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Nitric oxide (NO) plays several critical roles in cardiovascular physiology. This molecule regulates cardiac function by modifying Ca2+-handling proteins through a process known as S-nitrosylation. These targets include L-type Calcium Channels (LTCC), Ryanodine Receptors (RyR2), Protein Kinase G (PKG), Phospholamban (PLB), sarco/endoplasmic reticulum Ca2+-ATPase (SERCA2a) and Ca2+/Calmodulin-dependent protein kinase II (CaMKII). S-nitrosylation is a covalent attachment of an NO moiety to the thiol side chain of a cysteine residue within a protein. This process can modify excitation-contraction coupling in cardiomyocytes and may mediate some forms of cardioprotection. Several studies have shown that S-nitrosylation may also be involved in the progression of cardiovascular diseases. Most importantly, recent studies have focused on the molecular mechanisms underlying cardiovascular diseases (CVD). Emerging evidence suggests that sex-specific differences in cardiac protein S-nitrosylation exist, and may partially explain disparities in cardiovascular health in males and females. Females have been found to have higher cardiac protein S-nitrosylation levels compared to men, and this is attributed to enhanced NO production through estrogen. Emerging data suggests that S-nitrosylation of specific proteins such as CaMKII has a dual role of promoting and preventing arrhythmias, it is not clear whether the cardioprotective effect of S-nitrosylation of specific cardiac proteins is sex-dependent. A deeper understanding of the mechanisms regulating the role of protein S-nitrosylation and the impact of sex differences on S-nitrosylation will open new avenues for therapeutic interventions in cardiac diseases.
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1 INTRODUCTION
Post translational modifications (PTMs) are known to regulate the functioning of cardiac proteins. For instance, O-GlcNAcylation is a PTM that has been described as a sweet-bitter one due to its protective or destructive effect depending on the duration and targets protein O-GlcNAcylation (Chatham and Marchase, 2010; Jensen et al., 2013a; Kristiansen et al., 2019; Ng et al., 2021; Okolo et al., 2023; Pælestik et al., 2017; Rao et al., 2004). Similarly, oxidation is a known player in cell health and signaling, where oxidative stress results from an imbalance between production from metabolism and accumulation of reactive oxygen species (ROS) in cells (Münzel et al., 2017; Pizzino et al., 2017). The impact of oxidation on cardiac ryanodine receptors (RyR2), the gatekeeper for bulk calcium ion (Ca2+) release in the heart, has been described as biphasic (Belevych et al., 2009; Terentyev et al., 2008; Waddell et al., 2016). At the single-channel level, oxidation RyR2 is known to either activate or inhibit the channel, all depending on the level of oxidation (Waddell et al., 2016). S-nitrosylation has also been identified in the modulation of the activity of cardiac proteins such as RyR2, sarco/endoplasmic reticulum Ca2+-ATPase (SERCA2a), Ca2+/Calmodulin-dependent protein kinase (CaMKII) and L-type calcium channels (LTCC) involved in excitation-contraction coupling (ECC). Another widely known PTM of cardiac proteins that drives cardiac function is phosphorylation. Interestingly, there are over 500 known protein kinases in the human kinome, where a good number of these kinases have been directly implicated in cancer, inflammatory, cardiovascular and metabolic disease progression (Ather et al., 2013; Chen et al., 2022; Cohen, 2001).
One current research focus has been on elucidating the molecular mechanisms that disrupt cardiac ECC, leading to arrhythmias and heart failure. The key players identified in cardiac functioning whose regulation or dysregulation could tip the scales from health to disease. Two of such drivers include PTMs (e.g., phosphorylation, O-GlcNAcylation, S-nitrosylation and oxidation) and sex differences. Further detail on the roles of these drivers in defining cardiac function, and the inter-relationship between them, will be discussed in this brief review. The term, cardioprotection will be used below and refers to all acute or chronic effects and strategies that aid in preservation of the heart against damaging stresses (Kübler and Haass, 1996). This can be achieved through several adaptive physiological and compensatory strategies or by therapeutic approaches.
With these in mind, this review aims to discuss how NO interacts with CaMKII in the heart and its effect on cardiovascular function as well as offer insights on the interplay between S-nitrosylation and sex differences.
1.1 Key players in cardiac functioning and cardioprotection
Before diving into molecular mechanisms affecting cardiac function, it is expedient to note that other factors such as genetic, epigenetics, hormonal, neurohumoral, circadian, environmental, molecular, cellular, sex differences and pathological influences, also feed into the cardiovascular regulation loop (Chang et al., 2021; Grandi et al., 2023; Hall et al., 2000; Peliciari-Garcia et al., 2018; Tao et al., 2023; Zhang et al., 2020). In fact, it is known that the PTM of proteins is an important factor responsible for modulating protein function, stability, and localization (Hirano et al., 2016; Lee et al., 2023). Evidence has emerged on the nature of many protein PTMs (phosphorylation, O-GlcNAcylation, S-nitrosylation, etc.) in tissues and organs such as the heart (Zhang et al., 2020; Young, 2023; Zhang and Jain, 2021). These highlight the intricate relationships between different factors that regulate cardiac function, suggesting a complex role of cardiac proteins in the heart. For instance, the mitochondria has been identified as a central regulator of cellular redox balance and considered a primary source of reactive oxygen species (ROS) in the heart (Shi and Qiu, 2020). The bioactivity and quality control of mitochondrial function are tightly regulated by reversible S-nitrosylation and denitrosylation of mitochondrial proteins (Ozawa et al., 2013). In response to changes in mitochondrial respiration and redox state, mitochondrial proteins can undergo S-nitrosylation, which serves to protect reactive thiol groups from irreversible oxidation and limits excessive ROS production (Piantadosi, 2012; Fernando et al., 2019). This redox-sensitive modification contributes to cellular defense by preserving mitochondrial integrity, preventing membrane permeabilization, and inhibiting apoptosis (Fernando et al., 2019; Whiteman et al., 2006). Given that mitochondrial dysfunction is a key contributor to cardiac disease, mitochondrial protein S-nitrosylation represents an important cardioprotective mechanism in conditions of oxidative stress.
Abnormalities in protein structure and function in any part of the cardiovascular system can impair cardiac function leading to CVDs such as arrhythmias, congenital heart diseases, coronary artery diseases, heart failure and stroke (Chakraborty et al., 2019; Jiang et al., 2004). The involvements of PTMs in exacerbating cardiovascular dysfunction and injuries have been widely studied (Okolo et al., 2023; Chakraborty et al., 2019; Asamudo and Erickson, 2019; Erickson et al., 2008; Erickson et al., 2013). Also known are the roles and influence of some PTMs as cardioprotective factors during disease or injury states such as (a) the reduction of infarct size by ischemic pre-conditioning and cushioning against ischemia/reperfusion (I/R) injury with O-GlcNAcylation, (b) leveraging S-nitrosylation to shield the heart from ischemic reperfusion injury and arrhythmias, and (c) as prospective tools for cardiac regeneration therapy (Jensen et al., 2013b; Li et al., 2022; Shiva et al., 2007).
1.2 Sex differences in cardiac function
While the component proteins of the heart determine its regulation, sex differences have emerged as another player in cardiovascular health, pre-disposition to and survival from certain diseases (Peters et al., 2019). Sexual dimorphism of the cardiovascular system begins from puberty when circulating sex hormones are stimulated to be produced from the gonads (Cabral et al., 1988). In males, this causes a 15%–30% expansion of heart mass, and expansion not seen in females (Cabral et al., 1988), resulting in a significantly smaller ventricle size and functional end diastolic dimensions in females (Parks and Howlett, 2013). Despite this anatomical difference, it is well established that basal cardiac function in females is hyperdynamic in comparison to males. Cardiac magnetic resonance imaging (MRI) and ventriculography studies have established female hearts to have a significantly higher heart rate, ejection fraction, relaxation rate and a significantly lower end-diastolic volume and end systolic volume (Parks and Howlett, 2013; Chung et al., 2006). The Dallas Heart study established there to be no significant difference in ejection fraction between males and females for a given end systolic volume. However, for any given end diastolic volume, females facilitated a significantly higher stroke volume and thus significantly higher ejection fraction in comparison to males (Chung et al., 2006). Due to the greater ventricle mass, males are able to facilitate a greater increase in ejection fraction than females in exercise conditions (Parks and Howlett, 2013).
Literature abounds on the links between cardiac function and sex-specific hormones which have receptors on cardiomyocytes (Curl et al., 2009; Murphy, 2011). Gonadectomy studies have established testosterone as determinant of the sexual dimorphic differences in cardiac function from a transcriptional level. Testosterone increases expression of Ca2+ channels and transporters to facilitate cardiac function characteristics of a male heart. However, gonadectomy resulted in hypo-contractility which was rescued by testosterone supplementation (Curl et al., 2009; Golden et al., 2003). This may explain the stronger response to exercise in males when compared to females. Female ovariectomy studies have established that estrogen has an important role in reducing SR Ca2+ stores and dampening Ca2+ transients (Fares et al., 2012). Furthermore, the sensitivity of cardiac myofilaments to Ca2+ increases significantly in ovariectomy rats, an effect rescued upon estrogen supplementation (Wattanapermpool et al., 2000). It is worth mentioning that progesterone is also able to attenuate Ca2+ sensitivity of myofilaments in the cardiomyocytes of female mice, but not male mice (Feridooni et al., 2017).
Echocardiography studies have established diastolic function of young females to be better than age matched males. However, with increasing age, males have worsening systolic function that is not observed in females (Grandi et al., 1992). The age-associated decline in testosterone in males and estrogen in females has been said to be associated with the corresponding age groups of increased risk of CVD prevalence (Kaushik et al., 2010). In males, the decline in testosterone occurs from age 50. However, it is suggested that this may occur years prior and impact cardiovascular function at an insignificantly lower level (Kaushik et al., 2010). In females, the decline in estrogen caused by menopause is well established to correlate with an increase in CVD mortality as discussed previously. However, there is no clear evidence of when the impact on cardiac function begins and whether it is related to insignificant decreases in circulating estrogen. There may also be changes further down the sex hormone transduction pathways of the cardiomyocytes that contribute earlier. That is, subcellular channels and enzymes that may become dysfunctional years prior and contribute more measurably to dysfunction when circulating sex hormones have significantly declined. This kind of subcellular dysfunction could explain why hormone replacement fails to rectify the problem, as the transduction pathway has developed external pathological triggers for signal transduction to occur in the absence of sex hormones. In CVD, it is well established that the autonomic nervous system increases sympathetic stimulation of the heart regardless of whether there is need for it. As sex hormone signaling work synergistically with sympathetic β-adrenergic signaling in the heart, it is plausible that a similar dysfunction is occurring in sex hormone transduction pathways.
1.3 Sex differences in cardiovascular disease prevalence
CVD is currently the highest ranked cause of death in globally and was historically considered a ‘disease of men’. However, CVD prevalence is currently higher in females when compared to males (Appelman et al., 2015). The net global burden of CVD is attributable to risk factors such as hypertension, smoking, obesity, diabetes, and hypercholesterolemia. Notably, associated mortality of CVD in males is higher than in females in all age groups, with difference particularly visible in the 40–44 age group (Mikkola et al., 2013). Unlike males, the associated mortality of CVD in females only increases from the 55–59 age group onwards, which is considered clinically as post-menopausal (Mikkola et al., 2013).
A significant contribution of this is caused by heart failure (Kobak et al., 2022; Martin et al., 2025). Two subcategories of heart failure (HF) may reflect sex determined CVD morbidity and associated mortality trends. HF with reduced ejection fraction (HFrEF) is a primarily a ventricular dysfunction, associated mostly by systolic dysfunction following myocardial damage. On the other hand, HF with preserved ejection fraction (HFpEF) is a multi-organ syndrome associated with diastolic dysfunction and affects more females than males (Kobak et al., 2022; Dunlay et al., 2017; Pepine et al., 2020). Prevalence increases significantly from age 55 in both sexes but becomes predominant in post-menopausal females (Pepine et al., 2020; Sotomi et al., 2021). However, HFpEF is now becoming the dominant form of HF associated with the worsening global diabetes and obesity epidemics. The decline of estrogen after menopause may hasten loss of cardioprotective mechanisms signaled by estrogen (Kobak et al., 2022; Pepine et al., 2020; Alex et al., 2018; Shuaishuai et al., 2023). This loss of estrogen is thought to be associated with the higher prevalence of females with obesity, diabetes, hypertension, autoimmune disease, and heightened immune function (Kobak et al., 2022; Pepine et al., 2020). Thus, it has become imperative that CVD risk factors specific to females become elucidated clearly to reduce the post-menopausal mortality risk (Appelman et al., 2015; Mikkola et al., 2013). Investigating this will not only improve diagnosis of females with CVD but also improve clinical outcomes.
The changes in estrogen signaling are not the only key contributors to CVD prevalence. Sex differences have been suggested to underlie key biochemistry and physiology aspects of cardiac function, and that dysfunction could occur prior to age-related decline of sex hormones (Casin and Kohr, 2020). 10% of females over the age of 80 have HFpEF as aging has been established to facilitate molecular and cellular changes involves in the pathophysiology (Kobak et al., 2022; Pepine et al., 2020; Sotomi et al., 2021; Shuaishuai et al., 2023). Redox imbalance caused by reduced antioxidant capacity and significant increase in ROS and RNS (reactive nitrogen species) production is one of the mechanisms that facilitate the aging of the heart (Martín-Fernández and Gredilla, 2016; Pagan et al., 2022). The epigenetic involvement of ROS/RNS-induced aging is associated with excessive S-nitrosylation of cardiomyocyte mitochondrial proteins (Hu and Ren, 2016; Schulman and Hare, 2012). A previous study reported a higher number of S-nitrosylated proteins in the mitochondria of female cardiomyocytes compared to males (Shao et al., 2016). It was suggested that this may be a key cardioprotective mechanism against irreversible oxidative damage. The same study also reported GSNO-R expression to not be significantly different to male cardiomyocytes. However, the GSNO-R activity in the female whole heart homogenates was significantly higher than the males. This was in accordance with another study (Brown-Steinke et al., 2010) that reported increased GSNO-R activity in female mice lungs compared to males, but no difference in expression. In the context of aging, these studies suggest that estrogen signaling in female hearts may be increasing GSNO-R activity to protect mitochondria from ROS/RNS induced premature aging.
Taken together with the cardioprotection of estrogen signaling, it is plausible that the cardiac antioxidant systems associated with biological males are vulnerable to becoming overwhelmed, predisposing them to premature aging of the heart. This is supported by a recent review (Qian et al., 2024) highlighting three key mechanisms that allow estrogen signaling, via the membrane bound GPR30 estrogen receptor, to prevent systolic and diastolic dysfunction. 1) Estrogen signaling increases the transcription of antioxidant defense against elevated ROS/RNS, 2) estrogen signaling prevents the pro-fibrotic and pro-apoptotic cascades and promotes physiological hypertrophy, and 3) estrogen signaling promotes increased atrial natriuretic peptide production to inhibit the Renin-Angiotensin-Aldosterone System cascade directly. Furthermore, estrogen signaling regulates BH4, a vital enzyme cofactor required for the synthesis of nitric oxide, to prevent the uncoupled eNOS (NOX) RNS production that characterizes atherosclerosis pathophysiology (Arias-Loza et al., 2013).
In the absence of estrogen signaling to upregulate antioxidant systems, biological male redox balance is prone to becoming overwhelmed much earlier in life. This may explain why biological males develop CVD much earlier in females as the features of cardiac aging would arise after estrogen signaling reduces. Thus, the gradual loss of estrogen regulation of antioxidant systems upon menopause is likely to reduce the protection of female hearts from premature aging and therefore promote cardiovascular dysfunction.
Further research into these biochemical and physiological sex differences could inform sex-specific diagnostics to prevent the progression of CVDs. This would not only be imperative to combat the worldwide burden of CVD morbidity and associated mortality but also contribute to improving quality of life by influencing the development of therapeutic interventions that take sex into consideration (Casin and Kohr, 2020).
1.4 Protein S-nitrosylation and cardiac function
Nitric oxide (NO) is synthesized from L-arginine by nitric oxide synthase (NOS). NOS has three main isoforms; Neuronal NOS (nNOS or NOS1), endothelial NOS (eNOS or NOS3) and inducible nNOS (NOS2; induced in heart after inflammation and is constitutively active). NO is known for its role in vasodilation of the vasculature via the stimulation of soluble guanylyl cyclase (Chen et al., 2008; Moncada et al., 2006) and its control of mitochondrial oxygen consumption by the inhibition of cytochrome c oxidase (Chen et al., 2008; Cooper, 2002; Shiva et al., 2001). NO has proven benefit to cardiovascular health given that it can curb inflammation and oxidative stress under physiological conditions (Sharma et al., 2007), whereas inflammation promotes development of atherosclerosis (Ebenebe et al., 2020; Libby et al., 2002). Conversely, NO inhibits platelet aggregation, thereby limiting blood clot formation that can occlude blood vessels, a precursor to heart attacks and strokes (Nong et al., 1997). The inherent function of NO in cardiovascular biology is the promotion of blood flow and limiting CVD risk such as atherosclerosis and thrombosis at bay (Chen et al., 2008; Moncada et al., 2006). Consequently, a shortfall in NO synthesis is linked to CVDs (Tidball and Wehling-Henricks, 2014).
In addition to the multifaceted roles of NO, it can post-translationally modify and modulate cardiac proteins including kinases via S-nitrosylation (Broillet, 1999; Sun and Murphy, 2010; Foster et al., 2009). S-nitrosylation, a major effector of NO signaling, involves the addition of a NO group to the cysteine thiol (-SH) residues in proteins and the balance of S-nitrosylation is controlled by enzymes that metabolize S-nitrosothiols, for instance, S-nitrosoglutathione reductase (GSNO-R), which catalyzes the reduction of S-nitrosoglutathione (GSNO) (Irie et al., 2015). This modification causes conformational changes in proteins, can increase or decrease catalytic activity and induce complex formation. Protein S-nitrosylation has been regarded as transient signaling mechanism. S-nitrosothiols are labile and can transition to form disulfides by reacting with thiols. Even though there are exceptions where nitrosothiols that form on proteins do not exhibit the predicted high degree of reactivity. The stabilization of nitrosothiols in this case is conferred by the shielding of the nitrosothiol from cytosolic reducing agents through conformational changes (Paige et al., 2008). These disulfides are more stable and dominate over S-nitrosothiols after exogenous or endogenous nitrosative signaling. The overlap between S-nitrosylation and disulfides underscores a regulatory mechanism wherein S-nitrosylation transiently modulates protein function, potentially acting as a protective modification against irreversible oxidation, before transitioning to a disulfide state (Wolhuter et al., 2018; Lim et al., 2008).
Direct regulation of Ca2+-handling proteins can occur through S-nitrosylation with resultant effects being protein-, duration/degree- or site-dependent (Irie et al., 2015; Alim et al., 2022; Lima et al., 2010). In cardiomyocytes, S-nitrosylation regulates ECC by mediating the activity of Ca2+-handling proteins (Figure 1).
[image: Figure 1]FIGURE 1 | Overview of protein S-nitrosylation of Ca2+-handling proteins in the cardiomyocyte. RyR2 (ryanodine receptor 2) is located on the sarcoplasmic reticulum (SR) membrane near the L-type calcium channel (LTCC) through which Ca2+ enters and triggers further Ca2+ release from the SR into the cytosol via RyR2. The rise in Ca2+ leads to activation of Ca2+/Calmodulin-dependent protein kinase II (CaMKII) which can phosphorylate LTCC and RyR2 to promote Ca2+ release. Transient increase in Ca2+ initiates contraction at the myofilaments. When Ca2+ is removed from the cytosol, relaxation occurs. The Sarcoendoplasmic Reticulum Ca2+-ATPase (SERCA) then pumps Ca2+ back into the SR to restore Ca2+ stores. On the SR, neuronal nitric oxide synthase (nNOS) promotes S-nitrosylation of RyR2 and enhances Ca2+ release, while S-nitrosylation of CaMKII reduces its activity in the absence of β-adrenergic receptor stimulation. Endothelial Nitric Oxide Synthase (eNOS) regulates the S-nitrosylation of LTCC leading to reduction in channel activity and Ca2+ entry, which is a protective mechanism against ischemia/reperfusion injury. Myofilament protein, cTnC can also undergo S-nitrosylation, potentially influencing myocardial Ca2+ sensitivity via modulation of cross-bridge cycling. Meanwhile S-nitrosylation of phospholamban (PLN) diminishes the inhibitory effect on SERCA, increasing Ca2+ uptake into the SR.
S-nitrosylation of RyR2 can increase RyR2 activity and hypo-nitrosylation of RyR2 increases Ca2+ leak and arrhythmogenesis in cardiomyocytes, suggesting the critical role of NO in cardiac contractility (Vielma et al., 2016; Gonzalez et al., 2007; Wang et al., 2010; Marx et al., 2001; Gonzalez et al., 2007). In heart failure, there is reduced NO bioavailability in turn there is an increase in oxidative stress, this redox modifications of RyR2 impairs the S-nitrosylation of the cysteine residues (Nikolaienko et al., 2018). This deficiency in RyR2 S-nitrosylation leads to diastolic Ca2+ leak (Gonzalez et al., 2010). Loss of NO availability which is associated with nitroso-redox imbalance promotes arrhythmic phenotype through increase in ROS. There is also an observed crosstalk between S-nitrosylation and phosphorylation as observed in the downregulation of RyR2 phosphorylation at S2814 (Burger et al., 2009; Cutler et al., 2012).
In LTCCs, S-nitrosylation via NOS modulates Ca2+ influx, particularly in response to β-adrenergic stimulation. During sympathetic activation as observed in I/R, β-adrenergic signaling enhances LTCC activity via protein kinase A (PKA)-mediated phosphorylation, leading to increased Ca2+ entry and enhanced cardiac contractility. However, S-nitrosylation of LTCC acts as a countereffect by decreasing channel activity, limiting SR Ca2+ at the beginning of ischemia, thereby reducing Ca2+ overload in early reperfusion and subsequently preventing I/R injury (Vielma et al., 2016; Sun et al., 2006).
S-nitrosylation of SERCA2a in cardiomyocytes after treatment with a NO donor, S-nitrosoglutathione (GSNO) enhances SR Ca2+ uptake into the SR and reduces Ca2+ overload during I/R (Sun et al., 2007). Meanwhile, S-nitrosylation of PLB diminishes its inhibitory effect on SERCA2a, leading to enhanced Ca2+ uptake into the SR. This modification facilitates efficient Ca2+ cycling and contributes to improved cardiac contractility (Irie et al., 2015; Vielma et al., 2016). Thus, there may be an interplay between PLB S-nitrosylation and SERCA2a activity, which may explain a critical mechanism by which NO signaling modulates cardiac function.
β-adrenergic stimulation has also been shown to induce S-nitrosylation of myofilament proteins (Irie et al., 2015). For instance, S-nitrosylation of cardiac troponin C at C84 in wild-type (WT) cardiomyocytes decreased myocardial Ca2+ sensitivity compared to GSNOR-tg cardiomyocytes. Notably, phosphorylation of cardiac troponin I (cTnI) at Ser22/23, a key determinant of Ca2+ sensitivity, was similarly enhanced by isoproterenol (ISO) in both WT and GSNOR-tg hearts. These findings indicate that S-nitrosylation may play a role in mediating the ISO-induced reduction in myofilament Ca2+ sensitivity, parallel to cTnI phosphorylation.
One kinase that has been implicated in cardiac diseases is CaMKII. Experiments have further demonstrated that the inhibition of CaMKII restores contractility and relaxation in the isolated hearts of type 2 diabetic rat models (Daniels et al., 2018), suppresses arrhythmic events in type 1 diabetic mouse myocytes (Hegyi et al., 2021), and promotes post-ischemic recovery in isolated hearts (Bell et al., 2014; Yao et al., 2022).
CaMKII can regulate cardiac proteins and function by its direct phosphorylation of proteins such as RyR2, PLN and LTCC (Camors and Valdivia, 2014; Wehrens et al., 2004; Witcher et al., 1991; Zhang et al., 2003), but its activity can be modulated by the S-nitrosylation (Alim et al., 2022; Curran et al., 2014; Gutierrez et al., 2013; Coultrap and Bayer, 2014; Pereira et al., 2015; Erickson et al., 2015; Power et al., 2023). Recent evidence has shown that during stress response, there is an increase in NO production which can activate one of the cardiac-specific isoforms of CaMKII, δ, through S-nitrosylation and activation of this kinase via this mechanism can have protective or detrimental effects on cardiac function depending on the cysteine residue that is modified. In the heart, CaMKIIδ can be S-nitrosylated via two cysteine residues that alter function, Cys 273 and Cys 290. The Cys 273 site inhibits activation by Calcium/Calmodulin (Ca/CaM), while the Cys 290 site enhances autonomous activity. Studies have shown that treating cardiomyocytes with a NO donor before CaMKIIδ activation causes S-nitrosylation of the Cys 273 site and that prevents the increase in Ca2+ spark frequency due to β-adrenergic receptor (β-AR) activation. Conversely, when activation occurs before treatment with a NO donor, S-nitrosylation of the Cys 290 site promoted CaMKIIδ activity (Erickson et al., 2015) (Figure 2). Other studies have also shown that CaMKII contributes to pro-arrhythmic signaling in cardiomyocytes through S-nitrosylation even in the absence of β-adrenergic stress (Curran et al., 2014; Gutierrez et al., 2013). In addition, we have also demonstrated that CaMKIIδ S-nitrosylation can prevent or promote arrhythmias in isolated hearts depending on the order of β-adrenergic stimulation and NO treatment (Power et al., 2023). These findings further solidify the evidence that S-nitrosylation of CaMKIIδ plays a dual role in cardiac function. According to (Erickson et al., 2015), this dual role was attributed to the conformational change that occurs during S-nitrosylation before and after CaMKII activation. They hypothesized that the possible steric occlusion of the CaM binding site on the regulatory domain when the Cys 273 site is S-nitrosylated prevents CaM binding, thereby reducing CaMKII activity.
[image: Figure 2]FIGURE 2 | Overview of CaMKII S-nitrosylation sites and dual regulation of CaMKII activity in the heart. (A) Elevated [Ca2+] with CaM before increase in NO level allows access to C290 in the regulatory domain and S-nitrosylation of the C290 residue of CaMKII. This activates autonomous activity of the kinase even after [Ca2+] decreases and CaM dissociates. (B) Increase in NO levels before Ca2+/CaM results allows S-nitrosylation of the C273 residue that limits the ability of Ca2+/CaM to activate CaMKII. CaMKII, Ca2+/Calmodulin-dependent protein kinase II; NO, nitric oxide; CaM, Calmodulin.
There is an interplay between PTMs, especially S-nitrosylation and oxidation since a balance between the two PTMs play a role in cardiovascular signaling. CaMKII oxidation (Erickson et al., 2008) has been found to contribute to cardiac dysfunction due to increase in ROS, especially in heart failure, arrhythmias and ischemic heart disease. Previous study observed that the C290 S-nitrosylation site also modulates oxidation-dependent CaMKII activity in the heart, therefore in pathological signaling such as I-R where there is increase in ROS, both oxidation and S-nitrosylation could be competing for this site. It is possible that this site alters the structural conformation of CaMKIIδ in a way that influences its redox sensitivity (Erickson et al., 2015).
While there is conflict on the exact role of S-nitrosylation on some cardiac proteins, the evidence of its deficiency being implicated in disease speaks strongly of its position as a stakeholder in cardiovascular health. One clear instance is where S-nitrosylation of protein kinase G (PKG) drives increased PKG activity, in turn, leading to reduced afterload due to vasodilation (Mangmool et al., 2023). In the heart, S-nitrosylation has been shown to work in tandem with phosphorylation to regulate and tune many cardiac Ca2+-handling proteins, thereby expanding its role in cardiac Ca2+ homeostasis (Irie et al., 2015). S-nitrosylation of cardiac CaMKII has been demonstrated to boost cardiac contractility acutely following a mechanical afterload (e.g., aortic valvular resistance and elevated arterial pressure) (Alim et al., 2022; Power et al., 2023; Reil et al., 2020). However, excessive S-nitrosylation of some cardiac proteins could be harmful to cardiac function depending on the degree of modification and duration. This then places S-nitrosylation of cardiac proteins in a context where they may be specifically leveraged as a novel therapeutic to enhance myocardial function.
1.5 Sex differences in S-nitrosylation signaling
Sex hormones play a key role in NOS expression in the heart, which has previously been used as an explanation of sex differences in CVD-associated mortality (Hodgin et al., 2002). Estrogen has been shown to increase both eNOS and nNOS expression in murine studies which was concluded to be cardioprotective (Chen et al., 2003; Haynes et al., 2003; Shao et al., 2017). However, testosterone has only been shown to increase eNOS in vascular smooth muscle which rationalizes males being prone to hypertension at a younger age than females (Yu et al., 2010). In a human heart sample study, female samples were reported to have more NO in comparison to male samples (Schuh et al., 2017).
The effect of protein S-nitrosylation has been observed to be sex-dependent at the level of Ca2+ channels downstream to β1-AR and CaMKIIδ. A study on LTCC S-nitrosylation in mouse hearts reported that ISO induced female mouse hearts had significantly greater S-nitrosylated L-type Ca2+ channels than males (Sun et al., 2006). Furthermore, as estrogen has been established to decrease L-type Ca2+ channel expression and current (Ma et al., 2009), this increase in S-nitrosylation suggests that estrogen-NO signaling plays a key role in modulating the Ca2+ transients in conditions of acute β-adrenergic stress. The reduction in S-nitrosylation of male L-type Ca2+ channels therefore shows that lower levels/absence of estrogen would support greater Ca2+ transients to facilitate better cardiac function as the functional result of a superior β-adrenergic transduction pathway in young males when compared to young females (Parks and Howlett, 2013; Sun et al., 2006; Ma et al., 2009). It is also possible that higher ICa,L may facilitate excessive Ca2+ flux seen in heart failure (Gorski et al., 2015).
To further explain the role of estrogen in cardiac function, there are two key nuclear estrogen receptors (ER) in the body. The alpha subtype (ER-α) is associated with the pathophysiology of breast cancer. Whereas the beta subtype (ER-β) is associated with cardiac protection observed in females of childbearing age (Lin et al., 2009). A study (Lin et al., 2009) elucidated an interaction between ER-β and NO that contributed to cardiac protection. They reported that stimulation of ER-β increases NO production and facilitates two protective outcomes; 1) S-nitrosylation of cardiac enzymes to change their activity by inducing a structural conformational change, and 2) S-nitrosylation of cystine residues to protect them from being damaged by oxidation. These two protective outcomes are supported by several studies (Sun et al., 2006; Lin et al., 2009) and is in accordance with a study (Shao et al., 2016) reporting that S-nitrosylation of cardiac proteins occurs in a sex dependent manner. They reported the number of S-nitrosylated proteins to be higher at baseline in female mice hearts compared to males and this was associated with significantly increased eNOS expression and eNOS phosphorylation in females compared to males. Furthermore, increased S-nitrosylation of the mitochondrial compartments of female cardiomyocytes was observed and concluded to be in support of the second protective outcome against oxidative stress as suggested in a previous study (Lin et al., 2009). Together, these studies implicate a possible signaling mechanism that protects female hearts from developing CVD before menopause. We suggest this mechanism may be associated with female sex hormones signaling through ER-β to increase NOS expression and NO production, and thus S-nitrosylate cardiac enzymes to regulate their activity in the cardiac cycle, and S-nitrosylate available cysteines to protect them from the permanent damage of oxidative stress.
Taken together with CVD prevalence in males occurring earlier than females, this is consistent with NO production and signaling being cardioprotective and augmented via estrogen. Furthermore, a study reported that isoproterenol-induced female mouse heart had significantly greater S-nitrosylated proteins than males (Shao et al., 2016; Sun et al., 2006). This was shown to be specifically significant in S-nitrosylation of the LTCCs. As earlier mentioned that estrogen has been established to decrease LTCC expression and current (Ma et al., 2009), this increase in S-nitrosylation suggests NO signaling plays a key role in upregulating the Ca2+ transients in conditions of acute β-adrenergic stress, when under the influence of estrogen. This would support greater Ca2+ transient dynamic range of cardiac function increase as the result of β-adrenergic transduction pathway (Sun et al., 2006; Ma et al., 2009).
1.6 Is there a potential sex difference in CaMKII S-nitrosylation?
As CaMKIIδ is a key cardiac enzyme dually regulated by S-nitrosylation (Erickson et al., 2015), it is interesting to note that estrogen has also been established to both inhibit CaMKIIδ activity indirectly by inhibiting upstream receptor β1-AR and directly inhibit autonomous activation of CaMKIIδ (Ma et al., 2009). The two protective outcomes outlined previously (Lin et al., 2009) do fit regulation characteristics of CaMKIIδ during S-nitrosylation. 1) S-nitrosylation of the C273 site reduces activity by stabilizing autoinhibition and S-nitrosylation of the C290 increases activity by inducing autonomous activity; and 2) S-nitrosylation of C273 would protect it from being damaged by oxidation and no longer able to induce autoinhibition and prevent pathological autonomous activity (Erickson et al., 2015; Ma et al., 2009).
It is currently unknown if CaMKII S-nitrosylation differs in males and females, considering that females have been shown to have a higher higher NO availability following β-AR stimulation (Sun et al., 2006). With estrogen enhancing NO signaling to increase Ca2+ signaling, it is possible that the presence or absence of estrogen influences the level of CaMKII activity. Thus, we can postulate that S-nitrosylation of CaMKII facilitates an increase in phosphorylation of Ca2+-handling channels in a sexually dimorphic manner. Since S-nitrosylation of CaMKII influences autonomous activity, it is plausible that this modification is modulated by estrogen signaling in females. The absence of estrogen signaling in males may therefore reduce the amount of baseline CaMKII that is unavailable for activation (less S-nitrosylation at C273) allowing greater CaMKII signaling in the β-adrenergic transduction pathway (and conversely less in females). In response to acute stress, this is observed as a stronger functional increase in cardiac function. However, in chronic β-adrenergic conditions, it may be pivotal in the development of persistent cardiac dysfunction at an earlier age in males.
2 CONCLUSION
Ca2+ remains a key regulator of cardiac function, and cardiac proteins play crucial roles in maintain Ca2+ homeostasis. In pathological conditions such as arrhythmias and heart failure, dysregulation of Ca2+ cycling can occur due to PTMs such as phosphorylation, O-GlcNAcylation, oxidation and S-nitrosylation. Here, we have discussed the role of S-nitrosylation in cardiovascular functioning, dysfunction, and protection. Overall, protein S-nitrosylation and sex differences can be leveraged as potential novel biomarkers for early diagnosis of disease onset and progression. Furthermore, their therapeutic potential can be exploited in the context of individual health conditions, possibly placing them in the landscape of personalized medicine. Such sex differences and S-nitrosylation may be manipulated to the point of enhancing the safety and efficacy of some known cardioprotective strategies. It is already known that some PTMs may facilitate pre-and post-conditioning protection, hence, moving this towards patient care might be worth exploring (Dezfulian et al., 2013). Succinctly put, sex differences and protein S-nitrosylation, amongst other players, may reveal untapped and unexplored pathways and mechanisms for cardioprotection which may not yet be fully understood. It is currently unknown if sex influences S-nitrosylation of CaMKII in persistent cardiac dysfunction. However, as estrogen has been established to both inhibit CaMKII activity and autonomous activity (Ma et al., 2009), as well as increase nNOS expression and NO production (Sun et al., 2006; Ma et al., 2009; Chen et al., 2003; Ma et al., 2009), we postulated that estrogen signaling may be involved in baseline regulation of S-nitrosylation at the C273 vs. C290 sites of CaMKII, providing protection in females against overactivation of CaMKII. The lack of estrogen-dominated signaling in males may shift the homeostatic S-nitrosylation toward C290 vs. C273 sites of CaMKIIδ, thereby promoting CaMKII autonomous activation. This would implicate C290 S-nitrosylation to also be more upregulated because of a lack of estrogen signaling during β1-adrenergic signaling and thus more persistent cardiac dysfunction at an earlier age in males than females. Investigation of this novel dynamic provides a promising window into the underlying biochemistry and physiology which may contribute to the sex-specific disparities in CVD morbidities and mortality.
One major challenge in decoding the physiological and pathological relevance of protein S-nitrosylation in the heart has been the lack of real-time and specific detection methods. Useful approaches, such as the biotin-switch technique (BST) (Jaffrey and Snyder, 2001; Forrester et al., 2007; Kohr et al., 2011), have been instrumental in identifying nitrosylated targets, but are limited by low specificity, low efficiency and high false positive rates (Liang et al., 2024). Another commonly adopted method is the use of mass spectrometry to identify the specific sites of SNO modification and it enhances detection sensitivity by detecting peptide segments (Kohr et al., 2011; Derakhshan et al., 2007; López-Sánchez et al., 2014; Thompson et al., 2013). There are limitations in the use of this method such as the accuracy of mass spectrometry instruments, potential recognition errors from low-abundance peptide segments and the requirement for large protein samples. However, recent technological innovations have significantly advanced the field. For example, two-dimensional nitrosylated protein fingerprinting using poly (methyl methacrylate) (PMMA) microchip platforms offers enhanced resolution and quality output, enabling the separation and detection of distinct S-nitrosylated isoforms in human colon epithelial adenocarcinoma cells (HT-29) and AD transgenic mice brain tissues (Wang, 2012). More recently, mass spectrometry-compatible strategies such as iodoTMT switch assay (Qu et al., 2014), SNOTRAP (Yang et al., 2023), and other chemoselective ligation-based assays have revolutionized the detection of protein S-nitrosylation by providing site-specific and reproducible quantitative assessments of protein S-nitrosylation (Wang, 2012). Many modifications have also been done on BST and Mass spectrometry to reduce experimental cost, increase specificity, detection efficiency and sensitivity (Liang et al., 2024). Moreover, the ability to resolve nitrosylation patterns with greater precision has implications for understanding sex differences and age-related remodeling in cardiac function. These advanced technologies hold promise for refining our understanding of how S-nitrosylation contributes to both homeostasis and disease, particularly when integrated with omics identification methods.
On the cautionary side, sex differences and protein S-nitrosylation amongst other key players are still quite complex and their effects on cardiac function and stress response are context-dependent, may vary greatly depending on the degree of modification or stimulus, duration, species, age, sex, and co-morbidities of the subject. These need to be considered to enable the adoption of balanced personalized strategies towards relieving CVD burden globally and provide more evidence for acknowledgment of sex in clinical management of CVDs. Therefore, further research into these biochemical and physiological sex differences could inform sex-specific diagnostics to prevent the progression of CVD and the development of arrhythmogenesis. This would not only be imperative to combat the worldwide burden of CVD morbidity and associated mortality but also contribute to improving quality of life by influencing the development of therapeutic interventions that take sex into consideration (Casin and Kohr, 2020).
AUTHOR CONTRIBUTIONS
EA: Writing – original draft, Writing – review and editing. RP: Writing – original draft, Writing – review and editing. JE: Writing – review and editing. DB: Writing – review and editing, Funding acquisition.
FUNDING
The author(s) declare that financial support was received for the research and/or publication of this article. The authors acknowledge NIH funding (R01HL142282).
GENERATIVE AI STATEMENT
The author(s) declare that no Generative AI was used in the creation of this manuscript.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Alex L., Russo I., Holoborodko V., Frangogiannis N. G. (2018). Characterization of a mouse model of obesity-related fibrotic cardiomyopathy that recapitulates features of human heart failure with preserved ejection fraction. Am. J. Physiology-Heart Circulatory Physiology 315 (4), H934–H949. doi:10.1152/ajpheart.00238.2018
 Alim C. C., Ko C. Y., Mira Hernandez J., Shen E. Y., Baidar S. Chen-Izu Y., et al. (2022). Nitrosylation of cardiac CaMKII at Cys290 mediates mechanical afterload-induced increases in Ca2+ transient and Ca2+ sparks. J. Physiology 600 (22), 4865–4879. doi:10.1113/JP283427
 Appelman Y., van Rijn B. B., Ten Haaf M. E., Boersma E., Peters S. A. E. (2015). Sex differences in cardiovascular risk factors and disease prevention. Atherosclerosis 241 (1), 211–218. doi:10.1016/j.atherosclerosis.2015.01.027
 Arias-Loza P.-A., Muehlfelder M., Pelzer T. (2013). Estrogen and estrogen receptors in cardiovascular oxidative stress. Pflügers Archiv-European J. Physiology 465, 739–746. doi:10.1007/s00424-013-1247-7
 Asamudo E., Erickson J. (2019). S-nitrosylation as a post-translational modification of CaMKIIδ and its effects on cardiac function. Heart, Lung Circulation 28, S228–S229. doi:10.1016/j.hlc.2019.06.222
 Ather S., Wang W., Wang Q., Li N., Anderson M. E., Wehrens X. H. T. (2013). Inhibition of CaMKII phosphorylation of RyR2 prevents inducible ventricular arrhythmias in mice with Duchenne muscular dystrophy. Heart rhythm. 10 (4), 592–599. doi:10.1016/j.hrthm.2012.12.016
 Belevych A. E., Terentyev D., Viatchenko-Karpinski S., Terentyeva R., Sridhar A. Nishijima Y., et al. (2009). Redox modification of ryanodine receptors underlies calcium alternans in a canine model of sudden cardiac death. Cardiovasc. Res. 84 (3), 387–395. doi:10.1093/cvr/cvp246
 Bell J. R., Vila-Petroff M., Delbridge L. M. (2014). CaMKII-dependent responses to ischemia and reperfusion challenges in the heart. Front. Pharmacol. 5, 96. doi:10.3389/fphar.2014.00096
 Broillet M.-C. (1999). S-nitrosylation of proteins. Cell. Mol. Life Sci. CMLS 55, 1036–1042. doi:10.1007/s000180050354
 Brown-Steinke K., deRonde K., Yemen S., Palmer L. A. (2010). Gender differences in S-nitrosoglutathione reductase activity in the lung. PLoS One 5 (11), e14007. doi:10.1371/journal.pone.0014007
 Burger D. E., Lu X., Lei M., Xiang F.-L., Hammoud L. Jiang M., et al. (2009). Neuronal nitric oxide synthase protects against myocardial infarction-induced ventricular arrhythmia and mortality in mice. Circulation 120 (14), 1345–1354. doi:10.1161/CIRCULATIONAHA.108.846402
 Cabral A. M., Vasquez E. C., Moysés M. R., Antonio A. (1988). Sex hormone modulation of ventricular hypertrophy in sinoaortic denervated rats. Hypertension 11 (2 Pt 2), 193–I97. doi:10.1161/01.hyp.11.2_pt_2.i93
 Camors E., Valdivia H. H. (2014). CaMKII regulation of cardiac ryanodine receptors and inositol triphosphate receptors. Front. Pharmacol. 5, 101. doi:10.3389/fphar.2014.00101
 Casin K. M., Kohr M. J. (2020). An emerging perspective on sex differences: intersecting S-nitrosothiol and aldehyde signaling in the heart. Redox Biol. 31, 101441. doi:10.1016/j.redox.2020.101441
 Chakraborty A. D., Gonano L. A., Munro M. L., Smith L. J., Thekkedam C. Staudacher V., et al. (2019). Activation of RyR2 by class I kinase inhibitors. Br. J. Pharmacol. 176 (6), 773–786. doi:10.1111/bph.14562
 Chang Y.-T., Chen Y.-L., Kang H.-Y. (2021). Revealing the influences of sex hormones and sex differences in atrial fibrillation and vascular cognitive impairment. Int. J. Mol. Sci. 22 (16), 8776. doi:10.3390/ijms22168776
 Chatham J. C., Marchase R. B. (2010). The role of protein O-linked β-N-acetylglucosamine in mediating cardiac stress responses. Biochim. Biophys. Acta 1800 (2), 57–66. doi:10.1016/j.bbagen.2009.07.004
 Chen J., Li Y., Du C., Wei T., Shan T., Wang L. (2022). Protein kinases in cardiovascular diseases. Chin. Med. J. Engl. 135 (5), 557–570. doi:10.1097/cm9.0000000000001870
 Chen J., Petranka J., Yamamura K., London R. E., Steenbergen C., Murphy E. (2003). Gender differences in sarcoplasmic reticulum calcium loading after isoproterenol. Am. J. Physiol. Heart Circ. Physiol. 285 (6), H2657–H2662. doi:10.1152/ajpheart.00557.2003
 Chen K., Pittman R. N., Popel A. S. (2008). Nitric oxide in the vasculature: where does it come from and where does it go? A quantitative perspective. Antioxid. Redox Signal 10 (7), 1185–1198. doi:10.1089/ars.2007.1959
 Chung A. K., Das S. R., Leonard D., Peshock R. M., Kazi F. Abdullah S. M., et al. (2006). Women have higher left ventricular ejection fractions than men independent of differences in left ventricular volume: the Dallas Heart Study. Circulation 113 (12), 1597–1604. doi:10.1161/CIRCULATIONAHA.105.574400
 Cohen P. (2001). The role of protein phosphorylation in human health and disease. The Sir Hans Krebs Medal Lecture. Eur. J. Biochem. 268 (19), 5001–5010. doi:10.1046/j.0014-2956.2001.02473.x
 Cooper C. E. (2002). Nitric oxide and cytochrome oxidase: substrate, inhibitor or effector?Trends Biochem. Sci. 27 (1), 33–39. doi:10.1016/s0968-0004(01)02035-7
 Coultrap S. J., Bayer K. U. (2014). Nitric oxide induces Ca2+-independent activity of the Ca2+/calmodulin-dependent protein kinase II (CaMKII). J. Biol. Chem. 289 (28), 19458–19465. doi:10.1074/jbc.M114.558254
 Curl C. L., Delbridge L. M. D., Canny B. J., Wendt I. R. (2009). Testosterone modulates cardiomyocyte Ca(2+) handling and contractile function. Physiol. Res. 58 (2), 293–297. doi:10.33549/physiolres.931460
 Curran J., Tang L., Roof S. R., Velmurugan S., Millard A. Shonts S., et al. (2014). Nitric oxide-dependent activation of CaMKII increases diastolic sarcoplasmic reticulum calcium release in cardiac myocytes in response to adrenergic stimulation. PloS one 9 (2), e87495. doi:10.1371/journal.pone.0087495
 Cutler M. J., Plummer B. N., Wan X., Sun Q.-A., Hess D. Liu H., et al. (2012). Aberrant S-nitrosylation mediates calcium-triggered ventricular arrhythmia in the intact heart. Proc. Natl. Acad. Sci. 109 (44), 18186–18191. doi:10.1073/pnas.1210565109
 Daniels L. J., Wallace R. S., Nicholson O. M., Wilson G. A., McDonald F. J. Jones P. P., et al. (2018). Inhibition of calcium/calmodulin-dependent kinase II restores contraction and relaxation in isolated cardiac muscle from type 2 diabetic rats. Cardiovasc. Diabetol. 17 (1), 89. doi:10.1186/s12933-018-0732-x
 Derakhshan B., Wille P. C., Gross S. S. (2007). Unbiased identification of cysteine S-nitrosylation sites on proteins. Nat. Protoc. 2 (7), 1685–1691. doi:10.1038/nprot.2007.210
 Dezfulian C., Garrett M., Gonzalez N. R. (2013). Clinical application of preconditioning and postconditioning to achieve neuroprotection. Transl. Stroke Res. 4, 19–24. doi:10.1007/s12975-012-0224-3
 Dunlay S. M., Roger V. L., Redfield M. M. (2017). Epidemiology of heart failure with preserved ejection fraction. Nat. Rev. Cardiol. 14 (10), 591–602. doi:10.1038/nrcardio.2017.65
 Ebenebe O. V., Ashley Z., Erickson J. R., Heather A. K. (2020). A timing effect of 17-β estradiol on atherosclerotic lesion development in female ApoE−/− mice. Int. J. Mol. Sci. 21 (13), 4710. doi:10.3390/ijms21134710
 Erickson J. R., Joiner M. L., Guan X., Kutschke W., Yang J. Oddis C. V., et al. (2008). A dynamic pathway for calcium-independent activation of CaMKII by methionine oxidation. Cell 133 (3), 462–474. doi:10.1016/j.cell.2008.02.048
 Erickson J. R., Nichols C. B., Uchinoumi H., Stein M. L., Bossuyt J., Bers D. M. (2015). S-nitrosylation induces both autonomous activation and inhibition of calcium/calmodulin-dependent protein kinase II δ. J. Biol. Chem. 290 (42), 25646–25656. doi:10.1074/jbc.M115.650234
 Erickson J. R., Pereira L., Wang L., Han G., Ferguson A. Dao K., et al. (2013). Diabetic hyperglycaemia activates CaMKII and arrhythmias by O-linked glycosylation. Nature 502 (7471), 372–376. doi:10.1038/nature12537
 Fares E., Parks R. J., Macdonald J. K., Egar J. M. S., Howlett S. E. (2012). Ovariectomy enhances SR Ca2+ release and increases Ca2+ spark amplitudes in isolated ventricular myocytes. J. Mol. Cell. Cardiol. 52 (1), 32–42. doi:10.1016/j.yjmcc.2011.09.002
 Feridooni H. A., MacDonald J. K., Ghimire A., Pyle W. G., Howlett S. E. (2017). Acute exposure to progesterone attenuates cardiac contraction by modifying myofilament calcium sensitivity in the female mouse heart. Am. J. Physiology-Heart Circulatory Physiology 312 (1), H46–H59. doi:10.1152/ajpheart.00073.2016
 Fernando V., Zheng X., Walia Y., Sharma V., Letson J., Furuta S. (2019). S-nitrosylation: an emerging paradigm of redox signaling. Antioxidants 8 (9), 404. doi:10.3390/antiox8090404
 Forrester M. T., Foster M. W., Stamler J. S. (2007). Assessment and application of the biotin switch technique for examining protein S-nitrosylation under conditions of pharmacologically induced oxidative stress. J. Biol. Chem. 282 (19), 13977–13983. doi:10.1074/jbc.M609684200
 Foster M. W., Hess D. T., Stamler J. S. (2009). Protein S-nitrosylation in health and disease: a current perspective. Trends Mol. Med. 15 (9), 391–404. doi:10.1016/j.molmed.2009.06.007
 Golden K. L., Marsh J. D., Jiang Y., Brown T., Moulden J. (2003). Gonadectomy of adult male rats reduces contractility of isolated cardiac myocytes. Am. J. Physiology-Endocrinology Metabolism 285 (3), E449–E453. doi:10.1152/ajpendo.00054.2003
 Gonzalez D. R., Beigi F., Treuer A. V., Hare J. M. (2007). Deficient ryanodine receptor S-nitrosylation increases sarcoplasmic reticulum calcium leak and arrhythmogenesis in cardiomyocytes. Proc. Natl. Acad. Sci. 104 (51), 20612–20617. doi:10.1073/pnas.0706796104
 Gonzalez D. R., Treuer A. V., Castellanos J., Dulce R. A., Hare J. M. (2010). Impaired S-nitrosylation of the ryanodine receptor caused by xanthine oxidase activity contributes to calcium leak in heart failure. J. Biol. Chem. 285 (37), 28938–28945. doi:10.1074/jbc.M110.154948
 Gorski P. A., Ceholski D. K., Hajjar R. J. (2015). Altered myocardial calcium cycling and energetics in heart failure—a rational approach for disease treatment. Cell metab. 21 (2), 183–194. doi:10.1016/j.cmet.2015.01.005
 Grandi A. M., Venco A., Barzizza F., Scalise F., Pantaleo P., Finardi G. (1992). Influence of age and sex on left ventricular anatomy and function in normals. Cardiology 81 (1), 8–13. doi:10.1159/000175770
 Grandi E., Navedo M. F., Saucerman J. J., Bers D. M., Chiamvimonvat N. Dixon R. E., et al. (2023). Diversity of cells and signals in the cardiovascular system. J. Physiology 601 (13), 2547–2592. doi:10.1113/JP284011
 Gutierrez D. A., Fernandez-Tenorio M., Ogrodnik J., Niggli E. (2013). NO-dependent CaMKII activation during β-adrenergic stimulation of cardiac muscle. Cardiovasc. Res. 100 (3), 392–401. doi:10.1093/cvr/cvt201
 Hall M. E., Yanes L., Long R. C., Koch C. A. (2000). “Hormones of the cardiovascular system,” in: K. R. Feingold, B. Anawalt, M. R. Blackman, A. Boyce, G. Chrousos E. Corpas, et al. editors Endotext . (South Dartmouth (MA): MDText.com, Inc.). 
 Haynes M. P., Li L., Sinha D., Russell K. S., Hisamoto K. Baron R., et al. (2003). Src kinase mediates phosphatidylinositol 3-Kinase/Akt-dependent rapid endothelial nitric-oxide synthase activation by estrogen. J. Biol. Chem. 278 (4), 2118–2123. doi:10.1074/jbc.M210828200
 Hegyi B., Fasoli A., Ko C. Y., Van B. W., Alim C. C. Shen E. Y., et al. (2021). CaMKII serine 280 O-GlcNAcylation links diabetic hyperglycemia to proarrhythmia. Circulation Res. 129 (1), 98–113. doi:10.1161/CIRCRESAHA.120.318402
 Hirano A., Fu Y.-H., Ptáček L. J. (2016). The intricate dance of post-translational modifications in the rhythm of life. Nat. Struct. Mol. Biol. 23 (12), 1053–1060. doi:10.1038/nsmb.3326
 Hodgin J. B., Knowles J. W., Kim H.-S., Smithies O., Maeda N. (2002). Interactions between endothelial nitric oxide synthase and sex hormones in vascular protection in mice. J. Clin. Investigation 109 (4), 541–548. doi:10.1172/JCI14066
 Hu N., Ren J. (2016). Reactive oxygen species regulate myocardial mitochondria through post-translational modification. React. Oxyg. Species 2, 264–271. doi:10.20455/ros.2016.845
 Irie T., Sips P. Y., Kai S., Kida K., Ikeda K. Hirai S., et al. (2015). S-nitrosylation of calcium-handling proteins in cardiac adrenergic signaling and hypertrophy. Circulation Res. 117 (9), 793–803. doi:10.1161/CIRCRESAHA.115.307157
 Jaffrey S. R., Snyder S. H. (2001). The biotin switch method for the detection of S-nitrosylated proteins. Science's STKE. 2001 (86), pl1–pl. doi:10.1126/stke.2001.86.pl1
 Jensen R. V., Johnsen J., Kristiansen S. B., Zachara N. E., Bøtker H. E. (2013b). Ischemic preconditioning increases myocardial O-GlcNAc glycosylation. Scand. Cardiovasc. J. 47 (3), 168–174. doi:10.3109/14017431.2012.756984
 Jensen R. V., Zachara N. E., Nielsen P. H., Kimose H. H., Kristiansen S. B., Bøtker H. E. (2013a). Impact of O-GlcNAc on cardioprotection by remote ischaemic preconditioning in non-diabetic and diabetic patients. Cardiovasc. Res. 97 (2), 369–378. doi:10.1093/cvr/cvs337
 Jiang D. W., Xiao B. L., Yang D. M., Wang R. W., Choi P. Zhang L., et al. (2004). RyR2 mutations linked to ventricular tachycardia and sudden death reduce the threshold for store-overload-induced Ca2+ release (SOICR). Proc. Natl. Acad. Sci. U. S. A. 101 (35), 13062–13067. doi:10.1073/pnas.0402388101
 Kaushik M., Sontineni S. P., Hunter C. (2010). Cardiovascular disease and androgens: a review. Int. J. Cardiol. 142 (1), 8–14. doi:10.1016/j.ijcard.2009.10.033
 Kobak K. A., Zarzycka W., Chiao Y. A. (2022). Age and sex differences in heart failure with preserved ejection fraction. Front. aging 3, 811436. doi:10.3389/fragi.2022.811436
 Kohr M. J., Aponte A. M., Sun J., Wang G., Murphy E. Gucek M., et al. (2011). Characterization of potential S-nitrosylation sites in the myocardium. Am. J. Physiology-Heart Circulatory Physiology 300 (4), H1327–H1335. doi:10.1152/ajpheart.00997.2010
 Kristiansen S. B., Pælestik K. B., Johnsen J., Jespersen N. R., Pryds K. Hjortbak M. V., et al. (2019). Impact of hyperglycemia on myocardial ischemia-reperfusion susceptibility and ischemic preconditioning in hearts from rats with type 2 diabetes. Cardiovasc. Diabetol. 18 (1), 66. doi:10.1186/s12933-019-0872-7
 Kübler W., Haass M. (1996). Cardioprotection: definition, classification, and fundamental principles. Heart 75 (4), 330–333. doi:10.1136/hrt.75.4.330
 Lee J. M., Hammarén H. M., Savitski M. M., Baek S. H. (2023). Control of protein stability by post-translational modifications. Nat. Commun. 14 (1), 201. doi:10.1038/s41467-023-35795-8
 Li Y.-F., Wang Y.-X., Wang H., Ma Y., Wang L.-S. (2022). Posttranslational modifications: emerging prospects for cardiac regeneration therapy. J Cardiovasc Trans Res 15 (1), 49–60. doi:10.1007/s12265-021-10135-7
 Liang F., Wang M., Li J., Guo J. (2024). The evolution of S-nitrosylation detection methodology and the role of protein S-nitrosylation in various cancers. Cancer Cell Int. 24 (1), 408. doi:10.1186/s12935-024-03568-y
 Libby P., Ridker P. M., Maseri A. (2002). Inflammation and atherosclerosis. Circulation 105 (9), 1135–1143. doi:10.1161/hc0902.104353
 Lim G., Venetucci L., Eisner D. A., Casadei B. (2008). Does nitric oxide modulate cardiac ryanodine receptor function? Implications for excitation–contraction coupling. Cardiovasc. Res. 77 (2), 256–264. doi:10.1093/cvr/cvm012
 Lima B., Forrester M. T., Hess D. T., Stamler J. S. (2010). S-nitrosylation in cardiovascular signaling. Circulation Res. 106 (4), 633–646. doi:10.1161/CIRCRESAHA.109.207381
 Lin J., Steenbergen C., Murphy E., Sun J. (2009). Estrogen receptor-β activation results in S-nitrosylation of proteins involved in cardioprotection. Circulation 120 (3), 245–254. doi:10.1161/CIRCULATIONAHA.109.868729
 López-Sánchez L. M., López-Pedrera C., Rodríguez-Ariza A. (2014). Proteomic approaches to evaluate protein S-nitrosylation in disease. Mass Spectrom. Rev. 33 (1), 7–20. doi:10.1002/mas.21373
 Ma Y., Cheng W., Wu S., Wong T. (2009). Oestrogen confers cardioprotection by suppressing Ca2+/calmodulin-dependent protein kinase II. Br. J. Pharmacol. 157 (5), 705–715. doi:10.1111/j.1476-5381.2009.00212.x
 Mangmool S., Duangrat R., Parichatikanond W., Kurose H. (2023). New therapeutics for heart failure: focusing on cGMP signaling. Int. J. Mol. Sci. 24 (16), 12866. doi:10.3390/ijms241612866
 Martin S. S., Aday A. W., Allen N. B., Almarzooq Z. I., Anderson C. A. Arora P., et al. (2025). 2025 heart disease and stroke statistics: a report of us and global data from the American heart association. Circulation 151, e41–e660. doi:10.1161/CIR.0000000000001303
 Martín-Fernández B., Gredilla R. (2016). Mitochondria and oxidative stress in heart aging. Age 38 (4), 225–238. doi:10.1007/s11357-016-9933-y
 Marx S. O., Gaburjakova J., Gaburjakova M., Henrikson C., Ondrias K., Marks A. R. (2001). Coupled gating between cardiac calcium release channels (ryanodine receptors). Circulation Res. 88 (11), 1151–1158. doi:10.1161/hh1101.091268
 Mikkola T. S., Gissler M., Merikukka M., Tuomikoski P., Ylikorkala O. (2013). Sex differences in age-related cardiovascular mortality. PLOS ONE 8 (5), e63347. doi:10.1371/journal.pone.0063347
 Moncada S., Higgs E. A. (2006). “Nitric oxide and the vascular endothelium,” in The vascular endothelium I. Handbook of experimental pharmacology ed . Editors S. Moncada, A. Higgs (Berlin, Heidelberg: Springer), 213–254.
 Münzel T., Camici G. G., Maack C., Bonetti N. R., Fuster V., Kovacic J. C. (2017). Impact of oxidative stress on the heart and vasculature: Part 2 of a 3-Part Series. J. Am. Coll. Cardiol. 70 (2), 212–229. doi:10.1016/j.jacc.2017.05.035
 Murphy E. (2011). Estrogen signaling and cardiovascular disease. Circulation Res. 109 (6), 687–696. doi:10.1161/CIRCRESAHA.110.236687
 Ng Y. H., Okolo C. A., Erickson J. R., Baldi J. C., Jones P. P. (2021). Protein O-GlcNAcylation in the heart. Acta Physiol. 233 (1), e13696. doi:10.1111/apha.13696
 Nikolaienko R., Bovo E., Zima A. V. (2018). Redox dependent modifications of ryanodine receptor: basic mechanisms and implications in heart diseases. Front. Physiology 9, 1775. doi:10.3389/fphys.2018.01775
 Nong Z., Hoylaerts M., Van Pelt N., Collen D., Janssens S. (1997). Nitric oxide inhalation inhibits platelet aggregation and platelet-mediated pulmonary thrombosis in rats. Circulation Res. 81 (5), 865–869. doi:10.1161/01.res.81.5.865
 Okolo C. A., Khaing E.-P., Mereacre V., Wallace R. S., Munro M. L. Erickson J. R., et al. (2023). Direct regulation of the cardiac ryanodine receptor (RyR2) by O-GlcNAcylation. Cardiovasc. Diabetol. 22 (1), 276. doi:10.1186/s12933-023-02010-3
 Ozawa K., Komatsubara A. T., Nishimura Y., Sawada T., Kawafune H. Tsumoto H., et al. (2013). S-nitrosylation regulates mitochondrial quality control via activation of parkin. Sci. Rep. 3 (1), 2202. doi:10.1038/srep02202
 Pagan L. U., Gomes M. J., Gatto M., Mota G. A., Okoshi K., Okoshi M. P. (2022). The role of oxidative stress in the aging heart. Antioxidants 11 (2), 336. doi:10.3390/antiox11020336
 Paige J. S., Xu G., Stancevic B., Jaffrey S. R. (2008). Nitrosothiol reactivity profiling identifies S-nitrosylated proteins with unexpected stability. Chem. and Biol. 15 (12), 1307–1316. doi:10.1016/j.chembiol.2008.10.013
 Pælestik K. B., Jespersen N. R., Jensen R. V., Johnsen J., Bøtker H. E., Kristiansen S. B. (2017). Effects of hypoglycemia on myocardial susceptibility to ischemia-reperfusion injury and preconditioning in hearts from rats with and without type 2 diabetes. Cardiovasc. Diabetol. 16 (1), 148. doi:10.1186/s12933-017-0628-1
 Parks R. J., Howlett S. E. (2013). Sex differences in mechanisms of cardiac excitation–contraction coupling. Pflugers Arch. 465 (5), 747–763. doi:10.1007/s00424-013-1233-0
 Peliciari-Garcia R. A., Darley-Usmar V., Young M. E. (2018). An Overview of the emerging interface between cardiac metabolism, redox biology and the circadian clock. Free Radic. Biol. Med. 119, 75–84. doi:10.1016/j.freeradbiomed.2018.02.013
 Pepine C. J., Merz C. N. B., El Hajj S., Ferdinand K. C., Hamilton M. A. Lindley K. J., et al. (2020). Heart failure with preserved ejection fraction: similarities and differences between women and men. Int. J. Cardiol. 304, 101–108. doi:10.1016/j.ijcard.2020.01.003
 Pereira L., Rehmann H., Lao D. H., Erickson J. R., Bossuyt J. Chen J., et al. (2015). Novel Epac fluorescent ligand reveals distinct Epac1 vs. Epac2 distribution and function in cardiomyocytes. Proc. Natl. Acad. Sci. 112 (13), 3991–3996. doi:10.1073/pnas.1416163112
 Peters S. A. E., Muntner P., Woodward M. (2019). Sex differences in the prevalence of, and trends in, cardiovascular risk factors, treatment, and control in the United States, 2001 to 2016. Circulation 139 (8), 1025–1035. doi:10.1161/CIRCULATIONAHA.118.035550
 Piantadosi C. A. (2012). Regulation of mitochondrial processes by protein S-nitrosylation. Biochimica Biophysica Acta (BBA)-General Subj. 1820 (6), 712–721. doi:10.1016/j.bbagen.2011.03.008
 Pizzino G., Irrera N., Cucinotta M., Pallio G., Mannino F. Arcoraci V., et al. (2017). Oxidative stress: harms and benefits for human health. Oxid. Med. Cell Longev. 2017, 8416763. doi:10.1155/2017/8416763
 Power A. S., Asamudo E. U., Worthington L. P., Alim C. C., Parackal R. E. Wallace R. S., et al. (2023). Nitric oxide modulates Ca2+ leak and arrhythmias via S-nitrosylation of CaMKII. Circulation Res. 133 (12), 1040–1055. doi:10.1161/CIRCRESAHA.123.323571
 Qian C., Liu J., Liu H. (2024). Targeting estrogen receptor signaling for treating heart failure. Heart Fail. Rev. 29 (1), 125–131. doi:10.1007/s10741-023-10356-9
 Qu Z., Meng F., Bomgarden R. D., Viner R. I., Li J. Rogers J. C., et al. (2014). Proteomic quantification and site-mapping of S-nitrosylated proteins using isobaric iodoTMT reagents. J. Proteome Res. 13 (7), 3200–3211. doi:10.1021/pr401179v
 Rao R. V., Ellerby H. M., Bredesen D. E. (2004). Coupling endoplasmic reticulum stress to the cell death program. Cell Death Differ. 11 (4), 372–380. doi:10.1038/sj.cdd.4401378
 Reil J. C., Reil G. H., Kovács Á., Sequeira V., Waddingham M. T. Lodi M., et al. (2020). CaMKII activity contributes to homeometric autoregulation of the heart: a novel mechanism for the Anrep effect. J. physiology 598 (15), 3129–3153. doi:10.1113/JP279607
 Schuh A. K., Sheybani B., Jortzik E., Niemann B., Wilhelm J. Boening A., et al. (2017). Redox status of patients before cardiac surgery. Redox Rep. 23 (1), 83–93. doi:10.1080/13510002.2017.1418620
 Schulman I. H., Hare J. M. (2012). Regulation of cardiovascular cellular processes by S-nitrosylation. Biochimica Biophysica Acta (BBA)-General Subj. 1820 (6), 752–762. doi:10.1016/j.bbagen.2011.04.002
 Shao Q., Casin K. M., Mackowski N., Murphy E., Steenbergen C., Kohr M. J. (2017). Adenosine A1 receptor activation increases myocardial protein S-nitrosothiols and elicits protection from ischemia-reperfusion injury in male and female hearts. PLoS ONE 12 (5), e0177315. doi:10.1371/journal.pone.0177315
 Shao Q., Fallica J., Casin K. M., Murphy E., Steenbergen C., Kohr M. J. (2016). Characterization of the sex-dependent myocardial S-nitrosothiol proteome. Am. J. Physiology-Heart Circulatory Physiology 310 (4), H505–H515. doi:10.1152/ajpheart.00681.2015
 Sharma J. N., Al-Omran A., Parvathy S. S. (2007). Role of nitric oxide in inflammatory diseases. Inflammopharmacol 15 (6), 252–259. doi:10.1007/s10787-007-0013-x
 Shi X., Qiu H. (2020). Post-translational S-nitrosylation of proteins in regulating cardiac oxidative stress. Antioxidants 9 (11), 1051. doi:10.3390/antiox9111051
 Shiva S., Brookes P. S., Patel R. P., Anderson P. G., Darley-Usmar V. M. (2001). Nitric oxide partitioning into mitochondrial membranes and the control of respiration at cytochrome c oxidase. Proc. Natl. Acad. Sci. 98 (13), 7212–7217. doi:10.1073/pnas.131128898
 Shiva S., Sack M. N., Greer J. J., Duranski M., Ringwood L. A. Burwell L., et al. (2007). Nitrite augments tolerance to ischemia/reperfusion injury via the modulation of mitochondrial electron transfer. J. Exp. Med. 204 (9), 2089–2102. doi:10.1084/jem.20070198
 Shuaishuai D., Jingyi L., Zhiqiang Z., Guanwei F. (2023). Sex differences and related estrogenic effects in heart failure with preserved ejection fraction. Heart Fail. Rev. 28 (4), 937–948. doi:10.1007/s10741-022-10274-2
 Sotomi Y., Hikoso S., Nakatani D., Mizuno H., Okada K. Dohi T., et al. (2021). Sex differences in heart failure with preserved ejection fraction. J. Am. Heart Assoc. 10 (5), e018574. doi:10.1161/JAHA.120.018574
 Sun J., Morgan M., Shen R.-F., Steenbergen C., Murphy E. (2007). Preconditioning results in S-nitrosylation of proteins involved in regulation of mitochondrial energetics and calcium transport. Circulation Res. 101 (11), 1155–1163. doi:10.1161/CIRCRESAHA.107.155879
 Sun J., Murphy E. (2010). Protein S-nitrosylation and cardioprotection. Circulation Res. 106 (2), 285–296. doi:10.1161/CIRCRESAHA.109.209452
 Sun J., Picht E., Ginsburg K. S., Bers D. M., Steenbergen C., Murphy E. (2006). Hypercontractile female hearts exhibit increased S-nitrosylation of the L-type Ca2+ channel alpha1 subunit and reduced ischemia/reperfusion injury. Circulation Res. 98 (3), 403–411. doi:10.1161/01.RES.0000202707.79018.0a
 Tao Y., Li G., Yang Y., Wang Z., Wang S. Li X., et al. (2023). Epigenomics in aortic dissection: from mechanism to therapeutics. Life Sci. 335, 122249. doi:10.1016/j.lfs.2023.122249
 Terentyev D., Györke I., Belevych A. E., Terentyeva R., Sridhar A. Nishijima Y., et al. (2008). Redox modification of ryanodine receptors contributes to sarcoplasmic reticulum Ca2+ leak in chronic heart failure. Circulation Res. 103 (12), 1466–1472. doi:10.1161/CIRCRESAHA.108.184457
 Thompson J. W., Forrester M. T., Moseley M. A., Foster M. W. (2013). Solid-phase capture for the detection and relative quantification of S-nitrosoproteins by mass spectrometry. Methods 62 (2), 130–137. doi:10.1016/j.ymeth.2012.10.001
 Tidball J. G., Wehling-Henricks M. (2014). Nitric oxide synthase deficiency and the pathophysiology of muscular dystrophy. J. Physiology 592 (Pt 21), 4627–4638. doi:10.1113/jphysiol.2014.274878
 Vielma A. Z., León L., Fernandez I. C., González D. R., Boric M. P. (2016). Nitric oxide synthase 1 modulates basal and β-adrenergic-stimulated contractility by rapid and reversible redox-dependent S-nitrosylation of the heart. PLoS One 11 (8), e0160813. doi:10.1371/journal.pone.0160813
 Waddell H. M. M., Zhang J. Z., Hoeksema K. J., McLachlan J. J., McLay J. C., Jones P. P. (2016). Oxidation of RyR2 has a biphasic effect on the threshold for store overload-induced calcium release. Biophysical J. 110 (11), 2386–2396. doi:10.1016/j.bpj.2016.04.036
 Wang H., Viatchenko-Karpinski S., Sun J., Györke I., Benkusky N. A. Kohr M. J., et al. (2010). Regulation of myocyte contraction via neuronal nitric oxide synthase: role of ryanodine receptor S-nitrosylation. J. physiology 588 (15), 2905–2917. doi:10.1113/jphysiol.2010.192617
 Wang S. (2012). Quantitation and identification of protein S-nitrosylation: implication for the progression of Alzheimer's disease. Louisiana (LA): Louisiana Tech University. 
 Wattanapermpool J., Riabroy T., Preawnim S. (2000). Estrogen supplement prevents the calcium hypersensitivity of cardiac myofilaments in ovariectomized rats. Life Sci. 66 (6), 533–543. doi:10.1016/s0024-3205(99)00623-2
 Wehrens X. H. T., Lehnart S. E., Reiken S. R., Marks A. R. (2004). Ca2+/Calmodulin-Dependent protein kinase II phosphorylation regulates the cardiac ryanodine receptor. Circulation Res. 94 (6), e61–e70. doi:10.1161/01.RES.0000125626.33738.E2
 Whiteman M., Chua Y. L., Zhang D., Duan W., Liou Y.-C., Armstrong J. S. (2006). Nitric oxide protects against mitochondrial permeabilization induced by glutathione depletion: role of S-nitrosylation?Biochem. Biophysical Res. Commun. 339 (1), 255–262. doi:10.1016/j.bbrc.2005.10.200
 Witcher D. R., Kovacs R. J., Schulman H., Cefali D. C., Jones L. R. (1991). Unique phosphorylation site on the cardiac ryanodine receptor regulates calcium channel activity. J. Biol. Chem. 266 (17), 11144–11152. doi:10.1016/s0021-9258(18)99140-4
 Wolhuter K., Whitwell H. J., Switzer C. H., Burgoyne J. R., Timms J. F., Eaton P. (2018). Evidence against stable protein S-nitrosylation as a widespread mechanism of post-translational regulation. Mol. cell 69 (3), 438–450. doi:10.1016/j.molcel.2017.12.019
 Yang H., Wang L., Xie Z., Shao S., Wu Y. Xu W., et al. (2023). An improved sulfur-nitroso-proteome strategy for global profiling of sulfur-nitrosylated proteins and sulfur-nitrosylation sites in mice. J. Chromatogr. A 1705, 464162. doi:10.1016/j.chroma.2023.464162
 Yao Y., Li F., Zhang M., Jin L., Xie P. Liu D., et al. (2022). Targeting CaMKII-δ9 ameliorates cardiac ischemia/reperfusion injury by inhibiting myocardial inflammation. Circulation Res. 130 (6), 887–903. doi:10.1161/CIRCRESAHA.121.319478
 Young M. E. (2023). The cardiac circadian clock. JACC Basic Transl. Sci. 0 (0). doi:10.1016/j.jacbts.2023.03.024
 Yu J., Akishita M., Eto M., Ogawa S., Son B.-K. Kato S., et al. (2010). Androgen receptor-dependent activation of endothelial nitric oxide synthase in vascular endothelial cells: role of phosphatidylinositol 3-Kinase/Akt pathway. Endocrinology 151 (4), 1822–1828. doi:10.1210/en.2009-1048
 Zhang J., Chatham J. C., Young M. E. (2020). Circadian regulation of cardiac physiology: rhythms that keep the heart beating. Annu. Rev. physiology 82 (1), 79–101. doi:10.1146/annurev-physiol-020518-114349
 Zhang L., Jain M. K. (2021). Circadian regulation of cardiac metabolism. J. Clin. Investigation 131 (15), e148276. doi:10.1172/JCI148276
 Zhang T., Maier L. S., Dalton N. D., Miyamoto S., Ross J. Bers D. M., et al. (2003). The deltaC isoform of CaMKII is activated in cardiac hypertrophy and induces dilated cardiomyopathy and heart failure. Circulation Res. 92 (8), 912–919. doi:10.1161/01.RES.0000069686.31472.C5
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
The author(s) declared that they were an editorial board member of Frontiers, at the time of submission. This had no impact on the peer review process and the final decision.
Copyright © 2025 Asamudo, Parackal, Erickson and Bers. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/xhtml/nav.xhtml
Contents

		Cover

		S-nitrosylation of cardiac myocyte proteins may underlie sex differences in cardiac disease		1 Introduction		1.1 Key players in cardiac functioning and cardioprotection

		1.2 Sex differences in cardiac function

		1.3 Sex differences in cardiovascular disease prevalence

		1.4 Protein S-nitrosylation and cardiac function

		1.5 Sex differences in S-nitrosylation signaling

		1.6 Is there a potential sex difference in CaMKII S-nitrosylation?





		2 Conclusion

		Author contributions

		Funding

		Generative AI statement

		Publisher’s note

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Physiology






OPS/images/fphys-16-1565917-g001.gif





OPS/images/fphys-16-1565917-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
¥ frontiers | Frontiers in Physiology





