responses to an ex vivo cardiac global 

ischemia-reperfusion insult were compared. Given that we have recently demonstrated 

involvement of the cardiomyocyte mineralocorticoid receptor (MR) in mediating cardiac 

response to ischemia-reperfusion (Bienvenu, Reichelt et al. 2015), and that an MR-NO 

signalling link in vascular tissues has been previously reported (Jia, Habibi et al. 2016; 

Victorio, Clerici et al. 2016), we also sought evidence of sex-specific MR involvement in 

modulating L-NAME functional cardiopathology. Our findings provide new insight into the 

role of established NO deficiency in determining distinctive female cardiac vulnerability to 

ischemic challenge. 
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3.3 Materials and Methods 

The detailed Materials and Methods are available in the online Supplementary File. 

 

3.3.1 Experimental animals  

All procedures involving animals were approved by the relevant Institutional Animal Ethics 

and Biosafety Committees, and conducted in compliance with the NHMRC/CSIRO/ACC 

Australian Code of Practice for the Care and Use of Animals for Scientific Purposes 

(2013). The nitric oxide synthase inhibitor L-NG-Nitroarginine methyl ester (L-NAME, 

150mg/kg/day) or vehicle (VEH) was administered to male and female mice (20-30g) in 

the drinking solution for an 8 week treatment period. L-NAME dose was adjusted based on 

animal fluid consumption to ensure standardized treatment as previously reported 

(Bienvenu, Morgan et al. 2012). To accelerate progression of cardiopathology over the 8 

week treatment period and to provide co-morbidity context, mice were uninephectomized 

as previously described and drinking water supplemented with 0.9%NaCl, 0.4%KCl 

(Bienvenu, Reichelt et al. 2015).  A subset of experiments were performed in age-matched 

male and female cardiac-specific mineralocorticoid receptor null mice (MR-KO) of lineage 

identical to receptor intact mice (Rickard, Morgan et al. 2012; Bienvenu, Reichelt et al. 

2015).  After 8 weeks treatment, mice were allocated either for histological assessment 

and gene expression studies or ex vivo functional evaluation.  

 

3.3.2 Assessment of cardiac function ex vivo  

Mice were anesthetised with sodium pentobarbitone (70mg/kg, i.p). A thoracotomy was 

performed, hearts excised into ice-cold perfusion fluid and the aorta cannulated. Hearts 

were retrogradely perfused and instrumented for pressure recording as previously 

(Bienvenu, Reichelt et al. 2015). Hearts were perfused for 30 minutes prior to 20 minutes 

of global “no flow” ischemia and 45 minutes of reperfusion. Arrhythmia incidence was 

assessed from left ventricle pressure records as previously validated from 

electrocardiogram measurements.  
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3.3.3 Histological and immunohistochemical analyses  

Cardiac tissues were harvested for immunohistochemical analysis from a cohort of 

animals treated in parallel with those evaluated for ex vivo function. Histological analysis 

for collagen was performed on tissues stained with 0.1% Sirius Red (Sigma-Aldrich, 

Australia) using an unbiased systematic sampling approach as previously described 

(Bienvenu, Reichelt et al. 2015). For immunostaining to evaluate macrophage infiltration, 

paraffin-embedded sections were incubated with MAC2 (eBioscience, CA), followed by the 

appropriate biotinylated secondary antibody and then incubated with ABC complex 

(Vectastain, Vector Laboratories, CA). Positive staining was visualized by incubation with 

3,3- diaminodenzidine (DAKO Corp., CA), and the tissues were counterstained with 

hemotoxylin. 

 

3.3.4 Quantitative PCR  

Cardiac tissues were harvested for gene expression analysis from a cohort of animals 

treated in parallel with those evaluated for ex vivo function. Total RNA was isolated from 

snap frozen left ventricle, cDNA synthesis from total RNA was performed. Quantitative 

digital PCR was carried out. Gene Expression assays using the Integrated Fluidic Circuits 

on the Biomark HD platform (Fluidigm, CA, USA). Data were analyzed by Fluidigm Real-

Time PCR Analysis software (version 4.12). Relative quantification of change in gene 

expression was calculated with the formula 2 (-∆∆Ct) and normalized to housekeeping 

gene (GAPDH) and expressed as fold-change versus female VEH group.  
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3.3.5 Statistical analyses  

Data sets were assessed for normality and analysed by two way ANOVA and Bonferroni’s 

post hoc test (GraphPad Prism version 6.0a and 7.0, GraphPad Software, CA). 

Differences between mean values were considered significant at P<0.05. All data are 

reported as mean ± SEM and with n value to examine the effects of sex, treatment or 

genetic intervention achieving 95% confidence in detecting changes of ≥20% in groups 

with a standard deviation of ≤15%. In Figure legends, significant ANOVA factor effects are 

identified, followed by post-hoc significance testing outcomes. 
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3.4 Results 

3.4.1 NO deficiency modulates cardiac structure in both sexes  

Systolic blood pressure (SBP) was increased similarly in male and female mice after 8 

weeks of L-NAME treatment when compared with vehicle (VEH) treated animals (Figure 

1A). The timecourse of development of hypertension was similar in L-NAME treated 

groups. These data confirmed our previous report that female and male systemic 

hemodynamic endpoint responses were well matched (Bienvenu, Morgan et al. 2012). For 

each sex, heart weight/tibia length indices were not different between L-NAME and VEH 

treatment groups. Higher male heart weight indices were observed for both treatment 

groups, reflecting established intrinsic sex difference in this parameter (Figure 1B).  

L-NAME treatment increased cardiac collagen content and macrophage infiltration 

equivalently in male and female hearts (Figure 1C-E). As expected, expression of 

transforming growth factor beta (TGF-β1) was increased with L-NAME in males 

((Bienvenu, Morgan et al. 2012), and in this study a similar female response was observed 

(Table 1). Expression of vascular endothelial growth factor (VEGFa) was increased 

equivalently in both sexes in response to L-NAME treatment. Interestingly, expression of 

collagen type 1a (COL1), but not collagen type 3a (COL3), was significantly greater in 

female compared to male hearts in response to L-NAME treatment. In summary, chronic 

NO deficiency produced a similar (modest) elevation in blood pressure and extent of 

myocardial fibrosis and inflammation in males and females.  

 

3.4.2 In vivo NO modulation of ex vivo cardiac function 

At baseline, ex vivo cardiac contractile function and coronary flow indices measured under 

control perfusion conditions were similar for male and female hearts and were not 

modulated by in vivo L-NAME treatment in either sex.  Left ventricular developed pressure 

and the rates of contraction and relaxation were equivalent, and intrinsic heart rates were 

not different (Figure 2 A-D).  Thus basal function was preserved in female and male hearts 

exposed to chronic NO deficiency. 

Performance characteristics of ex vivo hearts were tracked from baseline, through the 20 

min ischemic period (global no-flow), and in both early and later reperfusion to 45 mins 
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(Figure 3A). During ischemia, contracture development (indexed by time to rise in end-

diastolic pressure of more than 15mmHg) was more rapid in male hearts compared to 

female in both L-NAME and VEH treatment groups (Figure 3B). Peak contracture was also 

greater in male compared to female hearts in both treatment groups (Figure 3C). These 

data are consistent with other reports describing a more pronounced ischemic functional 

response in male hearts compared to female.  

Arrhythmic activity was not detected in female or male hearts under basal conditions, 

suggesting that modification of NO levels does not affect baseline cardiac rhythm in this 

setting. Early reperfusion arrhythmias were increased in L-NAME treated female hearts 

indicating that electrical instability during early reperfusion may be promoted by NO 

deficiency (Figure 3D). This effect was not observed in male hearts, indicating a selective 

ectopic vulnerability in female hearts subjected to chronic NO deficiency in vivo.  

After 45 min reperfusion, recovery of left ventricular developed pressure (LVDevP) and 

rate of cardiac contraction (dP/dtmax) were significantly reduced in the L-NAME treatment 

group in female hearts only (Figure 4 A-B). Rate of cardiac relaxation (dP/dTmin) was not 

significantly lower in female hearts (Figure 4C). End diastolic pressure was higher at the 

end of reperfusion in hearts from females treated with L-NAME, confirming impaired 

relaxation (Figure 4 D). In contrast, functional recovery in reperfusion in male hearts was 

similar in L-NAME and VEH-treated groups.  Together these data revealed that females 

were more susceptible to acute ischemic stress after exposure to chronic NO deficiency in 

vivo.  

We have previously shown that the cardiomyocyte mineralocorticoid receptor (MR) may 

modulate cardiac functional response to ex vivo ischemic insult (Bienvenu, Reichelt et al. 

2015). In a parallel subset of experiments with MR-KO mice, the effects of the L-NAME 

treatment protocol was examined. In hearts of these mice no significant differences in 

functional responses to ischemia and during reperfusion were detected, and the female 

selective post-ischemia arrhythmogenic response associated with L-NAME treatment was 

absent (Figure S1, S2, Table S2). 

 

 



  Chapter 3 

 

102 

 

3.4.3 Marked modulation of gene expression in NO deficiency in females 

Cardiac recovery post-ischemia is reliant on homeostatic mechanisms which suppress 

cardiomyocyte calcium (Ca2+) overload, and  involves participation a number of 

transporters/channels which regulate Ca2+, sodium (Na+) and proton (H+) flux. Expression 

levels of a panel of these potentially participant genes was compared in myocardial tissues 

harvested from L-NAME and VEH treated mice (from hearts not exposed to the ex vivo 

ischemia protocol). L-NAME treatment produced higher expression levels of genes 

encoding key proteins involved in Ca2+/Na+/H+ handling in female hearts only. Expression 

upregulation was detected for a constellation of genes involved directly and indirectly in 

Ca2+ homeostasis: sodium hydrogen exchanger (NHE-1), sodium calcium exchanger 

(NCX), sodium channel subunit 1.5 (Nav1.5), L-type subunit Cav1.2 (Cav1.2), L-type 

subunit 1D (Cav1.3), T-type subunit 1G (Cav3.1d), T-type subunit 1H (Cav3.2), and 

ryanodine receptor (Ryr2) (Figure 5A, Table S1). Down-regulation of the RyR2 associated 

protein FKBP12.6 was also detected only in female hearts (Figure 5A, Table S1). Protein 

phosphorylation is critical in functional outcomes post-ischemia, determining the extent to 

which phosphorylation-mediated activation of proteins may be curtailed. Two protein 

phosphatase 2A (PP2A) subunits, PP2A Aβ and PP2A Cβ, were significantly up-regulated 

in female hearts (Figure 5A, Table S1). These data demonstrated a selective 

responsiveness of female hearts to chronic in vivo NO deficiency in the regulation of 

expression of transporters involved directly or indirectly in the Ca2+ homeostatic response. 
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3.5 Discussion 

This study provides novel demonstration that chronic in vivo NO deficiency adversely 

modulates acute post-ischemic functional responses in female, but not male, murine 

hearts. In response to a moderate ex vivo ischemic insult, hearts derived from L-NAME 

treated female animals exhibited increased incidence of reperfusion arrhythmias, diastolic 

abnormality and reduced contractile recovery in reperfusion. This differential response was 

observed even though baseline performance of hearts from L-NAME treated animals was 

not different to vehicle controls, myocardial inflammatory and fibrotic indices were similar 

in males and females and the systolic blood pressure effect of L-NAME administration was 

equivalent in both sexes. To examine underlying pre-disposing mechanisms, expression of 

a panel of candidate genes encoding proteins involved in electromechanical homeostasis 

(particularly relevant to ischemic challenge) was evaluated in normoxic myocardial tissues 

derived from L-NAME and VEH treated animals.  Analysis revealed that L-NAME 

treatment in females selectively regulated the expression of genes related directly and 

indirectly to cardiomyocyte Ca2+ handling in a manner consistent with destabilization of 

Ca2+ homeostasis and arrhythmogenesis. Our investigation provides new insight into the 

role of sustained decrease in NO bioavailability in determining distinctive female cardiac 

vulnerability to ischemic challenge. These findings may assist in identifying contexts in 

which NO signalling could be targeted in a sex-selective manner to achieve therapeutic 

outcome.  

 

As a clinically relevant established model, chronic L-NAME treatment (combined with 

uninephrectomy/high salt) provides a pre-failure cardiac setting of maintained NO 

deficiency combined with modest hypertension and renal impairment (Baylis, Mitruka et al. 

1992; Bienvenu, Morgan et al. 2012). For women in particular, these co-morbidites 

coincide in the increasingly prevalent condition of heart failure characterized by diastolic 

dysfunction with maintained systolic function. In failure, underlying loss of vasodilatory 

reserve (including NO-dependent vasodilation) is apparent and has been linked with 

impaired stress responses (notably in a study cohort comprising 75% female participants) 

(Borlaug, Olson et al. 2010).  In the present experimental investigation, where a defined 

ischemia stress was applied to ex vivo hearts (i.e. innervation independent), the findings 
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show that chronic NO deficiency has female-specific negative impact on intrinsic cardiac 

ischemic resilience. An implication of this finding is that greater jeopardy for females exists 

in response to a transient ischemic event where there is an underlying NO-deficient 

condition, such as would be likely associated with microvascular pathology (even in the 

absence of macrovascular disease). Furthermore, these findings indicate that this 

differential female responsiveness is observed even when markers of fibrosis and 

inflammation are similar.  

 

Our findings provide new evidence supporting the contention that strategies seeking to 

achieve beneficial outcomes in relation to cardiac NO interventions need to consider sex-

specific response nuances. It has been demonstrated experimentally that NOS expression 

levels are increased in females and that female hearts are more responsive to disruption 

of NO signaling (Cross, Murphy et al. 2002; Murphy and Steenbergen 2014). In this 

investigation L-NAME was administered at relatively low dose, and interestingly no basal 

effect on cardiac performance was apparent. In other studies, using male animals only, 

chronic L-NAME treatment at higher dose level has been linked with contractility 

impairment and severe structural remodeling (Ferreira-Melo, Demacq et al. 2011; Araki, 

Izumiya et al. 2012; Yang, Gao et al. 2015). No previous studies have investigated female 

responses. Our observations suggest that with low dose L-NAME, the NO deficiency 

produced may more closely mimic endogenous disease state, with maintained basal 

cardiac performance, and providing the context in which increased susceptibility of 

females to ischemic stress can be identified. Further studies are necessary to establish 

whether equivalent L-NAME dosage in males and females has differential effect on NO 

metabolism. Beyond inducing NO deficiency, we and others have shown that chronic L-

NAME increases myocardial tissue production of reactive oxygen species (Bienvenu, 

Morgan et al. 2012; Zambrano, Blanca et al. 2013). Detailed studies of nitrite/nitrate and 

ROS levels will assist in determining the metabolic and signaling basis for a sex difference 

in L-NAME cardiac performance modulation. 
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The efficacy of NO-targeted interventions in the acute reperfusion setting may be 

dependent on pre-existing NO bioavailability status - and also on sex-specific NO 

signalling characteristics. Intervention to suppress NO synthesis during reperfusion may 

be protective if ROS production is reduced but may also be associated with increased 

inflammation and infarct exacerbation (Hoshida, Yamashita et al. 1995; Couto, Britto et al. 

2015; Heusch 2015; Imani, Khansari et al. 2015). Similarly, NO donor intervention can 

potentially be of benefit or of detriment in contexts where additional stressors are present 

(Hoffman, Goldstein et al. 2003; Baker, Su et al. 2007; Dumitrescu, Biondi et al. 2007; 

Bice, Jones et al. 2016). The challenge in translating experimental findings to the clinical 

context reflects these complexities. Our current findings indicate that evaluation of acute 

NO interventions using female and male animal disease models of compromised NO 

bioavailability may be most informative.  A relationship between NO signalling and 

mineralocorticoid receptor activation has been identified in several cell types (Favre, Gao 

et al. 2011; Bienvenu, Morgan et al. 2012; Jia, Habibi et al. 2016). In particular it has been 

demonstrated that NO-dependent endothelial cell dysfunction can be abrogated by genetic 

deletion of the MR in females (Jia, Habibi et al. 2016; Victorio, Clerici et al. 2016). We 

have previously shown that cardiomyocyte MR deletion improves ex vivo cardiac 

functional responses to ischemia/reperfusion (Bienvenu, Reichelt et al. 2015). In this 

study, our findings show that in animals with cardiomyocyte-specific MR deletion, L-NAME 

associated differences in functional responses to ischemia/reperfusion were absent. This 

may suggest a protective role for MR blockade in suppressing NO-deficiency mediated 

responses, but this proposition requires further direct testing.  

 

The present study identified a distinctive gene expression signature in myocardium of 

females exposed to chronic L-NAME treatment. The panel of genes evaluated was 

constructed to focus on cardiomyocyte expressed genes involved in Na+, Ca2+ and H+ flux 

impacting electromechanical stability, on important Ca2+ cycling operational substrates 

regulated by phosphorylation and on the genes encoding proteins responsible for 

dephosphorylation. It is notable that L-NAME treatment did not induce any significant gene 

expression responses in male animals. In overview (summarized Figure 5B), in females 

the expression shifts suggest a cardiomyocyte transition to higher levels of Na+ & Ca2+ 



  Chapter 3 

 

106 

 

influx from external sources, reliance on increased exchanger activity to control ion 

homeostasis, an unstable internal Ca2+ store, and regulatory mechanisms with increased 

dependence on the phosphatase ‘off’ switch.  With the caveat that the gene expression 

responses require protein verification, they are strongly suggestive of a specific female 

NO-induced cardiomyocyte electromechanical phenotype vulnerable to 

ischemia/reperfusion ionic derangement and arrhythmogenesis (as indicated in Figure 5B) 

(Bell, Bernasochi et al. 2013).  Importantly, even though these significant expression 

changes can be detected, the basal function of L-NAME treated hearts is maintained. This 

indicates an underlying remodelling of operational mode to preserve basal function, with 

latent potential for stress instability.  

 

These analyses represent a collective assessment of expression shifts derived from  

multiple cell types present in the tissue – including endothelial cells and the most 

volumetrically significant cardiac myocyte population. Cardiomyocyte impacts of NO 

deficiency both directly, and indirectly via endothelial mediation seem likely. We and others 

have shown that female and male cardiomyocytes, subjected to simulated 

ischemia/reperfusion insults in vitro, perform differently and exhibit specific Ca2+ 

management responses (Parks and Howlett 2013; Bell, Curl et al. 2016). Accumulating 

experimental evidence is available to indicate a role for NO modulation of cardiomyocyte 

Ca2+ (Lunz, Natali et al. 2011; Yang, Gao et al. 2015) and Na+ (Parks and Howlett 2013; 

Zhang, Jin et al. 2014) handling. To date, these studies have involved  male animals.  Our 

findings provide impetus for further work investigating sex difference in cardiomyocyte 

functional Ca2+ and Na+ responses in settings of disease associated with a deficit in NO 

bioavailability.  
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3.6 Conclusions 

Our experimental investigation provides new insight into the role of sustained in vivo 

decrease in NO bioavailability in determining distinctive female cardiac vulnerability to 

ischemic challenge. In female hearts, chronic L-NAME treatment was associated with 

increased ischemia/reperfusion induced arrhythmic activity, diastolic abnormality and 

reduced contractile recovery. Gene expression analyses provide direction for further 

studies to characterize the signalling pathways involved and to examine cardiomyocyte 

Ca2+ functional dysregulation. These findings may assist in identifying contexts in which 

NO signalling could be targeted in a sex-selective manner to achieve therapeutic outcome.  
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3.8 Tables and figures 

Table 1. Nitric oxide deficiency induced fibrotic and inflammatory gene expression responses  

                  VEH                                L-NAME 
    Female      Male       Female        Male 
Collagen 1a1   
(COL1)  

1.00±0.12  0.97±0.10#    1.53±0.12*     0.88±0.09# 

 
Collagen 3a1   
(COL3)  

1.00±0.13   0.83±0.05    1.14±0.11                0.98±0.12 

 
Transforming growth  
factor beta-1  
(TGFβ-1)  

1.00±0.08   1.05±0.06    1.22±0.08†     1.18±0.09† 

 
Vascular endothelial  
growth factor a 
(VEGFa)  
 

1.00±0.07   1.28±0.14    1.67±0.19†     1.48±0.19† 

Data analyzed by two-way ANOVA. †p<0.05 treatment effect,  # p<0.05 sex effect,  
* P<0.05 Female VEH vs all other groups by Bonferroni’s post hoc test. n = 6-8. Mean ± SEM.  
 



m
m

H
g

A

D

Systolic Blood Pressure
P

e
rc

e
n

t a
re

a

C Interstitial Fibrosis Macrophage Infiltration

M
a

c2
+

 c
e

ll/
fie

ld

B Heart weight:Tibia length ratio

m
g/

m
m

Figure 1. L-NAME increases systolic blood pressure, fibrosis and macrophage infiltration similarly 
in female and male mice . A. Systolic blood pressure (plethysmography) , B. Heart weight to tibia length 
ratio , C. Picro-Sirius red measurement of interstitial myocardial fibrosis , D. Myocardial Mac2+ 
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Figure 4. L-NAME reduces recovery in female hearts at end reperfusion (45 min). 
A. Recovery of left ventricular developed pressure , B. Recovery of LV cardiac contraction 
(dP/dtmax) , C. Recovery of LV cardiac relaxation (dP/dtmin) , D. LV end diastolic pressure. 

All data analyzed by two-way ANOVA, # p<0.05 sex effect, * p<0.05 by Bonferroni’s post hoc 
test, † p<0.05 interaction effect. Mean ± SEM, n=7-8. 
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Figure 5. Nitric oxide deficiency and cardiomyocyte expressed gene levels – a female 
specific response  with electromechanical resilience implications. 

A. Gene expression heat map, red indicates 1.5 expression fold change (ie upregulation), 
green indicates 0.5 expression fold change (ie downregulation). Refer Table S2 for full gene 
descriptions and statistical annotation.

B. Mechanism hypothesis: summary of significant gene expression shifts induced in female 
myocardium with chronic NO deficiency and possible implications for mechanisms underlying  
acute ischemia-reperfusion vulnerability. 

All data analyzed by two-way ANOVA with Bonferroni’s post hoc test, fold change indicated 
by color gradient, n=7-8. Full abbreviations, refer Table S2.
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3.9 Supplementary methods  

3.9.1 Experimental animal model  

All procedures involving animals were approved by the relevant Institutional Animal 

Ethics and Biosafety Committees, and conducted in compliance with the 

NHMRC/CSIRO/ACC Australian Code of Practice for the Care and Use of Animals 

for Scientific Purposes (2013). The nitric oxide synthase inhibitor L-NG-Nitroarginine 

methyl ester (L-NAME, 150mg/kg/day) or vehicle (VEH) was administered to male 

and female mice (20-30g) in the drinking solution for an 8 week treatment period. L-

NAME dose was adjusted based on animal fluid consumption to ensure standardized 

treatment as previously reported [1]. To accelerate progression of cardiopathology 

over the 8 week treatment period and to provide co-morbidity context, mice were 

uninephectomized as previously described and drinking water supplemented with 

0.9%NaCl, 0.4%KCl [1].  A subset of experiments were performed in age-matched 

male and female cardiac-specific mineralocorticoid receptor null mice  

(MR-KO) of lineage identical to receptor intact mice [2, 4]. Lineage nomenclature of 

animal groups specified as MR-KO (myoMR-null MRflox/flox/MLC2vCre+/-) and control 

MR intact (myoMRflox/flox/MLC2vCre-/-). After 8 weeks treatment, mice were allocated 

either for histological assessment and expression studies or ex vivo functional 

evaluation. 

 

3.9.2 Systolic blood pressure  

Systolic blood pressure was measured by tail-cuff plethysmography at 8 weeks as 

described previously (ITTC Life Science) [3,4]. Three consecutive pressure 

measurements were obtained from prewarmed, trained mice. A subgroup set of 

measurements were also made at 4 weeks treatment.  

3.9.3 Assessment of cardiac function ex vivo  

Mice were anesthetised with sodium pentobarbitone (70mg/kg, i.p). A thoracotomy 

was performed, hearts excised into ice-cold perfusion fluid and the aorta cannulated. 

Hearts were retrogradely perfused with oxygenated (95% O2-5% CO2) modified 

Krebs-Henselit buffer (37.0°C, pH 7.4) in Langendorff mode at a constant pressure 
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of 80mmHg and instrumented for pressure recording as previously described 

(ADInstruments, Labchart v7.2) [2]  Modified Krebs-Henselit buffer contained (in 

mmloes per liter): 119.0 NaCl, 11.0 glucose, 22.0 NaHCO3, 4.7 KCL, 1.2 MgCl, 1.2 

KH2PO4, 0.5 EDTA, 1.75 CaCl, 2.0 Na pyruvate. L-NAME was not included in the 

perfusate. Hearts were perfused for 30 minutes prior to 20 minutes of global “no 

flow” ischemia and 45 minutes of reperfusion. Pacing at 420 beats per minute was 

maintained during the stabilisation period and re-commenced at 2 minutes 

reperfusion. Arrhythmia incidence was assessed from left ventricle pressure records 

as previously validated from electrocardiogram measurements. Hearts were 

removed from the apparatus and snap frozen. 

3.9.4 Histological and immunohistochemical analyses  

Cardiac tissues were harvested for immunohistochemical analysis from a cohort of 

animals treated in parallel with those evaluated for ex vivo function. Assessment of 

immunostaining was carried out in a blinded manner. Approximately 20 fields were 

sampled per tissue for determination of percent collagen area. Paraffin-embedded, 5 

μm thick heart sections were incubated for 1 hour with MAC2 (1:200; eBioscience, 

CA), followed by the appropriate biotinylated secondary antibody for 45 minutes at 

room temperature and then incubated with ABC complex (Vectastain, Vector 

Laboratories, CA) for 45 min. Positive staining was visualized by incubation with 3,3- 

diaminodenzidine (DAKO Corp., CA), and the tissues were counterstained with 

hemotoxylin. Positive staining for Mac2+ cells was viewed on an Olympus 

microscope (Olympus Optical Co. Ltd.) at x20 magnification. Cells were then 

counted per visual frame, and the total number of cells per field was divided by the 

total number of fields observed. An average of 30 fields per sample was counted. 

Fields containing less than 50% tissue or with obvious tears were excluded from the 

analysis. Histological analysis for collagen was performed on tissues stained with 

0.1% Sirius Red (Sigma-Aldrich, Australia) as previously described. Tissue sections 

were sampled using an unbiased systematic approach where the investigator was 

blinded to the identity of the sections.  
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3.9.5  Quantitative PCR  

Cardiac tissues were harvested for gene expression analysis from a cohort of 

animals treated in parallel with those evaluated for ex vivo function. Total RNA was 

isolated from snap frozen left ventricle with TRI Reagent® (Sigma-Aldrich, MO, USA) 

followed by DNase treatment with Ambion DNA-free (Life Technologies, CA, USA).  

First strand cDNA synthesis from total RNA was performed using the SuperScript III 

First-strand Kit (Invitrogen, Life Technologies, CA, USA). Quantitative digital PCR 

was carried out with Taqman® Gene Expression Assays (Life Technologies, CA, 

USA) using the Integrated Fluidic Circuits on the Biomark™ HD platform (Fluidigm, 

CA, USA).  Data were analyzed by Fluidigm Real-Time PCR Analysis software 

(version 4.12). Relative quantification of change in gene expression was calculated 

with the formula 2 (-∆∆Ct) and normalized to housekeeping gene (GAPDH) and 

female WT VEH group.   

3.9.6 Statistical analysis  

All data sets were analysed by Two Way ANOVA and Bonferroni’s post hoc test 

(GraphPad Prism version 6.0a and 7.0, GraphPad Software, CA). Differences 

between mean values were considered significant at P<0.05. All data are reported as 

mean ± SEM and n=7-10 to examine the effects of cardiomyocyte MR knockout and 

give 95% confidence of detecting changes of ≥20% in groups with a standard 

deviation of ≤15%. 
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3.9.8 Supplementary tables and figures 

Table S1. Nitric oxide deficiency alters expression of genes involved in cardiac function in female hearts only 

Description Gene 
symbol 

Female 
VEH 

Male  
VEH  

Female  
L-NAME  

Male  
L-NAME  

 
Na+ related 
signalling 

 
Sodium-hydrogen antiporter 1 (NHE-1)  

 
SLC9A1 

 
0.93±0.08 

 
1.08±0.11  

 
1.51±0.11 *  

 
1.06±0.15  

Sodium-calcium exchanger (NCX) SLC8A1 1.01±0.07 0.98±0.09  1.39±0.09 * 0.97±0.11  
Sodium channel subunit (Nav1.5) SCN5A 1.07±0.14 1.10±0.14  1.59±0.11 *  0.94±0.18  

       
Ca2+ related 
signalling 

Ryanodine receptor 2, SR Ca2+ release channel (Ryr2) RYR2 1.05±0.13 0.97±0.15  1.67±0.15 *  0.92±0.21  
FK506 Binding Protein 1B, 12.6 KDa, RYR2 stabilising protein (FKBP) FKBP1B 1.08±0.17 0.80±0.15  0.53±0.06 *  0.98±0.22  
FK506 Binding Protein 1A, 12kDa, RYR2 stabilising protein  FKBP1A 1.01±0.07 0.98±0.07  1.09±0.06                      1.06±0.08  
      
L-type calcium channel 1C (Cav1.2) (LTCC) CACNA1C 1.09±0.19 1.07±0.14  1.69±0.11 *  0.99±0.18  
L-type calcium channel 1D (Cav1.3) (LTCC) CACNA1D 1.13±0.22 1.26±0.19  1.89±0.50 *  0.82±0.19  
T-type calcium channel 1G (Cav3.1d) (TTCC) CACNA1G 1.14±0.24 0.89±0.09  1.39±0.15 *  0.62±0.13  
T-type calcium channel 1H (Cav3.2) (TTCC) CACNA1H 0.86±0.09 1.08±0.15  1.40±0.14 *  0.81±0.11  
      
Sarcoplasmic/Endoplasmic Reticulum Calcium ATPase 2(Serca2A) ATP2A2 1.03±0.09 0.97±0.07  1.19±0.07  0.95±0.07  
Phospholamban, SERCA2a inhibitory protein (PLB) PLN 1.02±0.08 0.85±0.06  0.93±0.07  0.89±0.05  
Calcium/calmodulin-dependent protein kinase II delta (CaMKIIδ)  CAMK2D 1.00±0.05 0.91±0.06  1.13±0.07  0.97±0.05  
Calmodulin-Dependent Calcineurin A, alpha Isoform  PPP3CA 1.00±0.04 0.96±0.07  1.04±0.05  0.97±0.05  
Calmodulin-Dependent Calcineurin A, beta Isoform  PPP3CB 1.01±0.06 0.98±0.11  1.01±0.06  1.00±0.05  

       
Protein 
phosphatases 

PP2A, Regulatory subunit A, alpha (PP2A Aα)  PPP2R1A 1.010.06 0.96±0.06  1.21±0.07  0.99±0.06  
PP2A, Regulatory subunit A, beta (PP2A Aβ)  PPP2R1B 1.01±0.05 0.98±0.08  1.28±0.08 *  0.97±0.07  
PP2A, Catalytic subunit C, alpha (PP2A Cα) PPP2CA 1.03±0.09 0.89±0.05  1.01±0.04  1.00±0.08  
PP2A, Catalytic subunit C, beta (PP2A Cβ) 
 

PPP2CB 1.01±0.05 1.01±0.05  1.21±0.05 *  1.09±0.06  

Relative quantification of change in gene expression was calculated with the formula 2 (-∆∆Ct) and normalized to housekeeping gene (GAPDH) and female F 
VEH group.  All data analyzed by two-way ANOVA. * WT F > all other groups by Bonferroni’s post hoc test. Mean ± SEM, n=7-8. 



  Chapter 3 

 

123 

 

Table S2. Nitric oxide deficiency does not alter expression of genes involved in cardiac function in male and female cardiomyocyte-specific MR 
knockout hearts 

Description Gene 
symbol 

Female 
VEH 

Male  
VEH  

Female  
L-NAME  

Male  
L-NAME  

 
Na+ related 
signalling 

 
Sodium-hydrogen antiporter 1 (NHE-1)  

 
SLC9A1 1.14±0.08  0.86±0.10  0.94±0.14  0.86±0.13  

Sodium-calcium exchanger (NCX) SLC8A1 0.93±0.09  0.87±0.09  0.97±0.14  0.84±0.11  
Sodium channel subunit (Nav1.5) SCN5A 1.06±0.09  0.96±0.14  1.37±0.15  1.32±0.27  

       
Ca2+ related 
signalling 

Ryanodine receptor 2, SR Ca2+ release channel (Ryr2) RYR2 1.28±0.17  0.95±0.19  1.32±0.26  1.16±0.25  
FK506 Binding Protein 1B, 12.6 KDa, RYR2 stabilising protein (FKBP) FKBP1B 0.93±0.15  1.56±0.23  0.68±0.13  1.57±0.13  
FK506 Binding Protein 1A, 12kDa, RYR2 stabilising protein  FKBP1A 0.95±0.04  0.98±0.09  1.18±0.10  1.01±0.06  
      
L-type calcium channel 1C (Cav1.2) (LTCC) CACNA1C 1.32±0.13  0.87±0.14  1.20±0.22  0.97±0.17  
L-type calcium channel 1D (Cav1.3) (LTCC) CACNA1D 0.99±0.09  1.12±0.21  0.99±0.22  1.15±0.17  
T-type calcium channel 1G (Cav3.1d) (TTCC) CACNA1G 1.03±0.15  1.09±0.16  0.90±0.19  1.01±0.19  
T-type calcium channel 1H (Cav3.2) (TTCC) CACNA1H 1.15±0.13  1.10±0.12  1.04±0.15  1.16±0.17  
      
Sarcoplasmic/Endoplasmic Reticulum Calcium ATPase 2(Serca2A) ATP2A2 1.03±0.04  0.88±0.05  0.99±0.09  0.90±0.09  
Phospholamban, SERCA2a inhibitory protein (PLB) PLN 0.81±0.04  0.92±0.61  0.99±0.05  1.02±0.07  
Calcium/calmodulin-dependent protein kinase II delta (CaMKIIδ)  CAMK2D 1.04±0.04  0.99±0.06  1.00±0.06  1.01±0.07  
Calmodulin-Dependent Calcineurin A, alpha Isoform  PPP3CA 0.88±0.03  0.96±0.04  1.02±0.05  1.04±0.06  
Calmodulin-Dependent Calcineurin A, beta Isoform  PPP3CB 0.89±0.04  1.04±0.06  1.04±0.06  1.11±0.09  

       
Protein 
phosphatases 

PP2A, Regulatory subunit A, alpha (PP2A Aα)  PPP2R1A 0.91±0.04  0.93±0.65  1.09±0.08  1.04±0.08  
PP2A, Regulatory subunit A, beta (PP2A Aβ)  PPP2R1B 1.04±0.06  0.89±0.07  1.13±0.09  0.89±0.09  
PP2A, Catalytic subunit C, alpha (PP2A Cα) PPP2CA 0.86±0.06  1.02±0.05  1.09±0.08  1.07±0.08  
PP2A, Catalytic subunit C, beta (PP2A Cβ) 
 

PPP2CB 1.07±0.06  0.92±0.05  1.14±0.11  0.95±0.07  

Relative quantification of change in gene expression was calculated with the formula 2 (-∆∆Ct) and normalized to housekeeping gene (GAPDH) and female F 
VEH group.  All data analyzed by two-way ANOVA. * WT F > all other groups by Bonferroni’s post hoc test. Mean ± SEM, n=7-8. 
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Figure S1. L-NAME does not regulate basal, ischemia or reperfusion cardiac function in 
female or male cardiomyocyte-specific MR knockout hearts.  

A. Left ventricular (LV) developed pressure, B. Intrinsic heart rate (ex vivo) non paced, C. Peak 
contracture, D. Time to contracture, E. Recovery of left ventricular developed pressure, F. 
Recovery of LV cardiac contraction (dP/dtmax), G. Recovery of LV cardiac contraction (dP/dtmax), H. 
Ectopic beats in early reperfusion.  

All data analyzed by two-way ANOVA, * p<0.05 by Bonferroni’s post hoc test. Mean ± SEM, n=6-9. 
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Figure S2. L-NAME increases systolic blood pressure but does not increase fibrosis or 
macrophage infiltration in male and female cardiomyocyte-specific MR knockout hearts. 

A. Systolic blood pressure  (plethysmography)   B. Heart weight to tibia length ratio C. Picrosirius 
red measurement of interstitial myocardial fibrosis . D. Myocardial Mac2+ macrophage infiltration. 

All data analyzed by two-way ANOVA, * p<0.05 by Bonferroni’s post hoc test. Mean ± SEM, n=6-
11.  
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General Discussion 
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4.1 Summary of key findings 

 

The overall goal of this Thesis (submitted with one accepted publication and one 

publication in submission) was to firstly, determine if cardiomyocyte MR deletion 

protects against cardiac remodelling and ischemia/reperfusion injury and dysfunction 

in male and female hearts with pre-existing disease, and secondly to evaluate the 

impact of NO deficiency on cardiac remodelling, injury and post-ischemic dysfunction 

in male and female hearts. 

 

The studies in this Thesis highlight the critical role cardiomyocyte MR plays not only 

in cardiac remodelling but also in cardiac functional outcome following an acute 

ischemic event. Furthermore, these data demonstrate that maintaining normal NO 

production and signalling is central to female-specific cardioprotection.  

 

Findings of this study expand the current understanding of the effects of MR 

activation in cardiomyocytes in both chronic cardiac structural and inflammatory 

responses and acute recovery from I/R in two separate models of chronic 

cardiovascular disease, mineralocorticoid excess and NO deficiency. Cardiomyocyte 

MR controls expression of key Ca2+ and Na+ regulatory mechanisms leading to 

reduced cardiac performance after an acute ischemic event regardless of pre-

existing disease. Furthermore, sex specific outcomes of ischemia are not related to 

MR but are modulated by NO bioavailability.  
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4.2 Role of myo-MRKO in cardiac recovery post-acute ischemia/reperfusion 

following chronic mineralocorticoid excess 

4.2.1 Mechanisms of cardiomyocyte MR signalling in I/R 

The data in this Thesis show for the first time that ablation of cardiomyocyte MR is 

pivotal in determining functional recovery post-acute ischemia via reduction of 

CamKII activation and NHE-1 expression.  

Activation of cardiac MR has clearly defined roles in cardiac fibrotic and inflammatory 

responses both clinically and experimentally (Pitt, Zannad et al. 1999; Wilson, 

Morgan et al. 2009; Young and Rickard 2012). MR signalling has a variety of effects 

in different tissues and avoiding deleterious side effects of MR suppression requires 

the assessment of the cell-specific roles of MR activation. These data demonstrate 

that cell-specific deletion of MR is sufficient to improve reperfusion function. Thus 

although MR is expressed in many cell types within the heart, the cardiomyocyte MR 

is responsible for functional changes despite the impact of ischemia in other cell 

types. Cardiomyocyte MR is essential for cardiac fibrotic and inflammatory 

responses to chronic excess mineralocorticoid treatment. In this study (Chapter 2) 

the improved fibrotic and pro-inflammatory profile observed in myo-MRKO hearts is 

consistent with the previous findings (Rickard, Morgan et al. 2012).  

MR antagonists are beneficial in patients with heart failure following myocardial 

infarction (MI). Previous experimental studies have examined the role of 

cardiomyocyte MR in chronic cardiac remodelling after in vivo MI and found that 

myo-MRKO improved functional outcomes (Fraccarollo, Berger et al. 2011; Lother, 

Berger et al. 2011). In this study, suppression of cardiomyocyte MR improved post-

ischemic left ventricular developed pressure and reduced early reperfusion 

arrhythmia via reduction in CaMKII phosphorylation and NHE-1 expression in male 

hearts. It is important to note that one of the earlier studies was completed on a 

group of animals of mixed sex and that the genetic MR deletion was achieved using 

Cre expression driven by a different promoter (MLC2v vs MLC) which may account 

for discrepancies in cardiac hypertrophy which was not evident in these data 

(chapter 2 study,  (Fraccarollo, Berger et al. 2011; Lother, Berger et al. 2011). Global 

ischemia was used in this study, comparable to total occlusion in humans, and was 

selected as it allows investigation of intrinsic heart properties without the interference 
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of hormones, peripheral vasculature and nervous system activity and it is more 

severe than coronary artery occlusion, allowing for greater dissection of functional 

differences between genetic models and pharmacological treatments. Reduced 

NHE-1 expression in response to suppression of MR signalling has been previously 

demonstrated in the heart (Wehling, Eisen et al. 1992). Pharmacological inhibition of 

NHE-1 is beneficial in heart failure, reducing Na+ and Ca+ overload as well as 

hypertrophy and cell death responses (Baartscheer, Schumacher et al. 2005; 

Cingolani and Ennis 2007). Though in human studies these benefits are lesser than 

MR antagonist effects (Farquharson and Struthers 2002). These data show that 

reduced cardiac NHE-1 expression is a cardiomyocyte MR-specific effect (Young 

and Funder 2003), and in combination with reduced activation of CaMKII (He, Joiner 

et al. 2011; He and Anderson 2013), reveal the cardiomyocyte MR as a potential 

target for the development of cardiac-specific therapies.  

 

4.2.2 Benefits of cardiomyocyte MR suppression are not sex-specific 

Sex differences are prominent in the development and progression of cardiovascular 

disease (Regitz-Zagrosek and Kararigas 2017). Male and female rodents respond 

differently to excess mineralocorticoids. Males are more responsive to DOC/salt 

treatment, showing greater fibrotic deposition compared to females (Karatas, Hegner 

et al. 2008). Further studies demonstrated that the sex-differences in DOC/salt 

treatment were dependent on ERβ signalling regulating mTOR activation (Gurgen, 

Hegner et al. 2011; Gurgen, Kusch et al. 2013). The novel findings in Chapter 2 

showed that female mice have equivalent cardiac fibrotic and inflammatory profiles 

compared to male hearts. Cardiac function during the basal, ischemic and 

reperfusion period was equivalent between wild type and myo-MRKO hearts of each 

gender. Consistent with data from males, female myo-MRKO hearts recovered to a 

greater extent than wild type female hearts. These data show that cardiomyocyte MR 

is crucial for cardiac fibrosis, inflammation and post-ischemic functional recovery in 

both sexes. Discrepancies between the lack of sex difference observed and previous 

studies may lie in the treatment regimes used, 0.3mg/DOC/day vs ~1.2mg/DOC/day) 

(Gurgen, Hegner et al. 2011; Gurgen, Kusch et al. 2013). Importantly, clinical data 

shows similar protection with MR antagonists in males and females (Pitt, Zannad et 

al. 1999; Pitt, Remme et al. 2003). This evidence supports the potential for MR 
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blockade in certain patients, i.e. post-infarct, both sexes, to reduce morbidity and 

mortality.  

One interesting consideration is the timing of MR antagonist treatment. Despite lack 

of evidence for the utility of these drugs administered during the ischemic period 

clinically, it is clear that long term blockade has few deleterious side effects and may 

be more widely applicable in the general heart failure patient population to reduce 

myocardial infarction-induced death and chronic disease (Hayashi, Tsutamoto et al. 

2003; Adamopoulos, Ahmed et al. 2009; van den Berg, Rongen et al. 2014; van den 

Berg, van Swieten et al. 2016).  

 

4.3 Sex-specific role of chronic in vivo NOS inhibition in cardiac remodelling 

and I/R functional responses  

4.3.1 Female hearts display inherent susceptibility to NO deficiency 

The data in Chapter 3 are the first to report that in an acute ischemic setting, NO 

deficiency renders female hearts more vulnerable to reperfusion dysfunction despite 

having similar fibrotic and inflammatory changes as males.  

NO is a well-known signalling molecule that is important in cardiac function and the 

cardioprotective effects of estrogen signalling (Murphy and Steenbergen 2014). 

Clinically heart failure is associated with low NO levels, highlighting this as a 

potential therapeutic target to develop sex-specific treatments (Bhushan, Kondo et 

al. 2014). Given that the incidence and outcomes of cardiovascular disease differ 

between men and woman and women are underrepresented in the literature there is 

urgent need for the development of female specific therapies, in particular for 

ischemia with no obstructive coronary artery disease (Bairey Merz, Pepine et al. 

2017). These data identify NO signaling as a selective therapeutic target of potential 

specific benefit in ischemia for women. 

This study is the first to show that chronic and sustained NO deficiency reduces 

post-ischemic recovery of left ventricular developed pressure specifically in female 

hearts. Along with reduced contractile performance, female hearts also exhibited 

increased reperfusion ectopic beats and diastolic abnormality. Molecular analysis 

revealed that these functional changes are associated with increased expression of 
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genes encoding Ca2+ and Na+ handling proteins (i.e. LTCC, TTCC, Ryr2, NHE-1, 

NCX, Nav1.5) and reduced expression of others (ie FKBP12.6) which would be 

expected to destabilize Ca2+ homeostasis. In particular, downregulation of FKBP12.6 

may result in destabilization of Ryr increasing open probability, and thus Ca2+ 

disturbance leading to arrhythmia and heart failure progression (Gomez, Rueda et al. 

2009; Galfre, Pitt et al. 2012). Increased expression of T-Type calcium channel 

subunits is expected under pathological conditions and may result in calcium current 

upregulation and the propagation of arrhythmia, though further experiments are 

required to confirm this (Ono and Iijima 2010). Thus, differentially targeting NO 

signaling selectively in both sexes may be crucial for achieving beneficial therapeutic 

outcomes after ischemia. Further work is required to determine the optimal timing 

and potential dosing and NO intervention to accomplish this effect.  

 

4.3.2 Potential benefit of MR suppression in NO deficiency 

In Chapter 2 the data demonstrated that cardiomyocyte-specific MR deletion is 

crucial for functional recovery in male and female hearts. As an extension of Chapter 

3, this thesis investigated if similar protection was seen in a model of cardiac 

dysfunction that is related to female cardioprotection. As cardiomyocyte MR 

suppression is important in recovery post-ischemia and it is known L-NAME has an 

MR component, the effect of cardiomyocyte MR suppression following chronic NO 

deficiency was assessed to identify any sex-specific effects (Tsukamoto, Minamino 

et al. 2006; Bienvenu, Morgan et al. 2012).  

Myo-MRKO hearts did not demonstrate cardiac fibrosis and inflammatory cell 

infiltration as was seen in the wild type hearts consistent, with previous studies 

(Rickard, Morgan et al. 2012). Interestingly, NO deficiency did not modulate 

functional responses to acute-ischemia/reperfusion in both male and female myo-

MRKO hearts. Therefore, although myo-MRKO has beneficial effects on functional 

recovery this occurs independent of the disease setting and sex, ie mineralocorticoid 

excess and NO deficiency. Cross talk between cardiomyocytes and other cell types 

within the myocardium which respond to NO, eg endothelial cells, may be an 

important area for further investigation (Favre, Gao et al. 2011).  
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Overall this study shows that MR suppression specifically in cardiomyocytes is 

beneficial in multiple disease settings, including NO deficiency, in both sexes and 

highlights the potential for MR targeted adjunct therapy in men and women with 

heart failure of multi-aetiologies and severity. These data suggest that the optimum 

timing for MR blockade is early in heart failure progression where there is scope to 

suppress fibrotic and inflammatory changes as well as protect against post-ischemic 

dysfunction. 
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Conclusions and future directions 
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Taken together, the current studies make a significant contribution to the current 

understanding of the impact of cardiomyocyte MR and sex in cardiovascular 

outcomes in acute and chronic cardiovascular disease. In mineralocorticoid excess, 

where deletion of cardiomyocyte MR is beneficial in both sexes, and NO deficiency, 

where differences are apparent in male and female hearts. Deletion of 

cardiomyocyte MR improves post-ischemic functional recovery via CaMKII activation 

and NHE-1 expression. As this occurred in both male and female hearts, the impact 

of NO deficiency was assessed and highlighted the importance of NO in female but 

not male hearts.  

Sex differences in cardiac function are known to involve NO signalling, particularly in 

females. With sustained NO deficiency, reperfusion recovery is reduced in female 

hearts and is associated with a unique transcriptional response involving a panel of 

Ca2+ and Na+ handling genes, responsible for upregulation of Ca2+ and Na+ release. 

NO-induced exacerbation of reperfusion injury is not evident in female myo-MRKO 

knockout hearts, indicative of a MR and NO relationship in myocardial damage in 

females. Clinically, maintaining NO bioavailability during heart failure development 

and progression specifically in females is essential, not only to protect heart structure 

but also to improve functional outcomes after an acute ischemic event. The use of MR 

antagonists may therefore improve outcomes in women with heart failure associated 

with low NO levels and clinical studies will need to be designed to specifically detect 

these benefits. As discussed in Chapter 1, the leading heart failure diagnosis for 

women is HFpEF which currently has no specific treatment and an NO specific 

component (Franssen, Chen et al. 2015; Zuo, Chuang et al. 2015; Ryan and Fang 

2016). Future studies are warranted to investigate the impact of cardiomyocyte MR 

activation in male and female hearts in a HFpEF setting (where NO bioavailability is 

impaired).   

Given that sex-differences have been described in mineralocorticoid excess studies 

(Gurgen, Kusch et al. 2013) and that ER:MR interactions are present in the 

vasculature (Barrett Mueller, Lu et al. 2014), the potential interaction of 

cardiomyocyte MR with other hormone receptors (e.g. ERβ) and these interactions in 

other cell types within the myocardium (including cross-talk between cell types) are 

an important direction for future experiments to identify sex and MR- specific 

therapeutic targets (Favre, Gao et al. 2011; Barrett Mueller, Bender et al. 2015).  
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Collectively, this thesis supports the emerging consensus that MR signalling is 

required for NO deficiency-induced cardiac dysfunction in females (but not males) 

and suggests that future studies need to address NO mediation of ER-MR 

interactions and pathophysiological functional outcomes, particularly in the female 

heart. This highlights the need to develop a more detailed understanding of the 

myocardial ER-MR signalling axis with the potential to identify intervention targets of 

particular relevance to women, i.e. HFpEF therapy. This thesis has made 

considerable contributions to the understanding of sex-specific MR influences in 

ischemia heart disease, and has identified several new avenues for investigation. 

Further studies of cardiomyocyte ER and MR signalling interaction in terms of 

cardiac structural changes as well as functional regulation are warranted. 

Additionally, future experiments should aim to explore the modulation of estrogen 

levels in combination with MR blockade/NO deficiency to identify potential beneficial 

outcomes which may influence the generation of sex-specific cardiac therapies. 
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