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Caveolins interact with signaling molecules within caveolae and subcellular membranes. Dysregulation of caveolin function and protein abundance contributes to cardiac pathophysiological processes, driving the development and progression of heart disease. Reactive oxygen species (ROS) play a critical role in maintaining cellular homeostasis and are key contributors to the pathophysiological mechanisms of cardiovascular disorders. Caveolins have been shown to modulate oxidative stress and regulate redox homeostasis. However, the specific roles of caveolins, particularly caveolin-1 and caveolin-3, in regulating ROS production during cardiac pathology remain unclear. This mini-review article highlights the correlation between caveolins and oxidative stress in maintaining cardiovascular health and modulating cardiac diseases, specifically in myocardial ischemia, heart failure, diabetes-induced metabolic cardiomyopathy, and septic cardiomyopathy. A deeper understanding of caveolin-mediated mechanisms may pave the way for innovative therapeutic approaches to treat cardiovascular diseases.
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INTRODUCTION
Caveolae, small (50–100 nm) invaginations in the plasma membrane, are found in various cell types within the cardiovascular system. They play crucial roles in regulating several cellular processes, including lipid and glucose metabolism, immune cell maturation, inflammatory responses, and nitric oxide synthase (NOS) signaling, among others (Panneerselvam et al., 2012; Schilling et al., 2018; Baev et al., 2022). Caveolins are essential for the formation of caveolae, acting as a signaling regulatory platform for receptor macromolecules and an integrative key factor in the cytoskeleton. Caveolins as receptor macromolecule and cellular skeleton in plasma membrane of human cells, and as modulators in inflammatory processes, have been summarized in other review articles (de Almeida, 2017; Thomas and Smart, 2008; Simon et al., 2020; Chidlow and Sessa, 2010; Correa et al., 2023; Brooks et al., 2023).
Oxidative stress, an imbalance between antioxidant defenses and the production of reactive oxygen species (ROS), plays a critical role in the pathophysiological process of many diseases. Despite extensive knowledge of the cardiovascular system, much remains to be understood about the regulation of redox homeostasis, specifically in the heart (Allemann et al., 2023; Goyal and Silversides, 2022; Afanas’ev, 2011). Excessive ROS impacts a range of proteins, altering mitochondrial bioenergetics and disrupting cellular function (Allemann et al., 2023). Caveolin has been shown to play a significant role in maintaining redox homeostasis, promoting cardiac function and preventing myocardial injury (An et al., 2024). In this mini-review article, we seek to update the contribution of caveolins to maintaining cellular redox homeostasis and regulating ROS production in health and pathophysiological conditions. We hope the exploration of caveolins, specifically in the heart, will pave the way for future studies aimed at developing potential therapeutical targets for cardiovascular diseases.
Caveolin isoforms and their interrelationships
Three isoforms of caveolins have been identified: caveolin-1 (Cav-1), caveolin-2 (Cav-2), and caveolin-3 (Cav-3) (Gazzerro et al., 2011). They share similar three-dimensional structures and amino acid residue sequences, with Cav-1 playing the most dominant role in the formation of caveolae (Yang et al., 2021). Cav-1 and Cav-2 are widely expressed across various cell types, including adipocytes, endothelial cells, alveolar cells, and fibroblasts, whereas Cav-3 expression occurs specifically in muscle cells (cardiac, skeletal, and smooth muscle cells) (Schilling et al., 2018; Chen et al., 2017). In vertebrates, these three proteins are essential components of caveolae and are found in many types of cells, participating in various cellular structures such as the cell membrane, Golgi apparatus, endoplasmic reticulum, mitochondria, and vesicles (Fridolfsson et al., 2014). Each caveolin protein has a distinct expression pattern and function.
Cav-1 is highly characterized in terminally differentiated cells (Quest et al., 2008). It functions as a scaffolding protein and plays central roles in cholesterol transport, endocytosis, and signal transduction (Guo et al., 2011), as well as in regulating immune responses (Wang et al., 2006). In mitochondria, Cav-1 assists the regulation cholesterol through mitochondrial-associated membranes (MAMs). On the membrane domains of MAMs, the lipid raft is rich in cholesterol and acts as a temporary signaling platform (Bernal et al., 2023), where Cav-1 can further be used as a binding site to control different mitochondrial metabolic processes. Of note, due to its powerful hydrophobic scaffolding domains, Cav-1 not only forms caveolae and large homo-oligomers but also constructs hetero-oligomers with the other two caveolins within cardiomyocytes (Benzoni et al., 2024), which allows for the regulation of angiogenesis, vascular permeability, and transcytosis (Frank et al., 2003).
Meanwhile, the expression of Cav-1 and Cav-2 is interdependent. Cav-2 levels are rarely observed in Cav-1 knockout (KO) mice (Razani et al., 2001; Drab et al., 2001), and the absence of Cav-2 results in reduction of Cav-1 (Razani et al., 2002). Cav-1 stabilizes Cav-2, facilitating redistribution to caveolae membranes (Parolini et al., 1999). Without Cav-1, Cav-2 localizes to Golgi complex, where it becomes a target for degradation (Parolini et al., 1999). Furthermore, co-expression of Cav-1 and Cav-2 can lead to the formation of caveolae deeper within fibroblasts (Fujimoto et al., 2000). Additionally, opposing effects of Cav-1 and Cav-2 have been noted in tumor-induced angiogenesis (Capozza et al., 2012; Woodman et al., 2003), suggesting that Cav-2 is not only a partner of Cav-1 in caveolae formation but also assists in fine-tuning basic cellular processes in a counterbalancing manner (de Almeida, 2017).
A database search identified Cav-3 as a homolog of Cav-1, sharing 65% sequence identity and 85% similarity with Cav-1 (Tang et al., 1996). Cav-3 serves similar roles as Cav-1 in aiding caveolae formation and regulating the activities of various proteins (Hagiwara et al., 2000). However, Cav-3 is located within the sarcolemma of the muscle fiber membrane (Lory et al., 2020) and present in T-tubules (transverse tubules), promoting development, sustainment, and repairment processes in the muscle cells. Cav-3 is also co-localized with dystrophin (Song et al., 1996) to support the production and expression of myoblasts and myotubes (Galbiati et al., 1999). As an essential structural component of muscular caveolae, Cav-3 mutations disrupt its interaction with Cav-1, leading to channel dysfunction in the heart (Benzoni et al., 2024).
Each type of caveolins exhibits both similarities and differences in function, expression, and other characteristics, contributing to the formation of caveolae within the cells and regulating various cellular processes, such as endocytosis, exocytosis, signaling molecules, mechanoprotection, and lipid regulation (D'Alessio, 2023).
Different isoforms of caveolin in regulating ROS production
Caveolin-1
Cav-1 maintains the integrity and function of mitochondria when cells are confronted with free radicals by quality control of the mitochondrial proteases (Volonte et al., 2016). By interacting with the fusion machinery of mitochondria, Cav-1 prevents damage and accumulation of ROS. Cav-1 deficiency results in the augmentation of cholesterol, increasing the risk of mitochondrial failure, exacerbating oxidative stress, and promoting apoptosis (Bosch et al., 2011).
Accumulating evidence suggests that Cav-1’s roles in modulating oxidative stress are cell type-dependent. In some cells, Cav-1 exerts protective anti-oxidative effects. For instance, the downregulation of Cav-1 has been linked to mitochondrial enzymatic dysfunction and increased ROS production in stromal cells (Nwosu et al., 2016). Cav-1 prevents endothelial dysfunction by inhibiting ATP7A ubiquitination and proteasomal degradation, thereby increasing SOD3 activity to reduce vascular oxidative stress (Sudhahar et al., 2020). Additionally, upregulation of Cav-1 protected lung cancer cells from excessive ROS-induced cell death (Wu et al., 2023). By contrast, Cav-1 has been reported to suppress nuclear factor erythroid 2-related factor 2 transcriptional activity, therefore downregulating antioxidant enzymes such as GCLC and HO-1 in pneumocytes (Li et al., 2012). Furthermore, bronchial epithelial cells overexpressing Cav-1, exhibited increased susceptibility to H2O2-induced cell death (Xu et al., 2020). These studies thus highlight the distinct roles of Cav-1 in regulating oxidative stress across different cell types.
It is unclear whether Cav-1’s effect on oxidative stress is also specific to disease type. There are several studies demonstrating that Cav-1 affects ROS differently in various diseases. For example, in carbon tetrachloride-induced hepatic damage, Cav-1KO mice exhibited exaggerated liver injury and increased total ROS levels compared with wild-type mice. Cav-1 deficiency further intensified oxidative stress responses, including reduced antioxidant defense (superoxide dismutase activity and glutathione [GSH] levels), along with increased malondialdehyde and O2− levels (Ji et al., 2018). Conversely, in acetaminophen-induced hepatotoxicity, Cav-1KO mice showed significantly attenuated liver damage with altered antioxidants (Gardner et al., 2010). Meanwhile, in neuropathology, Cav-1 protected astrocytes from oxidative stress (Yun et al., 2011). In addition, Cav-1 reduced disruption of the blood brain barrier via decreasing ROS production and inhibiting the activity of matrix metalloproteases during ischemia stroke (Huang et al., 2018). In nephropathy, Cav-1 was also identified as a protector to mitigate damage in E11 murine kidney podocytes by stimulating antioxidant enzymes, thus decreasing oxidative stress induced by H2O2 (Chen et al., 2017). By contrast, oxidative stresses foster the translocation of Cav-1, generating the senescence of fibroblasts in lungs (Volonte et al., 2016; Volonte and Galbiati, 2009).
Caveolin-2
Interestingly, Cav-2 appears to exert opposing effects compared to Cav-1. For example, Cav-2 KO mice are more sensitive to LPS-caused tissue damage, while delayed mortality is observed in LPS-treated Cav-1 KO mice (de Almeida et al., 2011). This difference can be attributed to increased induced nitric oxide synthase (NOS) expression and nitric oxide (NO) production in endotoxin-stimulated Cav-2 KO mice, but not in Cav-1 KO animals. Notably, the role of Cav-2 in regulating cellular redox homeostasis is far less studied than Cav-1, with limited research on Cav-2’s role in ROS production or metabolic regulation (Sowa, 2012).
Caveolin-3
In muscle cells, Cav-3 dissociates from caveolae to localize in the cytosol or mitochondrial membrane, where it enhances respiratory capacity and mitigates oxidative stress (Fridolfsson et al., 2012). A deficiency of Cav-3 in the mitochondria disrupts cellular function, particularly to exacerbate oxidative stress. Excessive ROS formation reduces mitochondrial membrane potential and biogenesis, leading to mitochondrial dysfunction and apoptosis (Chen et al., 2023). Cav-3 works to prevent this by regulating ion channels that interact with the electron transport chain (ETC.) on mitochondria to slow ROS release (Zhao et al., 2019). Such evidence has promoted the significant importance of Cav3 on mitochondria and its response to stress adaptation.
In healthy skeletal muscle cells, ROS production is balanced by antioxidant enzymes. However, ROS generation can exceed the cell’s antioxidant ability when there is an excess of mitochondrial fuel supply and/or reduced expression or activity of antioxidant enzymes (Zorov et al., 2014). Mutations of the Cav-3 gene lead to Cav-3 protein deficiency, disrupting mitochondrial homeostasis and causing ROS production imbalance, leading to muscle development and stability defects. Additionally, mutations of the muscle-specific proteins: Cav-3, dysferlin, and mitsugumin 53 (MG53) can disrupt the repair process, resulting in the progression of muscular dystrophies (Cai et al., 2009a; Bansal et al., 2003). MG53, an oxidation signaler, works with Cav-3 to promote the repair of injury sites on cellular membranes (Cai et al., 2009b) through the improvement of dysferlin trafficking (Cai et al., 2009a). Mutations in Cav-3 disrupt the functional interaction between MG53 and dysferlin (Hernández-Deviez et al., 2006). Thus, mutations in Cav-3 are linked to various muscular dystrophies (Shah et al., 2020; Bouchard and Tremblay, 2023).
Collectively, Cav-1 and Cav-3 influence processes in specialized membrane domains, such as those on mitochondria, plasma membranes, and T-tubules, to ensure proper cell function. Alterations in these proteins can lead to ROS alterations at various levels, further activating distinct signaling pathways and biological processes within organisms (Schieber and Chandel, 2014).
Anti-oxidative stress of caveolin in cardiac pathogenesis
Cardiovascular diseases often arise from disruptions in the signaling processes of ROS and reactive nitrogen species (RNS) (Afanas’ev, 2011). Given that the role of Cav-2 in cardiovascular disease remains understudied, this mini-review mainly focuses on discussing the presence and function of Cav-1 (Table 1) and Cav-3 (Figure 1) in influencing oxidative stress relevant to the pathogenesis of various heart diseases.
TABLE 1 | Caveolin-1 in cardiac oxidative stress.
[image: Table 1][image: Figure 1]FIGURE 1 | The flow chart indicates the mechanisms underlying Cav-3-mediated cardiac protection. Cav-3 conveys protective effects on cardiac function during myocardial ischemia, progression of heart failure, hyperglycemia, and endotoxemia, through anti-oxidative stress, regulating mitochondrial function, anti-apoptosis, and modulation of β2-AR signaling. Mito: mitochondria; LPS: lipopolysaccharide; eNOS: endothelial nitric oxide synthase; p-: phosphor; NO: nitride oxide; β2-AR: β2-adrengergic receptor.
Myocardial ischemia/reperfusion (I/R)
Myocardial ischemia (MI) arises during occlusion of coronary vessels or cardiac surgical operations (Cassar et al., 2009). Due to their vast energy consumption for sustaining heartbeat, cardiomyocytes are vulnerable to ischemia and subjected to injuries on the subcellular and cellular levels. Among these, damaged mitochondria during MI manifest increased membrane permeability, excessive ROS production, calcium overload, and release of intrinsic apoptotic proteins, collectively contributing to cardiomyocyte death (Kantrow and Piantadosi, 1997; Suliman and Piantadosi, 2016; Taylor et al., 1995; Kalogeris et al., 2012). The restoration of blood flow to the heart (reperfusion) remains the treatment of choice for heart ischemia. However, surges of ROS generation by reperfusion, which cannot be checked by dysfunctional mitochondria, aggravate cardiomyocyte impairment. Therefore, controlling I/R-induced oxidative stress is important to ameliorate myocardial damage following I/R injury.
Emerging evidence found Cav-1 and caveolar domains as a source of protection against pathogenesis for MI (Jasmin et al., 2011). All cardiac cell types including cardiomyocytes express Cav-1 (Chow et al., 2007; Patel et al., 2007; Robenek et al., 2008). Cav-1 was dissociated from caveolae to the cytosol in rat hearts after myocardial infarction (Ratajczak et al., 2003), which increased cytosolic Cav-1/endothelial NOS (eNOS) complexes, and subsequently, decreased the production of NO, a molecule to limit deleterious effects of ROS (Ratajczak et al., 2003). Cav-1KO mice displayed damaged cardiac function and reduced survival following MI, likely due to microvascular hyperpermeability and reduced vascular tone to eNOS (Razani et al., 2001; Jasmin et al., 2011; Schubert et al., 2002). In fact, the Cav-1 scaffolding domain has been shown to directly interact with eNOS to inhibit eNOS activity (Garcia-Cardena et al., 1997; Garcia-Cardena et al., 1996).
The link between Cav3 and cardiac protection has emerged from accumulated studies (Tsutsumi et al., 2008; Horikawa et al., 2008; Tsutsumi et al., 2010; Tsutsumi et al., 2014; See Hoe et al., 2014). Notably, regulating caveolin in mitochondria is important to cell survival during stress (Fridolfsson et al., 2014; Fridolfsson et al., 2012; Schilling and Patel, 2016). The presence of Cav-3 in cardiomyocyte mitochondria has been shown to improve respiration and calcium tolerance and reduce ROS production (Fridolfsson et al., 2012). Cav-3 overexpression decreases superoxide generation, while its deficiency increases superoxide production (Guo et al., 2024). ROS, a main cause of reperfusion injury (Sanderson et al., 2013), is surged by the mitochondria-activated redox signaling (Granger and Kvietys, 2015). Cav-3 can modulate mitochondrial function and mitigate oxidative damage, conveying cardioprotective effects. Indeed, Cav-3 overexpression (Cav-3OE) decreased ROS generation in cardiomyocytes subjected to simulated I/R, whereas cardiomyocytes from Cav-3KO mouse hearts have shown increased superoxide production (Fridolfsson et al., 2012). In line with it, more tightly coupled Complex I was observed in mitochondria with Cav-3 overexpression, leading to less leakage of mitochondrial ROS compared to those from Cav-3KO mouse hearts (Fridolfsson et al., 2012). An additional study has also reported that ischemic preconditioning-further increased mitochondrial Cav-3 expression and eNOS provided greater cardiac protection in the ischemic heart (Sun et al., 2015). Notably, Cav-3 could also protect cardiomyocytes from TNF- or hypoxia-induced cell death through its anti-apoptotic effect (Carotenuto et al., 2013; Zhou et al., 2018).
Heart failure
Heart failure occurs when the cardiac muscles cannot pump enough blood to meet the body’s needs (Ziaeian and Fonarow, 2016). A key pathophysiological factor associated with the development and progression of heart failure is oxidative stress. An increase in ROS impairs the electrophysiology and the contractile mechanism of cardiomyocytes (Takimoto and Kass, 2007). The surge in ROS directly weakens contractile performance by altering proteins in excitation-contraction (EC) coupling, leading to a Ca2+ overload which causes more stress onto the heart and mechanical abnormalities (Luo and Anderson, 2013). Production of ROS within the mitochondria via the, ETC., further induces massive quantities of superoxide production to trigger Ca2+ release to alter contractions (van der Pol et al., 2019).
Cav-1 is beneficial for limiting the development of heart failure. Cav-1 governs cardiac activity by regulating eNOS and synthesizing NO in the heart (Tian et al., 2020). In Cav-1KO mice, severe cardiomyopathy with impaired pump function was observed due to negatively regulated eNOS that led to constitutive hyperactivation of the NO pathway (Wunderlich et al., 2008; Ebner et al., 2017). Additionally, eNOS uncoupling in Cav-1KO mice increased oxidative and nitrosative stress, thereby altering the response of the right ventricle to pressure overload and promoting the development of right heart failure (Cruz et al., 2012; Shu and Jin, 2023). Importantly, the reconstitution of Cav-1 (Wunderlich et al., 2008), particular the endothelium-specific re-expression of Cav-1 (Murata et al., 2007), reversed cardiac hypertrophy in global Cav-1KO mice.
During heart failure, t-tubules play a key role in preserving the ejection fraction and mitigating damage to the heart (Setterberg et al., 2021). Abundant with Cav-3, t-tubules facilitate the rapid conduction of electrical signals and enhance communication within the sarcoplasmic reticulum (Huxley and Taylor, 1958). This communication, occurring through EC coupling, ensures the proper calibration and release of Ca2+, thereby supporting efficient muscle contractions. Loss of Cav-3 has resulted in significant cardiac hypertrophy and reduced myocardial function (Woodman et al., 2002). Cav-3KO mice expressed cardiac dysfunction associated with t-tubule reorganization and decreased L-type calcium channel (LTCC) current density (Bryant et al., 2018). Additionally, reduced Cav-3 level in the heart has been shown to increase myocyte dis-contractility and the progression of heart failure through enhanced susceptibility to ventricular arrhythmia (Markandeya et al., 2023) or β2AR signaling (Barbagallo et al., 2016). More importantly, mitochondria are the primary source of energy for the heart, and their dysfunction contributes to the development of heart failure. Cav-3 has been shown to provide mitochondrial protection in the heart. In mouse hearts lacking Cav-3, increased superoxide signals and enhanced ROS production were observed, contributing to the progression of cardiac pathology (Fridolfsson et al., 2012).
Notably, both Cav-1 and Cav-3 have been observed in rat and mouse cardiomyocytes (Head et al., 2006). The mice with deficient in both Cav-1 and Cav-3 develop more severe cardiomyopathy compared to the mice with deficient in either Cav-1 or Cav-3 (Park et al., 2002). These findings suggest that modulating cardiac Cav-1 or Cav-3 expression may serve as a therapeutic strategy to mitigate cardiac hypertrophy and heart failure.
Diabetic cardiomyopathy
A major complication of diabetes is diabetic cardiomyopathy (DCM), characterized by left/bi-ventricular dilation, impaired contraction, cardiac remodeling, and dysfunction (Schultheiss et al., 2019). The onset of DCM begins shortly after diabetes establishment, progressing to ventricular dysfunction and cardiac hypertrophy (Oktay et al., 2024). This causes a loss of the glucose transporter type 4 (GLUT-4) in skeletal and cardiac muscle tissues, resulting in a reduction of glucose and ATP in cells (Murfitt et al., 2015). Studies revealed that the morphological localization of GLUT-4 in caveolin after insulin stimulation caused a shift in the cell’s structure and hindered various vital cellular mechanisms (Karlsson et al., 2002), like muscle contractibility. Evidence has found caveolae are essential for insulin signaling pathways, specifically the phosphorylation of Cav-1, allowing for insulin receptor activity and protection from degradation pathways to be activated (Mastick et al., 1995). Inhibition of insulin sensors increases the amount of glucose in the body, further leading to hyperglycemia, a hallmark characteristic of diabetes. Investigations revealed more severe cardiac injury in Cav-1KO mice, with Cav-1 deficiency leading to increased failure of the insulin signaling pathway, resulting in enhanced activation of nuclear factor kappa-B (NF-kB) signaling (Gong et al., 2023).
In DCM, hyperglycemia increases mitochondrial ROS production and calcium ion levels while impairing the eNOS pathway (Li et al., 2023). eNOS-regulated NO production plays a critical role in endothelial cell function, controlling vascular tone, blood flow, and circulation in the heart (Tran et al., 2022). Evidence highlights the interplay of caveolins with eNOS being essential for NO production, thus maintaining oxidative balance and mitigating stress (Wang et al., 2017). Dysregulated eNOS signaling is pivotal in the progression of DCM. Reduced expression of Cav-1 and eNOS has been observed in endothelial cells from human muscle biopsies with type 2 diabetes (Chen et al., 2018). Additionally, in human aortic endothelial cells exposed to high glucose, increased eNOS-Cav-1 interaction and reduced NO availability have been linked to mitochondrial oxidative stress, contributing to diabetic cardiovascular complications (Paneni et al., 2015). It is worth noting that a key mechanism in the development of DCM is the impairment of Cav-3/eNOS complex formation. Cav-3 interacts with eNOS signaling at the mitochondria, facilitating NO release to counteract excessive ROS production (Yu et al., 2011). Additionally, reduced cardiac Cav-3/eNOS signaling has been found in diabetic rats with DCM (Su et al., 2016), whereas antioxidant treatment using N-acetylcysteine restored cardiac Cav-3/eNOS signaling (Su et al., 2016). These findings highlight a complex interplay between eNOS, Cav-1, and Cav-3 in regulating the development and progression of DCM.
Septic cardiomyopathy
Septic cardiomyopathy (SCM) is a form of non-ischemic cardiac dysfunction (Boissier and Aissaoui, 2022), characterized by global biventricular impairment, reduced contractility, left ventricular dilation, and decreased responsiveness to fluid resuscitation (L'Heureux et al., 2020). While the pathophysiology of SCM is not fully understood, it is believed to be multifactorial, involving mitochondrial dysfunction, oxidative stress, pathogen-associated molecular patterns (PAMPs), damage-associated molecular patterns (DAMPs), NO release, and metabolic disturbances (Wenceslau et al., 2014; Nakahira et al., 2015). Recent studies have shown that severe sepsis induces mitochondrial structural abnormalities, impairing their function and increasing ROS production in the heart (Lira Chavez et al., 2023; Van Remmen and Richardson, 2001). These disruptions impact NO release, alter preload and afterload, downregulate beta-adrenergic receptors, and reduce myofilament sensitivity to calcium ions (Hollenberg and Singer, 2021) - all weakening cardiac function and increasing susceptibility to sepsis.
Evidence from both preclinical and clinical studies has demonstrated that excessive ROS is associated with several stages of sepsis. While Cav-1 plays a role in sepsis by regulating membrane traffic and intracellular signaling pathways (Lannes-Costa et al., 2022), Cav-1 directly modulates ROS production via NADPH oxidase (Michell et al., 2021; Cai et al., 2014), as NADPH oxidase subunits have been shown to localize within Cav-1-containing caveolae across various cell types (Ushio-Fukai, 2006). Through its regulation of ROS, Cav-1 influences immune cell function and modulates apoptosis and autophagy during sepsis (Lannes-Costa et al., 2022). Additionally, decreased Cav-1 expression in LPS-challenged mice resulted in increased myocardial apoptosis and autophagy (Tian et al., 2022). Increased myocardial damage (↑pseudocysts, myonecrosis and inflammation in the heart) with reduced survival was observed in Cav-1KO mice underwent acute infection, likely attributed to decreased NO production and promoted immune dysfunction (Medina et al., 2007). Cav-1 overexpression reduced eNOS activity, whereas LPS–induced pulmonary hyperpermeability and edema were observed in Cav-1KO mice, attributed to increased eNOS activity (Chen et al., 2018; Garrean et al., 2006). A recent paper provides a comprehensive review of Cav-1’s role in sepsis (Lannes-Costa et al., 2022).
Unlike myocardial ischemia and heart failure, severe sepsis significantly increased Cav-3 expression in the heart, which was associated with dysregulated L-type calcium channels (Rattis et al., 2021). Treatment with a calcium channel inhibitor decreased Cav-3 levels and improved survival rates in septic mice (Rattis et al., 2021). Conversely, selective inhibition of PKCβ2 restored LPS-impaired Cav-3/eNOS signaling, thereby mitigating autophagy and LPS-induced myocardial injury (Yang et al., 2021). These contrasting findings suggest that cardiac response to sepsis may vary depending on the type of septic stimulation, and the precise mechanisms underlying Cav-3’s role in sepsis require further exploration. Notably, these studies did not specifically address the role of mitochondrial Cav-3 in septic cardiomyopathy. It also remains unknown whether Cav-3 can dissociate from membranes or caveolae, and if so, whether the dissociated Cav-3 retains functional activity in sepsis.
CONCLUSION AND FUTURE PROSPECT
Growing evidence suggests that caveolin expression plays a crucial role in protecting cardiac function and preventing myocardial damage. In this mini-review article, we summarized the protective effects of Cav-1 (Table 1) and Cav-3 (Figure 1) on damaged hearts through the anti-oxidative stress mechanism. The complex ways by which caveolins regulate ROS production may offer valuable insights into potential therapeutic approaches (Schilling et al., 2018; Fridolfsson et al., 2014). For example, targeting the eNOS signaling complex in response to dysregulated redox balance in caveolae via caveolins could be beneficial. NO contributes to regulating ROS metabolism and hypertrophic signaling in cardiomyocytes. Consequently, strategies aimed at modulating Cav-1 and Cav-3 interactions with eNOS and the resulting NO release hold potential for cardiac protection (Baev et al., 2022).
Additionally, the caveolin scaffolding domain (CSD) plays an important role in regulating protein - protein interactions, mediating the interplay between caveolins and various signaling proteins (Panneerselvam et al., 2012). Studies have shown that using the CSD peptide of Cav-1 protected the heart from I/R injury and improved cardiac functional recovery (Young et al., 2001), highlighting its therapeutic potential. Despite these promising findings on Cav-1 and Cav-3, the complex signaling networks involved in their regulation remain elusive. Further research should focus on using more precise strategies to elucidate the roles of caveolins in cardiac cell biology and the mechanisms by which caveolins contribute to the pathogenesis of the cardiovascular diseases. The insights gained from this work will help advance the development of therapeutic approaches targeting the modulation of caveolin expression and function for the treatment of cardiovascular disease.
AUTHOR CONTRIBUTIONS
LZ: Writing–original draft, Writing–review and editing. JD: Writing–original draft, Writing–review and editing. NS: Writing–original draft, Writing–review and editing. KA: Writing–review and editing. QY: Writing–review and editing. MW: Conceptualization, Funding acquisition, Supervision, Writing–original draft, Writing–review and editing.
FUNDING
The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This work was supported by National Institutes of Health (NIH) R01 HL155957 and R01 HL168282 (to MW), as well as a Short-Term Training in Biomedical Sciences Grant from the NIH/NHLBI (T35 HL110854).
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.
AUTHOR DISCLAIMER
The content is solely the responsibility of the authors and does not necessarily represent the official views of the funding agencies.
REFERENCES
 Afanas'ev I. (2011). ROS and RNS signaling in heart disorders: could antioxidant treatment be successful?Oxid. Med. Cell Longev. 2011, 293769. doi:10.1155/2011/293769
 Allemann M. S., Lee P., Beer J. H., Saeedi Saravi S. S. (2023). Targeting the redox system for cardiovascular regeneration in aging. Aging Cell 22, e14020. doi:10.1111/acel.14020
 An Z., Tian J., Zhao X., Liu L., Yang X. Zhang M., et al. (2024). Regulation of cardiovascular and cardiac functions by caveolins. Febs J. 291, 3753–3761. doi:10.1111/febs.16798
 Baev A. Y., Vinokurov A. Y., Novikova I. N., Dremin V. V., Potapova E. V., Abramov A. Y. (2022). Interaction of mitochondrial calcium and ROS in neurodegeneration. Cells 11, 706. doi:10.3390/cells11040706
 Bansal D., Miyake K., Vogel S. S., Groh S., Chen C. C. Williamson R., et al. (2003). Defective membrane repair in dysferlin-deficient muscular dystrophy. Nature 423, 168–172. doi:10.1038/nature01573
 Barbagallo F., Xu B., Reddy G. R., West T., Wang Q. Fu Q., et al. (2016). Genetically encoded biosensors reveal PKA hyperphosphorylation on the myofilaments in rabbit heart failure. Circ. Res. 119, 931–943. doi:10.1161/CIRCRESAHA.116.308964
 Benzoni P., Gazzerro E., Fiorillo C., Baratto S., Bartolucci C. Severi S., et al. (2024). Caveolin-3 and caveolin-1 interaction decreases channel dysfunction due to caveolin-3 mutations. Int. J. Mol. Sci. 25, 980. doi:10.3390/ijms25020980
 Bernal A. F., Mota N., Pamplona R., Area-Gomez E., Portero-Otin M., Mam-Tata H. (2023). Hakuna MAM-Tata: investigating the role of mitochondrial-associated membranes in ALS. Biochim. Biophys. Acta Mol. Basis Dis. 1869, 166716. doi:10.1016/j.bbadis.2023.166716
 Boissier F., Aissaoui N. (2022). Septic cardiomyopathy: diagnosis and management. J. Intensive Med. 2, 8–16. doi:10.1016/j.jointm.2021.11.004
 Bosch M., Marí M., Herms A., Fernández A., Fajardo A. Kassan A., et al. (2011). Caveolin-1 deficiency causes cholesterol-dependent mitochondrial dysfunction and apoptotic susceptibility. Curr. Biol. 21, 681–686. doi:10.1016/j.cub.2011.03.030
 Bouchard C., Tremblay J. P. (2023). Limb-girdle muscular dystrophies classification and therapies. J. Clin. Med. 12, 4769. doi:10.3390/jcm12144769
 Brooks J. W., Tillu V., Eckert J., Verma S., Collins B. M. Parton R. G., et al. (2023). Caveola mechanotransduction reinforces the cortical cytoskeleton to promote epithelial resilience. Mol. Biol. Cell 34, ar120. doi:10.1091/mbc.E23-05-0163
 Bryant S. M., Kong C. H. T., Watson J. J., Gadeberg H. C., Roth D. M. Patel H. H., et al. (2018). Caveolin-3 KO disrupts t-tubule structure and decreases t-tubular I(Ca) density in mouse ventricular myocytes. Am. J. Physiol. Heart Circ. Physiol. 315, H1101-H1111–h1111. doi:10.1152/ajpheart.00209.2018
 Cai C., Masumiya H., Weisleder N., Matsuda N., Nishi M. Hwang M., et al. (2009b). MG53 nucleates assembly of cell membrane repair machinery. Nat. Cell Biol. 11, 56–64. doi:10.1038/ncb1812
 Cai C., Weisleder N., Ko J. K., Komazaki S., Sunada Y. Nishi M., et al. (2009a). Membrane repair defects in muscular dystrophy are linked to altered interaction between MG53, caveolin-3, and dysferlin. J. Biol. Chem. 284, 15894–15902. doi:10.1074/jbc.M109.009589
 Cai L., Yi F., Dai Z., Huang X., Zhao Y. D. Mirza M. K., et al. (2014). Loss of caveolin-1 and adiponectin induces severe inflammatory lung injury following LPS challenge through excessive oxidative/nitrative stress. Am. J. Physiol. Lung Cell Mol. Physiol. 306, L566–L573. doi:10.1152/ajplung.00182.2013
 Capozza F., Trimmer C., Castello-Cros R., Katiyar S., Whitaker-Menezes D. Follenzi A., et al. (2012). Genetic ablation of Cav1 differentially affects melanoma tumor growth and metastasis in mice: role of Cav1 in Shh heterotypic signaling and transendothelial migration. Cancer Res. 72, 2262–2274. doi:10.1158/0008-5472.CAN-11-2593
 Carotenuto F., Minieri M., Monego G., Fiaccavento R., Bertoni A. Sinigaglia F., et al. (2013). A diet supplemented with ALA-rich flaxseed prevents cardiomyocyte apoptosis by regulating caveolin-3 expression. Cardiovasc Res. 100, 422–431. doi:10.1093/cvr/cvt211
 Cassar A., Holmes D. R., Rihal C. S., Gersh B. J. (2009). Chronic coronary artery disease: diagnosis and management. Mayo Clin. Proc. 84, 1130–1146. doi:10.4065/mcp.2009.0391
 Chen W., Zhao H., Li Y. (2023). Mitochondrial dynamics in health and disease: mechanisms and potential targets. Signal Transduct. Target Ther. 8, 333. doi:10.1038/s41392-023-01547-9
 Chen Y. H., Lin W. W., Liu C. S., Su S. L. (2017). H2O2 induces caveolin-1 degradation and impaired mitochondrial function in E11 podocytes. Mol. Med. Rep. 16, 7841–7847. doi:10.3892/mmr.2017.7497
 Chen Z., S D. S. O., Zimnicka A. M., Jiang Y., Sharma T. Chen S., et al. (2018). Reciprocal regulation of eNOS and caveolin-1 functions in endothelial cells. Mol. Biol. Cell 29, 1190–1202. doi:10.1091/mbc.E17-01-0049
 Chidlow J. H., Sessa W. C. (2010). Caveolae, caveolins, and cavins: complex control of cellular signalling and inflammation. Cardiovasc Res. 86, 219–225. doi:10.1093/cvr/cvq075
 Chow A. K., Cena J., El-Yazbi A. F., Crawford B. D., Holt A. Cho W. J., et al. (2007). Caveolin-1 inhibits matrix metalloproteinase-2 activity in the heart. J. Mol. Cell Cardiol. 42, 896–901. doi:10.1016/j.yjmcc.2007.01.008
 Correa F., Enriquez-Cortina C., Silva-Palacios A., Roman-Anguiano N., Gil-Hernandez A. Ostolga-Chavarria M., et al. (2023). Actin-Cytoskeleton drives caveolae signaling to mitochondria during postconditioning. Cells 12, 492. doi:10.3390/cells12030492
 Cruz J. A., Bauer E. M., Rodriguez A. I., Gangopadhyay A., Zeineh N. S. Wang Y., et al. (2012). Chronic hypoxia induces right heart failure in caveolin-1-/- mice. Am. J. Physiol. Heart Circ. Physiol. 302, H2518–H2527. doi:10.1152/ajpheart.01140.2011
 D'Alessio A. (2023). Unraveling the cave: a seventy-year journey into the caveolar network, cellular signaling, and human disease. Cells 12, 2680. doi:10.3390/cells12232680
 de Almeida C. J., Witkiewicz A. K., Jasmin J. F., Tanowitz H. B., Sotgia F. Frank P. G., et al. (2011). Caveolin-2-deficient mice show increased sensitivity to endotoxemia. Cell Cycle 10, 2151–2161. doi:10.4161/cc.10.13.16234
 de Almeida C. J. G. (2017). Caveolin-1 and caveolin-2 can Be antagonistic partners in inflammation and beyond. Front. Immunol. 8, 1530. doi:10.3389/fimmu.2017.01530
 Drab M., Verkade P., Elger M., Kasper M., Lohn M. Lauterbach B., et al. (2001). Loss of caveolae, vascular dysfunction, and pulmonary defects in caveolin-1 gene-disrupted mice. Science 293, 2449–2452. doi:10.1126/science.1062688
 Ebner A., Kuerbis N., Brandt A., Zatschler B., Weinert S. Poitz D. M., et al. (2017). Endothelial nitric oxide synthase-induced hypertrophy and vascular dysfunction contribute to the left ventricular dysfunction in caveolin-1(-/-) mice. Can. J. Cardiol. 33, 1716–1724. doi:10.1016/j.cjca.2017.09.015
 Frank P. G., Woodman S. E., Park D. S., Lisanti M. P. (2003). Caveolin, caveolae, and endothelial cell function. Arterioscler. Thromb. Vasc. Biol. 23, 1161–1168. doi:10.1161/01.ATV.0000070546.16946.3A
 Fridolfsson H. N., Kawaraguchi Y., Ali S. S., Panneerselvam M., Niesman I. R. Finley J. C., et al. (2012). Mitochondria-localized caveolin in adaptation to cellular stress and injury. Faseb J. 26, 4637–4649. doi:10.1096/fj.12-215798
 Fridolfsson H. N., Roth D. M., Insel P. A., Patel H. H. (2014). Regulation of intracellular signaling and function by caveolin. Faseb J. 28, 3823–3831. doi:10.1096/fj.14-252320
 Fujimoto T., Kogo H., Nomura R., Une T. (2000). Isoforms of caveolin-1 and caveolar structure. J. Cell Sci. 113 (Pt 19), 3509–3517. doi:10.1242/jcs.113.19.3509
 Galbiati F., Volonte D., Engelman J. A., Scherer P. E., Lisanti M. P. (1999). Targeted down-regulation of caveolin-3 is sufficient to inhibit myotube formation in differentiating C2C12 myoblasts. Transient activation of p38 mitogen-activated protein kinase is required for induction of caveolin-3 expression and subsequent myotube formation. J. Biol. Chem. 274, 30315–30321. doi:10.1074/jbc.274.42.30315
 Garcia-Cardena G., Martasek P., Masters B. S., Skidd P. M., Couet J. Li S., et al. (1997). Dissecting the interaction between nitric oxide synthase (NOS) and caveolin. Functional significance of the nos caveolin binding domain in vivo. J. Biol. Chem. 272, 25437–25440. doi:10.1074/jbc.272.41.25437
 Garcia-Cardena G., Oh P., Liu J., Schnitzer J. E., Sessa W. C. (1996). Targeting of nitric oxide synthase to endothelial cell caveolae via palmitoylation: implications for nitric oxide signaling. Proc. Natl. Acad. Sci. U. S. A. 93, 6448–6453. doi:10.1073/pnas.93.13.6448
 Gardner C. R., Gray J. P., Joseph L. B., Cervelli J., Bremer N. Kim Y., et al. (2010). Potential role of caveolin-1 in acetaminophen-induced hepatotoxicity. Toxicol. Appl. Pharmacol. 245, 36–46. doi:10.1016/j.taap.2010.01.008
 Garrean S., Gao X. P., Brovkovych V., Shimizu J., Zhao Y. Y. Vogel S. M., et al. (2006). Caveolin-1 regulates NF-kappaB activation and lung inflammatory response to sepsis induced by lipopolysaccharide. J. Immunol. 177, 4853–4860. doi:10.4049/jimmunol.177.7.4853
 Gazzerro E., Bonetto A., Minetti C. (2011). Caveolinopathies: translational implications of caveolin-3 in skeletal and cardiac muscle disorders. Handb. Clin. Neurol. 101, 135–142. doi:10.1016/B978-0-08-045031-5.00010-4
 Gong W., Jiao Q., Yuan J., Luo H., Liu Y. Zhang Y., et al. (2023). Cardioprotective and anti-inflammatory effects of Caveolin 1 in experimental diabetic cardiomyopathy. Clin. Sci. (Lond) 137, 511–525. doi:10.1042/CS20220874
 Goyal P., Silversides C. K. (2022). An aging nation and the rise of geriatric cardiology. JACC Adv. 1, 100075. doi:10.1016/j.jacadv.2022.100075
 Granger D. N., Kvietys P. R. (2015). Reperfusion injury and reactive oxygen species: the evolution of a concept. Redox Biol. 6, 524–551. doi:10.1016/j.redox.2015.08.020
 Guo C. J., Yang X. B., Wu Y. Y., Yang L. S., Mi S. Liu Z. Y., et al. (2011). Involvement of caveolin-1 in the Jak-Stat signaling pathway and infectious spleen and kidney necrosis virus infection in Mandarin fish (Siniperca chuatsi). Mol. Immunol. 48, 992–1000. doi:10.1016/j.molimm.2011.01.001
 Guo P., Hu S., Liu X., He M., Li J. Ma T., et al. (2024). CAV3 alleviates diabetic cardiomyopathy via inhibiting NDUFA10-mediated mitochondrial dysfunction. J. Transl. Med. 22, 390. doi:10.1186/s12967-024-05223-6
 Hagiwara Y., Sasaoka T., Araishi K., Imamura M., Yorifuji H. Nonaka I., et al. (2000). Caveolin-3 deficiency causes muscle degeneration in mice. Hum. Mol. Genet. 9, 3047–3054. doi:10.1093/hmg/9.20.3047
 Head B. P., Patel H. H., Roth D. M., Murray F., Swaney J. S. Niesman I. R., et al. (2006). Microtubules and actin microfilaments regulate lipid raft/caveolae localization of adenylyl cyclase signaling components. J. Biol. Chem. 281, 26391–26399. doi:10.1074/jbc.M602577200
 Hernández-Deviez D. J., Martin S., Laval S. H., Lo H. P., Cooper S. T. North K. N., et al. (2006). Aberrant dysferlin trafficking in cells lacking caveolin or expressing dystrophy mutants of caveolin-3. Hum. Mol. Genet. 15, 129–142. doi:10.1093/hmg/ddi434
 Hollenberg S. M., Singer M. (2021). Pathophysiology of sepsis-induced cardiomyopathy. Nat. Rev. Cardiol. 18, 424–434. doi:10.1038/s41569-020-00492-2
 Horikawa Y. T., Patel H. H., Tsutsumi Y. M., Jennings M. M., Kidd M. W. Hagiwara Y., et al. (2008). Caveolin-3 expression and caveolae are required for isoflurane-induced cardiac protection from hypoxia and ischemia/reperfusion injury. J. Mol. Cell Cardiol. 44, 123–130. doi:10.1016/j.yjmcc.2007.10.003
 Huang Q., Zhong W., Hu Z., Tang X. (2018). A review of the role of cav-1 in neuropathology and neural recovery after ischemic stroke. J. Neuroinflammation 15, 348. doi:10.1186/s12974-018-1387-y
 Huxley A. F., Taylor R. E. (1958). Local activation of striated muscle fibres. J. Physiol. 144, 426–441. doi:10.1113/jphysiol.1958.sp006111
 Jasmin J. F., Rengo G., Lymperopoulos A., Gupta R., Eaton G. J. Quann K., et al. (2011). Caveolin-1 deficiency exacerbates cardiac dysfunction and reduces survival in mice with myocardial infarction. Am. J. Physiol. Heart Circ. Physiol. 300, H1274–H1281. doi:10.1152/ajpheart.01173.2010
 Ji D. G., Zhang Y., Yao S. M., Zhai X. J., Zhang L. R. Zhang Y. Z., et al. (2018). Cav-1 deficiency promotes liver fibrosis in carbon tetrachloride (CCl(4))-induced mice by regulation of oxidative stress and inflammation responses. Biomed. Pharmacother. 102, 26–33. doi:10.1016/j.biopha.2018.03.016
 Kalogeris T., Baines C. P., Krenz M., Korthuis R. J. (2012). Cell biology of ischemia/reperfusion injury. Int. Rev. Cell Mol. Biol. 298, 229–317. doi:10.1016/B978-0-12-394309-5.00006-7
 Kantrow S. P., Piantadosi C. A. (1997). Release of cytochrome c from liver mitochondria during permeability transition. Biochem. Biophys. Res. Commun. 232, 669–671. doi:10.1006/bbrc.1997.6353
 Karlsson M., Thorn H., Parpal S., Strålfors P., Gustavsson J. (2002). Insulin induces translocation of glucose transporter GLUT4 to plasma membrane caveolae in adipocytes. Faseb J. 16, 249–251. doi:10.1096/fj.01-0646fje
 Lannes-Costa P. S., Pimentel B., Nagao P. E. (2022). Role of caveolin-1 in sepsis - a mini-review. Front. Immunol. 13, 902907. doi:10.3389/fimmu.2022.902907
 L'Heureux M., Sternberg M., Brath L., Turlington J., Kashiouris M. G. (2020). Sepsis-induced cardiomyopathy: a comprehensive review. Curr. Cardiol. Rep. 22, 35. doi:10.1007/s11886-020-01277-2
 Li W., Liu H., Zhou J. S., Cao J. F., Zhou X. B. Choi A. M., et al. (2012). Caveolin-1 inhibits expression of antioxidant enzymes through direct interaction with nuclear erythroid 2 p45-related factor-2 (Nrf2). J. Biol. Chem. 287, 20922–20930. doi:10.1074/jbc.M112.352336
 Li Y., Liu Y., Liu S., Gao M., Wang W. Chen K., et al. (2023). Diabetic vascular diseases: molecular mechanisms and therapeutic strategies. Signal Transduct. Target Ther. 8, 152. doi:10.1038/s41392-023-01400-z
 Lira Chavez F. M., Gartzke L. P., van Beuningen F. E., Wink S. E., Henning R. H. Krenning G., et al. (2023). Restoring the infected powerhouse: mitochondrial quality control in sepsis. Redox Biol. 68, 102968. doi:10.1016/j.redox.2023.102968
 Lory P., Nicole S., Monteil A. (2020). Neuronal Cav3 channelopathies: recent progress and perspectives. Pflugers Arch. 472, 831–844. doi:10.1007/s00424-020-02429-7
 Luo M., Anderson M. E. (2013). Mechanisms of altered Ca2⁺ handling in heart failure. Circ. Res. 113, 690–708. doi:10.1161/CIRCRESAHA.113.301651
 Markandeya Y. S., Gregorich Z. R., Feng L., Ramchandran V., T O. H. Vaidyanathan R., et al. (2023). Caveolin-3 and Caveolae regulate ventricular repolarization. J. Mol. Cell Cardiol. 177, 38–49. doi:10.1016/j.yjmcc.2023.02.005
 Mastick C. C., Brady M. J., Saltiel A. R. (1995). Insulin stimulates the tyrosine phosphorylation of caveolin. J. Cell Biol. 129, 1523–1531. doi:10.1083/jcb.129.6.1523
 Medina F. A., Cohen A. W., de Almeida C. J., Nagajyothi F., Braunstein V. L. Teixeira M. M., et al. (2007). Immune dysfunction in caveolin-1 null mice following infection with Trypanosoma cruzi (Tulahuen strain). Microbes Infect. 9, 325–333. doi:10.1016/j.micinf.2006.12.011
 Michell D. L., Shihata W. A., Andrews K. L., Abidin N. A. Z., Jefferis A. M. Sampson A. K., et al. (2021). High intraluminal pressure promotes vascular inflammation via caveolin-1. Sci. Rep. 11, 5894. doi:10.1038/s41598-021-85476-z
 Murata T., Lin M. I., Huang Y., Yu J., Bauer P. M. Giordano F. J., et al. (2007). Reexpression of caveolin-1 in endothelium rescues the vascular, cardiac, and pulmonary defects in global caveolin-1 knockout mice. J. Exp. Med. 204, 2373–2382. doi:10.1084/jem.20062340
 Murfitt L., Whiteley G., Iqbal M. M., Kitmitto A. (2015). Targeting caveolin-3 for the treatment of diabetic cardiomyopathy. Pharmacol. Ther. 151, 50–71. doi:10.1016/j.pharmthera.2015.03.002
 Nakahira K., Hisata S., Choi A. M. (2015). The roles of mitochondrial damage-associated molecular patterns in diseases. Antioxid. Redox Signal 23, 1329–1350. doi:10.1089/ars.2015.6407
 Nwosu Z. C., Ebert M. P., Dooley S., Meyer C. (2016). Caveolin-1 in the regulation of cell metabolism: a cancer perspective. Mol. Cancer 15, 71. doi:10.1186/s12943-016-0558-7
 Oktay A. A., Paul T. K., Koch C. A., Lavie C. J. (2024). “Diabetes, cardiomyopathy, and heart failure,” in 2000, MDText.com, Inc. Copyright © 2000-2024 ed . Editor K. R. Feingold (South Dartmouth (MA): MDText.com, Inc.). 
 Paneni F., Costantino S., Castello L., Battista R., Capretti G. Chiandotto S., et al. (2015). Targeting prolyl-isomerase Pin1 prevents mitochondrial oxidative stress and vascular dysfunction: insights in patients with diabetes. Eur. Heart J. 36, 817–828. doi:10.1093/eurheartj/ehu179
 Panneerselvam M., Patel H. H., Roth D. M. (2012). Caveolins and heart diseases. Adv. Exp. Med. Biol. 729, 145–156. doi:10.1007/978-1-4614-1222-9_10
 Park D. S., Woodman S. E., Schubert W., Cohen A. W., Frank P. G. Chandra M., et al. (2002). Caveolin-1/3 double-knockout mice are viable, but lack both muscle and non-muscle caveolae, and develop a severe cardiomyopathic phenotype. Am. J. Pathol. 160, 2207–2217. doi:10.1016/S0002-9440(10)61168-6
 Parolini I., Sargiacomo M., Galbiati F., Rizzo G., Grignani F. Engelman J. A., et al. (1999). Expression of caveolin-1 is required for the transport of caveolin-2 to the plasma membrane. Retention of caveolin-2 at the level of the golgi complex. J. Biol. Chem. 274, 25718–25725. doi:10.1074/jbc.274.36.25718
 Patel H. H., Tsutsumi Y. M., Head B. P., Niesman I. R., Jennings M. Horikawa Y., et al. (2007). Mechanisms of cardiac protection from ischemia/reperfusion injury: a role for caveolae and caveolin-1. FASEB J. 21, 1565–1574. doi:10.1096/fj.06-7719com
 Quest A. F., Gutierrez-Pajares J. L., Torres V. A. (2008). Caveolin-1: an ambiguous partner in cell signalling and cancer. J. Cell Mol. Med. 12, 1130–1150. doi:10.1111/j.1582-4934.2008.00331.x
 Ratajczak P., Damy T., Heymes C., Oliviero P., Marotte F. Robidel E., et al. (2003). Caveolin-1 and -3 dissociations from caveolae to cytosol in the heart during aging and after myocardial infarction in rat. Cardiovasc Res. 57, 358–369. doi:10.1016/s0008-6363(02)00660-0
 Rattis B. A. C., Freitas A. C., Oliveira J. F., Calandrini-Lima J. L. A., Figueiredo M. J. Soave D. F., et al. (2021). Effect of verapamil, an L-type calcium channel inhibitor, on caveolin-3 expression in septic mouse hearts. Oxid. Med. Cell Longev. 2021, 6667074. doi:10.1155/2021/6667074
 Razani B., Engelman J. A., Wang X. B., Schubert W., Zhang X. L. Marks C. B., et al. (2001). Caveolin-1 null mice are viable but show evidence of hyperproliferative and vascular abnormalities. J. Biol. Chem. 276, 38121–38138. doi:10.1074/jbc.M105408200
 Razani B., Wang X. B., Engelman J. A., Battista M., Lagaud G. Zhang X. L., et al. (2002). Caveolin-2-deficient mice show evidence of severe pulmonary dysfunction without disruption of caveolae. Mol. Cell Biol. 22, 2329–2344. doi:10.1128/mcb.22.7.2329-2344.2002
 Robenek H., Weissen-Plenz G., Severs N. J. (2008). Freeze-fracture replica immunolabelling reveals caveolin-1 in the human cardiomyocyte plasma membrane. J. Cell Mol. Med. 12, 2519–2521. doi:10.1111/j.1582-4934.2008.00498.x
 Saito H., Godo S., Sato S., Ito A., Ikumi Y. Tanaka S., et al. (2018). Important role of endothelial caveolin-1 in the protective role of endothelium-dependent hyperpolarization against nitric oxide-mediated nitrative stress in microcirculation in mice. J. Cardiovasc Pharmacol. 71, 113–126. doi:10.1097/FJC.0000000000000552
 Sanderson T. H., Reynolds C. A., Kumar R., Przyklenk K., Hüttemann M. (2013). Molecular mechanisms of ischemia-reperfusion injury in brain: pivotal role of the mitochondrial membrane potential in reactive oxygen species generation. Mol. Neurobiol. 47, 9–23. doi:10.1007/s12035-012-8344-z
 Schieber M., Chandel N. S. (2014). ROS function in redox signaling and oxidative stress. Curr. Biol. 24, R453–R462. doi:10.1016/j.cub.2014.03.034
 Schilling J. M., Head B. P., Patel H. H. (2018). Caveolins as regulators of stress adaptation. Mol. Pharmacol. 93, 277–285. doi:10.1124/mol.117.111237
 Schilling J. M., Patel H. H. (2016). Non-canonical roles for caveolin in regulation of membrane repair and mitochondria: implications for stress adaptation with age. J. Physiol. 594, 4581–4589. doi:10.1113/JP270591
 Schubert W., Frank P. G., Woodman S. E., Hyogo H., Cohen D. E. Chow C. W., et al. (2002). Microvascular hyperpermeability in caveolin-1 (-/-) knock-out mice. Treatment with a specific nitric-oxide synthase inhibitor, L-NAME, restores normal microvascular permeability in Cav-1 null mice. J. Biol. Chem. 277, 40091–40098. doi:10.1074/jbc.M205948200
 Schultheiss H. P., Fairweather D., Caforio A. L. P., Escher F., Hershberger R. E. Lipshultz S. E., et al. (2019). Dilated cardiomyopathy. Nat. Rev. Dis. Prim. 5, 32. doi:10.1038/s41572-019-0084-1
 See Hoe L. E., Schilling J. M., Tarbit E., Kiessling C. J., Busija A. R. Niesman I. R., et al. (2014). Sarcolemmal cholesterol and caveolin-3 dependence of cardiac function, ischemic tolerance, and opioidergic cardioprotection. Am. J. Physiol. Heart Circ. Physiol. 307, H895–H903. doi:10.1152/ajpheart.00081.2014
 Setterberg I. E., Le C., Frisk M., Li J., Louch W. E. (2021). The physiology and pathophysiology of T-tubules in the heart. Front. Physiol. 12, 718404. doi:10.3389/fphys.2021.718404
 Shah D. S., Nisr R. B., Stretton C., Krasteva-Christ G., Hundal H. S. (2020). Caveolin-3 deficiency associated with the dystrophy P104L mutation impairs skeletal muscle mitochondrial form and function. J. Cachexia Sarcopenia Muscle 11, 838–858. doi:10.1002/jcsm.12541
 Shu Y., Jin S. (2023). Caveolin-1 in endothelial cells: a potential therapeutic target for atherosclerosis. Heliyon 9, e18653. doi:10.1016/j.heliyon.2023.e18653
 Simon L., Campos A., Leyton L., Quest A. F. G. (2020). Caveolin-1 function at the plasma membrane and in intracellular compartments in cancer. Cancer Metastasis Rev. 39, 435–453. doi:10.1007/s10555-020-09890-x
 Song K. S., Scherer P. E., Tang Z., Okamoto T., Li S. Chafel M., et al. (1996). Expression of caveolin-3 in skeletal, cardiac, and smooth muscle cells. Caveolin-3 is a component of the sarcolemma and co-fractionates with dystrophin and dystrophin-associated glycoproteins. J. Biol. Chem. 271, 15160–15165. doi:10.1074/jbc.271.25.15160
 Sowa G. (2012). Caveolae, caveolins, cavins, and endothelial cell function: new insights. Front. Physiol. 2, 120. doi:10.3389/fphys.2011.00120
 Su W., Zhang Y., Zhang Q., Xu J., Zhan L. Zhu Q., et al. (2016). N-acetylcysteine attenuates myocardial dysfunction and postischemic injury by restoring caveolin-3/eNOS signaling in diabetic rats. Cardiovasc Diabetol. 15, 146. doi:10.1186/s12933-016-0460-z
 Sudhahar V., Okur M. N., O'Bryan J. P., Minshall R. D., Fulton D. Ushio-Fukai M., et al. (2020). Caveolin-1 stabilizes ATP7A, a copper transporter for extracellular SOD, in vascular tissue to maintain endothelial function. Am. J. Physiol. Cell Physiol. 319, C933–C944. doi:10.1152/ajpcell.00151.2020
 Suliman H. B., Piantadosi C. A. (2016). Mitochondrial quality control as a therapeutic target. Pharmacol. Rev. 68, 20–48. doi:10.1124/pr.115.011502
 Sun J., Nguyen T., Aponte A. M., Menazza S., Kohr M. J. Roth D. M., et al. (2015). Ischaemic preconditioning preferentially increases protein S-nitrosylation in subsarcolemmal mitochondria. Cardiovasc Res. 106, 227–236. doi:10.1093/cvr/cvv044
 Takimoto E., Kass D. A. (2007). Role of oxidative stress in cardiac hypertrophy and remodeling. Hypertension 49, 241–248. doi:10.1161/01.HYP.0000254415.31362.a7
 Tang Z., Scherer P. E., Okamoto T., Song K., Chu C. Kohtz D. S., et al. (1996). Molecular cloning of caveolin-3, a novel member of the caveolin gene family expressed predominantly in muscle. J. Biol. Chem. 271, 2255–2261. doi:10.1074/jbc.271.4.2255
 Taylor D. E., Ghio A. J., Piantadosi C. A. (1995). Reactive oxygen species produced by liver mitochondria of rats in sepsis. Arch. Biochem. Biophys. 316, 70–76. doi:10.1006/abbi.1995.1011
 Thomas C. M., Smart E. J. (2008). Caveolae structure and function. J. Cell Mol. Med. 12, 796–809. doi:10.1111/j.1582-4934.2008.00295.x
 Tian J., Popal M. S., Huang R., Zhang M., Zhao X. Zhang M., et al. (2020). Caveolin as a novel potential therapeutic target in cardiac and vascular diseases: a mini review. Aging Dis. 11, 378–389. doi:10.14336/AD.2019.09603
 Tian W., Liu S. Y., Zhang M., Meng J. R., Tang N. Feng Y. D., et al. (2022). TRPC1 contributes to endotoxemia-induced myocardial dysfunction via mediating myocardial apoptosis and autophagy. Pharmacol. Res. 181, 106262. doi:10.1016/j.phrs.2022.106262
 Tran N., Garcia T., Aniqa M., Ali S., Ally A., Nauli S. M. (2022). Endothelial nitric oxide synthase (eNOS) and the cardiovascular system: in physiology and in disease States. Am. J. Biomed. Sci. Res. 15, 153–177.
 Tsutsumi Y. M., Horikawa Y. T., Jennings M. M., Kidd M. W., Niesman I. R. Yokoyama U., et al. (2008). Cardiac-specific overexpression of caveolin-3 induces endogenous cardiac protection by mimicking ischemic preconditioning. Circulation 118, 1979–1988. doi:10.1161/CIRCULATIONAHA.108.788331
 Tsutsumi Y. M., Kawaraguchi Y., Horikawa Y. T., Niesman I. R., Kidd M. W. Chin-Lee B., et al. (2010). Role of caveolin-3 and glucose transporter-4 in isoflurane-induced delayed cardiac protection. Anesthesiology 112, 1136–1145. doi:10.1097/ALN.0b013e3181d3d624
 Tsutsumi Y. M., Tsutsumi R., Hamaguchi E., Sakai Y., Kasai A. Ishikawa Y., et al. (2014). Exendin-4 ameliorates cardiac ischemia/reperfusion injury via caveolae and caveolins-3. Cardiovasc Diabetol. 13, 132. doi:10.1186/s12933-014-0132-9
 Ushio-Fukai M. (2006). Localizing NADPH oxidase-derived ROS. Sci. STKE 2006, re8. doi:10.1126/stke.3492006re8
 van der Pol A., van Gilst W. H., Voors A. A., van der Meer P. (2019). Treating oxidative stress in heart failure: past, present and future. Eur. J. Heart Fail 21, 425–435. doi:10.1002/ejhf.1320
 Van Remmen H., Richardson A. (2001). Oxidative damage to mitochondria and aging. Exp. Gerontol. 36, 957–968. doi:10.1016/s0531-5565(01)00093-6
 Volonte D., Galbiati F. (2009). Caveolin-1, cellular senescence and pulmonary emphysema. Aging (Albany NY) 1, 831–835. doi:10.18632/aging.100079
 Volonte D., Liu Z., Shiva S., Galbiati F. (2016). Caveolin-1 controls mitochondrial function through regulation of m-AAA mitochondrial protease. Aging (Albany NY) 8, 2355–2369. doi:10.18632/aging.101051
 Wang S., Wang N., Zheng Y., Zhang J., Zhang F., Wang Z. (2017). Caveolin-1: an oxidative stress-related target for cancer prevention. Oxid. Med. Cell Longev. 2017, 7454031. doi:10.1155/2017/7454031
 Wang X. M., Kim H. P., Song R., Choi A. M. (2006). Caveolin-1 confers antiinflammatory effects in murine macrophages via the MKK3/p38 MAPK pathway. Am. J. Respir. Cell Mol. Biol. 34, 434–442. doi:10.1165/rcmb.2005-0376OC
 Wenceslau C. F., McCarthy C. G., Szasz T., Spitler K., Goulopoulou S. Webb R. C., et al. (2014). Mitochondrial damage-associated molecular patterns and vascular function. Eur. Heart J. 35, 1172–1177. doi:10.1093/eurheartj/ehu047
 Woodman S. E., Ashton A. W., Schubert W., Lee H., Williams T. M. Medina F. A., et al. (2003). Caveolin-1 knockout mice show an impaired angiogenic response to exogenous stimuli. Am. J. Pathol. 162, 2059–2068. doi:10.1016/S0002-9440(10)64337-4
 Woodman S. E., Park D. S., Cohen A. W., Cheung M. W., Chandra M. Shirani J., et al. (2002). Caveolin-3 knock-out mice develop a progressive cardiomyopathy and show hyperactivation of the p42/44 MAPK cascade. J. Biol. Chem. 277, 38988–38997. doi:10.1074/jbc.M205511200
 Wu Y., Lim Y. W., Parton R. G. (2023). Caveolae and the oxidative stress response. Biochem. Soc. Trans. 51, 1377–1385. doi:10.1042/BST20230121
 Wunderlich C., Schober K., Kasper M., Heerwagen C., Marquetant R. Ebner B., et al. (2008). Nitric oxide synthases are crucially involved in the development of the severe cardiomyopathy of caveolin-1 knockout mice. Biochem. Biophys. Res. Commun. 377, 769–774. doi:10.1016/j.bbrc.2008.10.068
 Xu Q., Shi W., Lv P., Meng W., Mao G. Gong C., et al. (2020). Critical role of caveolin-1 in aflatoxin B1-induced hepatotoxicity via the regulation of oxidation and autophagy. Cell Death Dis. 11, 6. doi:10.1038/s41419-019-2197-6
 Yang Z., Su W., Zhang Y., Zhou L., Xia Z. Y., Lei S. (2021). Selective inhibition of PKCβ2 improves Caveolin-3/eNOS signaling and attenuates lipopolysaccharide-induced injury by inhibiting autophagy in H9C2 cardiomyocytes. J. Mol. Histol. 52, 705–715. doi:10.1007/s10735-021-09990-0
 Young L. H., Ikeda Y., Lefer A. M. (2001). Caveolin-1 peptide exerts cardioprotective effects in myocardial ischemia-reperfusion via nitric oxide mechanism. Am. J. Physiol. Heart Circ. Physiol. 280, H2489–H2495. doi:10.1152/ajpheart.2001.280.6.H2489
 Yu T., Jhun B. S., Yoon Y. (2011). High-glucose stimulation increases reactive oxygen species production through the calcium and mitogen-activated protein kinase-mediated activation of mitochondrial fission. Antioxid. Redox Signal 14, 425–437. doi:10.1089/ars.2010.3284
 Yun J. H., Park S. J., Jo A., Kang J. L., Jou I. Park J. S., et al. (2011). Caveolin-1 is involved in reactive oxygen species-induced SHP-2 activation in astrocytes. Exp. Mol. Med. 43, 660–668. doi:10.3858/emm.2011.43.12.075
 Zhao R. Z., Jiang S., Zhang L., Yu Z. B. (2019). Mitochondrial electron transport chain, ROS generation and uncoupling (Review). Int. J. Mol. Med. 44, 3–15. doi:10.3892/ijmm.2019.4188
 Zhou Q., Peng X., Liu X., Chen L., Xiong Q. Shen Y., et al. (2018). FAT10 attenuates hypoxia-induced cardiomyocyte apoptosis by stabilizing caveolin-3. J. Mol. Cell Cardiol. 116, 115–124. doi:10.1016/j.yjmcc.2018.02.008
 Ziaeian B., Fonarow G. C. (2016). Epidemiology and aetiology of heart failure. Nat. Rev. Cardiol. 13, 368–378. doi:10.1038/nrcardio.2016.25
 Zorov D. B., Juhaszova M., Sollott S. J. (2014). Mitochondrial reactive oxygen species (ROS) and ROS-induced ROS release. Physiol. Rev. 94, 909–950. doi:10.1152/physrev.00026.2013
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 Zadorozny, Du, Supanekar, Annamalai, Yu and Wang. 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

		Caveolin and oxidative stress in cardiac pathology		Introduction		Caveolin isoforms and their interrelationships

		Different isoforms of caveolin in regulating ROS production

		Anti-oxidative stress of caveolin in cardiac pathogenesis





		Conclusion and future prospect

		Author contributions

		Funding

		Generative AI statement

		Publisher’s note

		Author disclaimer

		References









OPS/images/cover.jpg
’ frontiers | Frontiersin Physiology

Caveolin and oxidative stress in
cardiac pathology





OPS/images/fphys-16-1550647-g001.gif
™

Aoxenivasuess

=






OPS/images/fphys-16-1550647-t001.jpg
Animal/Tissue

Signaling pathway/mechanism

Cells
involved in
injury

Cardiac
phenotype and
outcome

Disease References

model

CavI~ mice

Cav-1KO — |f-AR — | cardiac cAMP — | p-PKA

ILVEF, LVFS -
TLVEDP
|Survival Rate

MI Jasmin etal. (2011)

24-month-old rats | Dissociation of Cav-1 from caveolae — [Cytosolic = TLVEDP ECs and SMCs Heart Failure | Ratajezak et al.
Cav-1/NOS3 complexes (2003)
CavI’~ mice Cav-1KO — TeNOS activity — [Systemic NO, 10, |LVDP, dP/dtyys, dP/dtyyiy - Heart Failure | Wunderlich et al.
TLVEDP (2008)
CavI~ and Cavl”~/ | |Cav-1 — vascular eNOS dysfunction — TROS LVDP, dp/dtynas, dp/dtiin - Heart Failure | Ebner et al. (2017)
eNOS™" mice Istroke volume, cardiac
output
TAortic diameter, SP,
diastolic pressure
TWet heart weight, LV
posterior wall thickness
CavI™ mice Chronic hypoxia — 1 eNOS uncoupling, Tp-eNOS | |RVSP, cardiac output - Right Heart | Cruz et al. (2012)
(S1176) — TSuperoxide, [NO— TOxidative/ TRV hypertrophy and RV Failure
nitrosative stress in RV interstitial fibrosis
CavI”~ mice Cav-1KO — 1eNOS activity — TNO in vasculature | LV and RV cardiac ECs Heart Failure Murata et al.
Cav-1KO — Tp-Akt and p-p42/44 — hypertrophy (2007)
hyperproliferation, Tcollagen synthesis 1 Coronary artery diameter
and wall thicknesses
1 RVSP, RVDP, RVEDP
|Systemic arterial pressure
Cavl™" Cav-1KO — |IxBa — TNF-xB — TANF, BNP, EN, | Enlarged heart CMs DCM Gong et al. (2023)
and Cavi™~ diabetic | ICAM-1 and TGE-B1 TCardiac collagen fiber HoC2
mice
Human skeletal  |Cav-1 — |eNOS, Tp-eNOS — insulin uptake; - ECs Type 2 diabetes | Chen et al. (2018)
muscle biopsies  TCav-1 — stabilize eNOS
Trpel”” mice and | LPS — [TRPCI — Tintracellular Ca® release — | TLVEF, LVES - scM Tian et al. (2022)

Cavtratin -treated
mice

CavI™~ mice and
blood vessels

eCav-1""~ mice and
isolated hearts

1Cav-1 = T apoptosis and autophagy
Cav-1KO —|ATP7A — [SOD3 activity —
10, —endothelial dysfunction

Cav-1KO — TeNOS activity, |p-eNOS (Thr495) —
NO = T cardiac nitrative stress

TSurvival Rate

Vascular cells,
Fibroblast

Impaired endothelium-
dependent vasorelaxation

Cardiac hypertrophy Vascular cells, ECs

1 Baseline coronary flow

- Sudhahar et al.
(2020)

- Saito et al. (2018)

eCav-1-KO, endothelium-specific Cav-1-knockout; eNOS, endothelial Nitric Oxide Synthase; TRPCI, Transient receptor potential canonical channell; LV, Left Ventricular; EF, Ejection
Fraction; FS, Fractional Shortening; EDP, End Diastolic Pressure; DP, Developed Pressures; dP/dty iy maximal/minimal first derivative of the LV pressure over time; RV, Right Ventricular;
SP, Systolic pressure; f-AR, B-adrenergic receptor; cAMP, cyclic adenosine 3',5"-monophosphate; PKA, Protein kinase A; NO,, nitrate and nitrite; IxBa, Inhibitor a of NF-xB; ANF, Atrial

Natriuretic Factor; BNP, Brain Natriuretic Peptide; FN, fibronectin; ICAM-1, Intercellular adhesion molecule-1; TGF-Bl, transforming growth factor-p1

+iNOS, inducible NO synthase; ECs,

Endothelial Cells; SMCs, Smooth Muscle Cells; CM, cardiomyocytes; MI, Myocardial Ischemia; DCM, Diabetic Cardiomyopathy; SCM, Septic Cardiomyopathy.










OPS/images/crossmark.jpg
©

|





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





