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Abstract

:

Sirtuins belong to the class III histone deacetylases and possess nicotinamide adenine dinucleotide-dependent deacetylase activity. They are involved in the regulation of multiple signaling pathways implicated in cardiovascular diseases. Autophagy is a crucial adaptive cellular response to stress stimuli. Mounting evidence suggests a strong correlation between Sirtuins and autophagy, potentially involving cross-regulation and crosstalk. Sirtuin-mediated autophagy plays a crucial regulatory role in some cardiovascular diseases, including atherosclerosis, ischemia/reperfusion injury, hypertension, heart failure, diabetic cardiomyopathy, and drug-induced myocardial damage. In this context, we summarize the research advancements pertaining to various Sirtuins involved in autophagy and the molecular mechanisms regulating autophagy. We also elucidate the biological function of Sirtuins across diverse cardiovascular diseases and further discuss the development of novel drugs that regulate Sirtuin-mediated autophagy.
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1. Introduction


In 1987, SIR2 was first discovered as a transcriptional silencer in yeast cells by Rine et al. [1]. Subsequently, seven SIR2 homologs, namely SIRT1–SIRT7, were identified. SIRT2 is primarily localized in the cytoplasm, whereas SIRT1, SIRT6, and SIRT7 are predominantly localized in the nucleus, and SIRT3, SIRT4, and SIRT5 are primarily situated within the mitochondria. Rapid advancements in the field of proteomics have enabled researchers to elucidate that the subcellular localization of Sirtuin proteins is contingent upon the specific cell type, cellular state, and molecular interactions. For example, SIRT1 and SIRT2 shuttle between the nucleus and cytoplasm, interacting with proteins present in both cellular compartments, and SIRT3 is also expressed in the cytoplasm [2]. Under physiological conditions, mammalian Sirtuins exhibit enzymatic functions that translate and modify various histone and non-histone proteins, thereby inducing or inhibiting the expression of downstream target proteins, which participate in multiple physiological processes such as glucose metabolism, fatty acid metabolism, insulin secretion, ATP synthesis, DNA repair, and cell cycle regulation. Upon exposure to endogenous or exogenous stimuli, Sirtuins participate in pathological processes such as oxidative stress, autophagy, apoptosis, and inflammatory responses [3].



Autophagy is not only a crucial process during cardiac development but also an adaptive cellular response to starvation, hypoxia, metabolic irregularities, oxidative stress, aging, the accumulation of aberrant proteins and organelles, and other external stimuli [4]. In circumstances of normal or mild stress, autophagy maintains cellular energy homeostasis by degrading and recycling intracellular waste and damaged organelles. However, under severe stress, increased activation of autophagy leads to non-selective degradation of normal mitochondria and mitochondrial-related proteins, thereby exacerbating mitochondrial damage, affecting energy metabolism, and causing energy imbalance [5]. Autophagy occurs in various types of cardiovascular cells, including cardiomyocytes, vascular smooth muscle cells, fibroblasts, macrophages, and endothelial cells [6]. Cardiomyocytes are terminally differentiated cells and rely considerably on autophagy for the elimination of abnormal substances [7]. Therefore, the regulation of autophagy is crucial for the maintenance of cardiovascular homeostasis.



Both Sirtuins and autophagy are acknowledged as crucial factors in the pursuit of prolonging lifespan and protecting organisms against age-related diseases and metabolic disorders [8,9,10,11]. Sirtuin-mediated autophagy is activated or suppressed under pathological conditions and plays a vital role in some cardiovascular diseases, including atherosclerosis (AS), myocardial ischemia/reperfusion (MI/R) injury, hypertension, heart failure, diabetic cardiomyopathy (DCM), drug-induced myocardial damage, and cardiogenesis/cardiac maintenance [11,12,13,14,15,16,17,18,19,20,21]. Sirtuins exert their influence on autophagy by regulating the gene expression of autophagy-related proteins and their post-translational modifications, thereby affecting their activity and subcellular localization [10]. Undoubtedly, a more comprehensive understanding of the cross-regulation between Sirtuins and autophagy may provide crucial insights and novel therapeutic avenues for addressing cardiovascular diseases. However, there is currently a dearth of comprehensive literature providing a concise overview of the role of Sirtuins in the regulation of autophagy in cardiovascular diseases. This review underscores the key molecular mechanisms through which Sirtuins regulate cardiovascular autophagy, shedding light on the biological roles of Sirtuins across diverse cardiovascular diseases. In addition, we summarize novel medical therapeutic strategies targeting Sirtuin-mediated autophagy.




2. Regulation of Cardiovascular Autophagy by Various Sirtuins


2.1. Sirtuins in the Nucleus


SIRT1, a recognized regulator of autophagy, induces autophagy directly by deacetylating autophagy-related genes or increases autophagic flux by upregulating the expression of autophagy-regulating genes [22]. Studies have shown that adenosine monophosphate-activated protein kinase (AMPK) and various non-coding RNAs regulate the participation of SIRT1 in autophagy in cardiovascular cells. Under conditions of restricted energy, such as glucose limitation, serum starvation, amino acid deprivation, and MI/R, AMPK phosphorylation leads to the activation of SIRT1, which in turn enhances the transcription of autophagy-related genes [14]. AMPK can also be activated as a downstream molecule of SIRT1. For example, SIRT1 directly phosphorylates AMPK to activate the unc-51-like autophagy activating kinase 1 (ULK1) pathway or inhibit the participation of mammalian target of rapamycin (mTOR) in autophagy. SIRT1 also directly deacetylates forkhead box O3a (FOXO3a) to activate AMPK and autophagy [23,24,25]. Furthermore, SIRT1-mediated regulation of autophagy also involves non-coding RNAs, such as microRNAs (miRNAs), long non-coding RNAs (lncRNAs), and circular RNAs (circRNAs). For example, miRNA-494 targets SIRT1 through the phosphoinositide 3-kinase (PI3K)/protein kinase B (AKT)/mTOR signaling pathway to inhibit autophagy in myocardial cells [26]; miR-128 inhibits the PIK3R1/AKT/mTORC1 and/or SIRT1/p53 pathways to exacerbate angiotensin II (Ang II)-induced pathological autophagy [27]. miR-217-5p and miR-19a downregulate SIRT1 expression to regulate autophagy and exert cellular protective effects [28,29]. CircRNAs regulate SIRT1 at the transcriptional and post-translational levels through miR-3681-3p and miR-5195-3p sponging. In vitro experiments have shown that silencing SIRT1 restores the effect of the upregulation of circ-SIRT1 expression on Ang II-induced autophagy [30]. LncRNAs enhance oxidative modification of low-density lipoprotein (ox-LDL)-induced macrophage autophagy through the SIRT1/mitogen-activated protein/nuclear factor kappa-B pathway [31]. SIRT1 positively regulates autophagy in cardiovascular diseases. For example, SIRT1 promotes autophagy by deacetylating autophagy marker proteins such as forkhead box-1 (FOXO1) and Beclin1 [22,32]. SIRT1 activates downstream effectors of peroxisome proliferator-activated receptor γ coactivator 1-α (PGC-1α) and fibroblast growth factor 21 (FGF21) to promote autophagy [33]. Additionally, SIRT1 promotes transcription factor EB (TFEB) nuclear translocation and deacetylation, thereby activating the p53 and PI3K/AKT signaling pathways to promote autophagy and maintain mitochondrial dynamics balance [19,34]. During endoplasmic reticulum stress (ERS), SIRT1 expression is suppressed, and autophagy decreases. Conversely, inhibiting SIRT1 attenuates ERS-induced autophagy, and activating SIRT1 enhances autophagy protection against ERS-induced cell death through ERS pathways [35]. In addition, mitochondrial autophagy-associated proteins, such as PTEN-induced putative kinase (PINK1), autophagy-related 5 (ATG5), microtubule-associated protein light chain 3 (LC3), and Beclin1, are downregulated in cardiomyocytes stimulated by hypoxia/reoxygenation (H/R) injury. However, activating the SIRT1/transmembrane BAX inhibitor motif containing 6 (TMBIM6) signaling pathway improves mitochondrial autophagy and ERS [36]. Human leukocyte antigen-F adjacent transcript 10 (FAT10) affects autophagy by regulating SIRT1 degradation, decreasing the nuclear translocation of SIRT1, and inhibiting its activity through its C-terminal glycine residue. FAT10 competes with small ubiquitin-like modifier 1 (SUMO1) for SIRT1’s K734 modification site, thereby further reducing LC3 deacetylation and ultimately inhibiting autophagy [37]. Hippo/Yes-associated protein (YAP) is one of the primary signaling pathways that responds to various mechanical stimuli and mediates inflammation. Unidirectional laminar flow of blood induces endothelial protection, whereas a disruption in blood flow results in a pro-atherosclerotic response. When blood flow is disrupted, endothelial cells exhibit reduced phosphorylation of YAP at the Ser127 residue, which results in an increase in YAP expression and its nuclear translocation and the suppression of autophagy. Laminar flow of blood increases SIRT1 expression to inhibit YAP activity and promote YAP nuclear translocation. Additionally, SIRT1 overexpression reduces the expression of downstream genes of YAP, such as CTGF and CYR61, in situations where blood flow is disrupted, whereas inhibition of SIRT1 expression upregulates CTGF and CYR61 activity [38]. In monocytes, inhibiting SIRT1 activates mTOR, which in turn inhibits autophagy, induces inflammation, and promotes the progression of AS [39] (Figure 1).



SIRT6 plays a crucial role in the regulation of cellular autophagy by primarily inhibiting AKT and activating AMPK to deacetylate autophagy-associated proteins. For example, SIRT6 deficiency promotes H3K9 acetylation and c-Jun promoter binding as well as its transcriptional activity to suppress AKT signaling, thereby inhibiting mTOR activation and promoting autophagy [40]. SIRT6 promotes FOXO3-dependent autophagy by reducing AKT protein levels and phosphorylation, thereby promoting the formation of LC3-II and downregulating p62 expression [41]. The upstream miR-122 inhibits SIRT6, thereby exacerbating the decrease in Ang II stimulation-induced autophagic flux, which in turn leads to increased cell migration, oxidative stress, and apoptosis [42]. SIRT6 deacetylates caveolin-1 to trigger its autophagic degradation, whereas knocking out SIRT6 induces autophagy. SIRT6 regulates cardiac autophagy through the FOXO3-dependent pathway and activates autophagy induction factors, such as ATG5 and lysosome-associated membrane protein-2, while inhibiting autophagy suppressors, such as p53 and mTOR [43]. Activated SIRT6 reduces acetylation of FOXO1, thereby promoting the transcriptional function of atrogin-1, which ultimately promotes atrogin-1-mediated degradation of charged multivesicular body protein 2B [44]. SIRT6 deacetylates histone H3K9 to inhibit NK3 homeobox 2 transcription, thereby promoting autophagy and preventing endothelial injury [45] (Figure 1).



SIRT7, a Sirtuin primarily localized in the nucleolus, is relatively less studied for its role in autophagy regulation [46,47]. Silencing forkhead box M1 promotes cellular autophagy by regulating the SIRT7/mTOR/insulin-like growth factor 2 pathway [48]. In osteoarthritis, increased SIRT7 expression in chondrocytes activates autophagy to prevent cartilage degeneration [49]. In prostate cancer cells, SIRT7 indirectly promotes autophagy by regulating the androgen receptor signaling pathway, while its depletion substantially inhibits androgen-induced cell autophagy [50]. Additionally, SIRT7 promotes the deacetylation of RNA N-deacetylase by competitively binding with Ribosomal L1 domain-containing protein 1, thereby leading to the accumulation of nuclear signal transducer and activator of transcription 3 (STAT3) and STAT3-regulated autophagy. However, a few studies have demonstrated that SIRT7 promotes the dissociation of proteins that interact with C kinase 1 and the transforming growth factor β receptor in the cytoplasm, which inhibits their autophagic degradation [51]. At present, the role of SIRT7-mediated autophagy in cardiovascular diseases remains unclear; hence, in vivo and in vitro trials must be conducted in the future (Figure 1).




2.2. Sirtuins in the Mitochondria


SIRT3 plays a dual role in the regulation of autophagy in cardiovascular disease, which can not only enhance but also attenuate autophagy. SIRT3 primarily regulates cellular energy metabolism homeostasis by modulating mitochondrial autophagy [13,52]. For example, SIRT3 deacetylates liver kinase B1 (LKB1) and manganese superoxide dismutase 2 (MnSOD2), leading to AMPK phosphorylation. Phosphorylated AMPK then directly activates ULK1, thereby inducing Beclin1-mediated macro-autophagy while inhibiting mTOR-dependent autophagy [13,53]. Additionally, SIRT3 directly inhibits the PI3K/AKT/mTOR pathway or activates p53 to induce autophagy and prevent drug-induced cardiotoxicity in tumors [54]. SIRT3 suppresses excessive activation of mitochondrial autophagy by deacetylating FOXO3a and MnSOD2 [55,56]. Moreover, SIRT3 overexpression exacerbates drug-induced cell death by inhibiting the SIRT3/glutathione S-transferase P1(GSTP1)/c-Jun N-terminal kinase (JNK) autophagy pathway [57]. SIRT3 upregulates the expression of autophagy-related proteins, namely Beclin1 and LC3-II, by downregulating the Notch-1/Hes-1 pathway [58]. Under conditions of a high-fat diet, the expression of SIRT3 is decreased, which leads to the inactivation of the extracellular regulated kinase (ERK)/cAMP-response element binding protein (CREB) pathway, ultimately resulting in the inhibition of Bnip3-mediated mitochondrial autophagy. SIRT3 overexpression restores Bnip3 expression and mitochondrial autophagy while suppressing the inhibitory effect of the ERK/CREB axis on SIRT3 activation and the enhancement of mitochondrial autophagy [59]. In individuals with diabetes, SIRT3 upregulates mitochondrial autophagy in the heart solely by inhibiting macrophage stimulating 1 (Mst1), and inhibiting SIRT3 expression impairs mitochondrial autophagy in myocardial cells, thereby exacerbating type 1 DCM [60]. In human umbilical vein endothelial cells (HUVECs), the upregulation of lncRNA PVT1 expression by 17beta-estradiol inhibits miR-31, activates the SIRT3 promoter, and upregulates SIRT3 expression, thereby promoting autophagy and inhibiting H2O2-induced HUVEC aging [61,62]. In addition, the regulation of autophagy involves the dynamic communication between the Beclin1-TLR9-SIRT3 complex [63]. In vascular smooth muscles, miRNA-874-5p regulates autophagy by targeting SIRT3 [64] (Figure 2).



SIRT4 is localized in the mitochondria as well as the cytoplasm and exhibits the catalytic capabilities of various enzymes, allowing it to participate in various pathological and physiological processes, such as energy metabolism, oxidative stress, autophagy, and aging. Studies have revealed that SIRT4 interacts with the optic atrophy 1 protein to promote mitochondrial fusion, inhibit mitochondrial autophagy, regulate mitochondrial quality control, suppress oxidative stress, and delay aging [65]. SIRT4 overexpression inhibits doxorubicin (DOX)-induced cardiac toxicity by suppressing the AKT/mTOR autophagy pathway [66]. Furthermore, research has revealed that SIRT4 deacetylates sec1 family domain containing 1 at the K126 and K515 residues, thereby facilitating the formation of the STX17-SNAP29-VAMP8 complex and promoting autophagy [67]. To date, limited studies have been conducted on the involvement of SIRT4 in autophagy regulation, particularly in cardiovascular diseases. Further investigations are necessary to elucidate the role of SIRT4 in mitochondrial autophagy (Figure 2).



To date, the research on SIRT5-mediated autophagy has primarily focused on the regulation of the urea cycle, and investigations in relation to cardiovascular diseases are limited. A few studies suggest that SIRT5 modulates ammonia levels by deacetylating carbamoyl phosphate synthetase 1 in the mitochondria, thereby regulating mitochondrial autophagy and dynamics [68]. SIRT5 converts glutamine to glutamate and ammonia by desuccinylating glutaminase in the mitochondria, increasing mitochondrial reactive oxygen species (ROS), and inducing mitochondrial autophagy [69]. Another study suggested that SIRT5 increases lactate dehydrogenase B activity in the cytoplasm by deacetylating it at the K329 residue, thus promoting autophagy [70] (Figure 2).




2.3. Sirtuins in the Cytoplasm


The precise mechanism by which SIRT2 regulates cardiovascular autophagy remains unclear. Starvation, oxidative stress, and cold exposure decreased SIRT2 expression, resulting in an increase in FOXO1 acetylation. Acetylated FOXO1 binds to ATG7, promoting its acetylation and inducing ERS and autophagic interactions [71]. SIRT2 directly binds to the 3′-untranslated region of TFEB and enhances its mRNA stability, thereby facilitating autophagosome formation and autophagy component release [72]. In hypertrophic hearts, SIRT2 restores AMPK activity by interacting with LKB1, an upstream kinase of AMPK. Moreover, SIRT2 promotes LKB1 phosphorylation and the subsequent amplification of the LKB1/AMPK signal by binding to LKB1 and deacetylating it at lysine residues [73,74]. SIRT2 deficiency results in increased acetylation of mitochondrial proteins, and its activation is associated with the deacetylation of α-tubulin, which leads to impaired autophagy clearance, impeded transportation, and the elimination of misfolded proteins. However, the loss of SIRT2 function as a result of knocking out the specific inhibitor AK-7 or SIRT2 leads to the restoration of microtubule stability and enhancement of autophagy [75]. Nevertheless, research has validated that SIRT2 is localized not only in the cytoplasm but also within mitochondria, playing a role in autophagy and possibly having unique mitochondrial targets [76] (Figure 3).





3. Role of Sirtuin-Induced Autophagy in Cardiovascular Diseases


3.1. Atherosclerosis


AS is a chronic inflammatory disease characterized by elevated levels of LDL cholesterol in the plasma, endothelial dysfunction, inflammation, and immune cell infiltration. Sirtuins have been reported to directly affect AS formation and plaque stability by regulating cellular autophagy to prevent endothelial dysfunction, vascular smooth muscle cell senescence, and foam cell formation [12]. Foam cell formation is one of the key processes in the initial development of AS. Studies have elucidated that SIRT1 activation increases the expression of autophagy-associated proteins and the number of autophagosomes, promotes M2 macrophage polarization, reduces foam cell formation, and decreases plaque area and lipid accumulation, thereby delaying the progression of AS. The inhibition of SIRT1 abolishes these protective responses [77,78]. Inadequate or excessive activation of autophagy in endothelial progenitor cells (EPCs) can lead to endothelial dysfunction, while the restoration of autophagy or the inhibition of excessive autophagy in EPCs promotes vascular regeneration and repair, thereby exerting anti-AS effects [79,80]. Li et al. found that SIRT1 activation may delay AS development by inhibiting autophagy in EPCs through the Wnt/β-catenin/glycogen synthase kinase 3beta signaling pathway [81]. The release of thrombosis factors such as von Willebrand factor (vWF) and P-selectin plays a crucial role in AS and arterial thrombosis. The activation of the SIRT1/FOXO1 signaling pathway-mediated autophagy is a promising target for reducing vWF and P-selectin release and preventing AS [82]. Ma et al. found that inducing SIRT3/FOXO3a pathway-mediated mitophagy results in reduced plaque size and vulnerability, which ultimately alleviates inflammatory responses in AS [83]. Furthermore, SIRT6 overexpression significantly reduces foam cell formation by inducing autophagy in a macrophage foam cell model. Silencing of the key autophagy initiation gene ATG5 reverses the pro-autophagic effect of SIRT6, resulting in increased foam cell formation. Under conditions of ox-LDL, SIRT6 inhibits the expression of miR-33 and promotes autophagy and cholesterol efflux, thereby reducing foam cell formation in macrophages and attenuating the progression of AS. In contrast, knocking out the SIRT6 gene aggravates the formation of foam cells and the development of AS [84]. SIRT6 overexpression inhibits the expression of cell adhesion molecules in ox-LDL-treated mouse macrophages, leading to reduced macrophage and foam cell infiltration, significantly increasing macrophage autophagy flux, and thereby inhibiting macrophage apoptosis [85]. SIRT6-mediated autophagy is inhibited in endothelial cells treated with ox-LDL and high concentrations of glucose, whereas SIRT6 overexpression alleviates endothelial cell inflammation and reverses LDL endocytosis [43,86]. High shear stress leads to red blood cell destruction and iron deposition. Elevated iron levels in macrophages in plaques are associated with AS. The activation of SIRT1-mediated autophagy can inhibit the inflammatory response in excess iron autophagy foam cells with excess iron [38,87] (Figure 4).




3.2. Myocardial Ischemia/Reperfusion Injury


MI/R injury is a common pathophysiological process in cardiovascular diseases that often leads to reduced myocardium function, non-reflow phenomena, reperfusion arrhythmias, heart failure, and other problems. Factors leading to potential MI/R injury include free radical damage, calcium overload, inflammatory responses, oxidative stress, autophagy, apoptosis, ferroptosis and pyroptosis [88,89,90,91,92,93,94,95,96]. Presently, Sirtuin-mediated autophagy has been suggested to be involved in the process of the development of MI/R injury. In most cases, the activation of Sirtuin-mediated autophagy safeguards myocardial cells against MI/R injury. For example, the activation of the AMPK/SIRT1/FOXO1 and SIRT1/AMPK signaling pathways promotes autophagy, reduces oxidative stress in myocardial cells, significantly reduces myocardial infarct size, and improves heart function [14,97,98]. In addition, ROS generation is the most important signal mechanism in reperfusion-induced injury [99,100]. SIRT3-activated LKB1/AMPK and FOXO3a pathways in the ischemic phase induce the formation of autophagosomes and the activation of Parkin and PINK1, ultimately triggering mitophagy. However, because of the activation of abundant ROS during the reperfusion phase, SIRT3 downregulates the autophagy process by activating superoxide dismutase and eliminating ROS [13,14]. In vivo and in vitro experiments have shown that MI/R reduces SIRT3 expression and its deacetylase activity, which results in decreased antioxidant capacity and enhanced autophagy, whereas the upregulation of SIRT3 expression or ischemia pretreatment attenuates autophagic cell death, improves mitochondrial quality control, and reduces myocardial microvascular damage [101,102]. Recent studies have revealed that myocardin-related transcription factor A alleviates MI/R injury by inducing autophagy, and this protective effect is mediated by SIRT1-dependent autophagy [98]. In some cases, the activation of Sirtuin-mediated autophagy exacerbates MI/R injury. For instance, remote ischemic preconditioning activates SIRT3/hypoxia-inducible factor 1-α and inhibits autophagy, thereby exerting cardioprotective effects [103]. SIRT3 plays an essential role in refeeding syndrome-related myocardial injury during lipopolysaccharide-induced chronic sepsis in rats, possibly via the regulation of PINK/Parkin-mediated mitochondrial autophagy [104]. Low levels of SIRT6 expression have been found to be associated with increased all-cause mortality and notable adverse cardiovascular events in patients with acute myocardial infarction, and the activation of SIRT6-mediated autophagy has been shown to protect endothelial cells from post-ischemic inflammation [86]. Following acute cardiovascular injury in wild-type mice, SIRT7 expression increases, and SIRT7-deficient mice exhibit increased susceptibility to cardiac rupture following myocardial infarction, delayed blood flow restoration following ischemia, impaired wound healing following skin injury, reduced fibrosis and fibroblast differentiation, and decreased inflammatory cell infiltration in the infarct border zone. Additional studies have revealed that SIRT7 participates in tissue repair processes by regulating autophagy [51]. Nevertheless, a few studies suggest that the activation of Sirtuins may have detrimental effects on myocardial cells. For instance, thrombin exacerbates MI/R injury in myocardial cells by activating the SIRT1-mediated autophagy pathway [105] (Figure 4).




3.3. Diabetic Cardiomyopathy


DCM is a myocardial-specific microvascular complication in which autophagy is believed to play a dual role [106,107]. Autophagy in the heart of patients with diabetes is influenced by various factors, including blood glucose levels, obesity, insulin levels, glucose toxicity, lipid toxicity, oxidative stress, and inflammation. The activation of autophagy in the heart differs across distinct types of diabetes. For instance, cardiac autophagy is enhanced in type 1 diabetes mellitus but suppressed in type 2 diabetes mellitus [108]. Several studies have shown that the downregulation of SIRT1/SIRT3 contributes to DCM pathology through autophagy-related mechanisms [17,109,110]. For instance, high glucose levels lead to a decrease in the expression of SIRT1 and autophagy marker proteins, whereas the SIRT1 activator SRT1720 enhances autophagy [17]. Exposure of mice to streptozotocin causes myocardial injury and interstitial fibrosis, with increased apoptosis and mitochondrial damage in myocardial cells. In SIRT3-deficient mice, the effect of streptozotocin is more pronounced, and SIRT3 overexpression prevents mitochondrial damage and myocardial cell apoptosis. Further investigations have revealed that the downregulation of mitochondrial autophagy mediated by the SIRT3/FOXO3a/Parkin signaling pathway is a crucial process in the development of DCM [109]. Additionally, the inhibition of neuraminidase 1 activates AMPKα through LKB1, leading to SIRT3 activation, thereby modulating fibrosis, inflammation, apoptosis, and oxidative stress in cardiac tissue during DCM [110] (Figure 4).




3.4. Drug-Induced Cardiac Injury


DOX is an effective anthracycline chemotherapy drug, but its clinical application is limited owing to its cardiac toxicity. Autophagy plays a dual role in DOX-induced cardiac toxicity by inducing autophagy at low concentrations and inhibiting autophagy at high concentrations. Moderate levels of autophagy are crucial for organelle renewal and cell survival, whereas excessive activation of autophagy exacerbates cardiac toxicity. For example, experiments involving both in vivo and in vitro DOX-induced cardiac injury models have validated that acute high-dose DOX treatment suppresses AMPK and ULK1 activity, thereby impairing myocardial cell autophagy, whereas restoration of autophagy alleviates cardiac toxicity [111]. Conversely, autophagy has been shown to contribute to the apoptosis of cardiomyocytes and cardiac toxicity in a chronic DOX-induced cardiac toxicity model [112]. Research has shown that Sirtuins play a critical role in the regulation of autophagy during DOX-induced cardiac toxicity [18]. For instance, the activation of SIRT1 deacetylates TFEB and FOXOs, thereby promoting autophagolysosomal elimination and preventing DOX-induced cardiac toxicity [113]. Additionally, SIRT3 activates the mTOR/ULK1 pathway to inhibit NOD-like receptor family pyrin domain-containing 3 (NLRP3) inflammasome activation, restore mitochondrial autophagic flux, and alleviate cardiac toxicity [114]. Sunitinib, a novel anti-tumor drug, can cause hypertension, left ventricular systolic dysfunction, and myocardial cell death. SIRT3 overexpression inhibits autophagy and exacerbates cardiac toxicity, whereas restoration of autophagy by knocking out SIRT3 reverses the aforementioned cardiac toxicity [57]. Moreover, SIRT4 is closely associated with drug toxicity. For instance, in vivo and in vitro experiments have shown that SIRT4 expression improves cardiac function, reduces myocardial cell apoptosis and autophagy, and alleviates cardiac toxicity. However, the activation of mTOR eliminates the protective effect of SIRT4 overexpression on cardiac toxicity. Additional investigations have revealed that during DOX treatment, SIRT4 overexpression activates the AKT/mTOR signaling pathway, which in turn inhibits autophagy. These findings suggest that Sirtuins may serve as prospective targets for treating cardiac toxicity induced by anti-tumor drugs [66]. Currently, research on the involvement of SIRT5 in DOX-induced cardiac toxicity is limited; nevertheless, it is expected to acquire prominence as a critical field of study in the future in connection to drug-induced cardiac toxicity (Figure 4).




3.5. Heart Failure


Myocardial remodeling is a considerable pathological process in the development of chronic heart failure, characterized by myocardial hypertrophy, myocardial fibrosis, and apoptosis of myocardial cells. Multiple studies have suggested a potential link between the dysregulation of autophagy and the progression of myocardial remodeling [115]. The maintenance of normal function in myocardial cells relies heavily on basal levels of autophagy, and impaired autophagy leads to myocardial cell hypertrophy [116]. Insufficient autophagy during heart failure is associated with impaired SIRT1/PGC-1α and AMPK signaling, as well as the activation of the Akt/mTOR pathway. The upregulation of SIRT1, PGC-1α, and AMPK, along with inhibition of the Akt/mTOR pathway, promotes autophagy, diminishes myocardial hypertrophy, and improves heart failure [11,19]. The treatment of cardiac cells with Ang II results in a decrease in the expression of SIRT3 and autophagy-related proteins and an increase in the mRNA levels of atrial natriuretic peptide and B-type natriuretic peptide. The activation of SIRT3 promotes autophagy and alleviates Ang II-induced cardiac cell hypertrophy, whereas the silencing of SIRT3 exacerbates myocardial hypertrophy [117,118]. Omentin1 reduces myocardial hypertrophy by upregulating the SIRT3/FOXO3a signaling pathway, thereby initiating mitochondrial autophagy to maintain mitochondrial dynamic balance [52]. Endothelial-to-mesenchymal transition (EndoMT) is a critical pathological process in cardiac fibrosis. Studies have revealed that SIRT3 regulates autophagy-dependent glycolysis during EndoMT. SIRT3 deficiency reduces autophagy, whereas increased autophagy attenuates EndoMT [119]. Additionally, the positive regulation of autophagy by SIRT6 prevents isoproterenol-induced myocardial hypertrophy, possibly by attenuating Akt signaling and promoting accumulation of the FOXO3 transcription factor in the nucleus [40,41]. SIRT7 is involved in processes such as scar formation, angiogenesis, and inflammation. In cardiac fibroblasts, SIRT7 deficiency attenuates transforming growth factor-beta signaling and activates autophagy. This finding suggests that it plays a role in tissue repair by modulating autophagy [51]. Furthermore, SIRT3-deficient mice exhibit sparse cardiac microvasculature, functional hypoxia, impaired cardiac mitochondrial function, and cardiac fibrosis. SIRT3 overexpression restores angiogenic capacity, improves cardiac function, reduces fibrosis, and enhances PINK/Parkin-mediated mitochondrial autophagy, thereby alleviating mitochondrial dysfunction [120] (Figure 4).




3.6. Hypertension


A clinical study revealed a significant correlation between a polymorphism (rs2273773) of the SIRT1 gene and dynamic blood pressure levels in patients with hypertension of the Kazakh ethnic group, indicating a potential link between SIRT1 and blood pressure regulation [121]. Recent research has revealed contradictory roles for Sirtuin-mediated autophagy in the development of hypertension. For instance, exposure of rats to arsenic has been shown to significantly increase systolic blood pressure, impair contraction and relaxation responses in isolated aortas to Potassium chloride, Phenylephrine, and Acetylcholine, and upregulate the expression of SIRT1 and autophagy-related proteins [15], suggesting a negative effect of SIRT1-mediated autophagy on hypertension. However, in spontaneously hypertensive rats, SIRT3 expression is significantly decreased, and autophagy is significantly inhibited [16]. Limited studies have been conducted to investigate Sirtuin-mediated autophagy in hypertension. However, Sirtuins are expected to be candidate targets for the treatment of hypertension in the near future (Figure 4).




3.7. Cardiogenesis and Cardiac Maintenance


Cardiogenesis is a complex developmental process involving various overlapping stages of cell fate specification, proliferation, differentiation, and morphogenesis. SIRT1 exhibits significance not only in the early stages of embryogenesis but also in stages of cardiogenesis [122]. Li et al. showed that SIRT1 levels substantially decline in type II skeletal muscles, which notably exhibit marked atrophy. SIRT1 overexpression reduces muscle wastage by blocking the activation of FOXO1 and FOXO3 and by downregulating muscle-specific ubiquitin ligases, namely atrogin-1 and muscle RING-finger protein-1, along with multiple autophagy genes [123]. MiRNAs are involved in several core biological processes, including cardiogenesis, hematopoietic lineage differentiation, and oncogenesis. The expression of miR-199a is enhanced during the differentiation of pluripotent stem cells into endothelial cells. Notably, SIRT1 has been identified as a target of miR-199a [124]. Lin28, an RNA-binding protein, plays a role in the regulation of gene translation and is highly expressed in the early stages of embryogenesis. It is essential for modulating the self-renewal of stem cells. Lin28a can upregulate autophagy, inhibit cell damage, and maintain cell morphology and biological function subsequent to I/R injury by activating SIRT1/SIRT3 [20,21]. Consequently, SIRT1 and SIRT3 are compelling targets for cardiogenesis and cardiac maintenance (Figure 4).





4. Advances in Sirtuin/Autophagy-Based Therapies


4.1. Resveratrol


Resveratrol (RSV) is a naturally occurring compound that exhibits various physiological and biochemical activities. Multiple studies have demonstrated that RSV exerts critical protective effects in cardiovascular diseases by affecting Sirtuin-mediated autophagy [125]. For instance, RSV has been shown to improve the survival rate of rats with heart failure by activating SIRT1 and SIRT3-mediated autophagy and improving hemodynamics and energetics [126]. RSV upregulates SIRT1 expression, enhances autophagic flux, alleviates endothelial cell inflammation, and promotes ox-LDL degradation, thereby preventing arterial thrombosis and AS [82,127,128]. Additional investigations have elucidated that RSV restores mitochondrial quality control following MI/R injury by activating SIRT1/SIRT3-mediated autophagy pathways and reverses cardiac remodeling following extensive myocardial infarction [129,130]. Studies have shown that RSV increases autophagic flux by activating the SIRT1/FOXO1 signaling pathway both in vivo and in vitro. This may serve as a novel strategy for the treatment of DCM [32]. In addition, Carrizzo et al. suggested that the activation of SIRT1 by RSV can rescue vascular dysfunction and prevent thrombosis in patients with methylenetetrahydrofolate-reductase deficiency [131].These findings indicate that RSV represents a promising approach for the treatment of cardiovascular diseases in the future (Table 1, Figure 4).




4.2. Melatonin


Several studies have demonstrated that melatonin exerts a protective effect on cardiovascular diseases by regulating Sirtuin-mediated autophagy. For instance, melatonin has been shown to inhibit the progression of AS by activating mitochondrial autophagy through the SIRT3/FOXO3a pathway and attenuating the activation of the NLRP3 inflammasome [83]. Melatonin induces cellular autophagy through the Mst1/SIRT1 signaling pathway and regulates mitochondrial integrity and biogenesis, thereby alleviating post-myocardial infarction cardiac remodeling and dysfunction [132]. Exposure of rats to arsenic has been observed to significantly increase systolic blood pressure and impair contraction and relaxation responses in isolated aortas; additionally, it upregulates the expression of SIRT1 and autophagy-related proteins. Melatonin, however, protects against arsenic-induced vascular toxicity by inhibiting the SIRT1 autophagy pathway [15]. In addition, treating arsenic-exposed rats with melatonin has been shown to alleviate QT interval prolongation, reverse the effects on glutathione and malondialdehyde levels, reduce oxidative stress, inhibit SIRT3/NRF2-mediated autophagy, and decrease the expression of apoptotic proteins (caspase-3 and Bax/Bcl-2) in the myocardium [133]. Long-term melatonin treatment suppresses the progression of DCM and MIR by reactivating the SIRT6 and AMPK/PGC-1α/AKT signaling pathways, reducing mitochondrial fission, and enhancing mitochondrial biogenesis and mitophagy [134]. Melatonin alleviates sepsis-induced cardiac dysfunction by increasing the SIRT3-mediated deacetylation of Beclin1 and promoting autophagy [135]. Melatonin has also been shown to attenuate H/R injury in H9c2 cells by inhibiting excessive activation of mitochondrial autophagy through the melatonin membrane receptor 2/SIRT3/FOXO3a signaling pathway [56]. Therefore, melatonin is anticipated to serve as a viable approach for the treatment of various cardiovascular diseases in the future (Table 1, Figure 4).




4.3. Antidiabetic and Lipid-Lowering Drugs


Multiple studies have shown that antidiabetic and lipid-lowering drugs exert notable cardioprotective effects. For instance, liraglutide activates SIRT1 to promote mitochondrial autophagy and reduce cellular oxidative stress, thereby maintaining mitochondrial homeostasis. Blocking the glucagon-like peptide-1 receptor or decreasing Parkin expression abolishes the beneficial effects on mitochondria [136]. Sitagliptin activates SIRT3 and suppresses excessive activation of autophagy induced by H/R to alleviate oxidative stress and mitochondrial dysfunction, thereby improving myocardial injury [137]. Metformin upregulates SIRT1 and AMPK to induce autophagy and thus improves severe complications of diabetes, including cardiac remodeling and heart failure [160]. Empagliflozin protects cardiomyocytes against DOX-induced cardiac toxicity by activating the Beclin1-TLR9-SIRT3 complex-mediated mitochondrial autophagy pathway [63]. Fenofibrate (FF), a peroxisome proliferator-activated receptor-α agonist, is employed for the clinical treatment of hypertriglyceridemia. FF prevents diabetes-induced cardiac dysfunction, inflammation, and cardiac remodeling and increases the expression of FGF21 and SIRT1 in both patients with and without diabetes. The knockout of FGF21, the inhibition of autophagy by 3-methyladenine (3MA), or the inhibition of SIRT1 by sirtinol abolishes the therapeutic effects of FF. These findings suggest that FF prevents type 1 diabetes-induced cardiac pathology and functional abnormalities by increasing FGF21 expression and upregulating SIRT1-mediated autophagy [138] (Table 1, Figure 4).




4.4. Phytochemicals


Studies have shown that certain phytochemicals exert a protective effect on car-diovascular diseases by modulating Sirtuin-mediated autophagy. For instance, quercetin prevents oxidative stress damage induced by H/R by regulating mitochondrial autophagy and ER stress through the SIRT1/TMBIM6 pathway [36]. Puerarin promotes autophagy, enhances mitochondrial antioxidant capacity, prevents excessive ROS production, suppresses the expression of inflammatory factors and oxidative stress damage, improves mitochondrial respiration and energy metabolism, and increases the susceptibility of HUVECs to an inflammatory state by increasing SIRT1 expression [139]. Gypenoside, salidroside, delphinidin-3-glucoside, paeoniflorin, araloside C, and ginsenoside Rb1 attenuate the progression of AS by activating the SIRT1-mediated autophagy pathway, inhibiting the uptake of ox-LDL and foam cell formation, regulating macrophage polarization, and alleviating endothelial damage [78,140,141,143,144,145]. Spinacetin and berberine enhance myocardial cell survival by regulating SIRT3-mediated autophagy, reducing myocardial enzyme and malondialdehyde levels, and protecting against DOX-induced cardiac toxicity in rats. The latter exerts a dual effect on mitochondrial autophagy, contingent upon the concentration of DOX [53,142]. Berberine promotes autophagy in peritoneal macrophages by activating the nicotinamide adenine dinucleotide (NAD+)/SIRT1/TFEB pathway and inhibiting the PI3K/AKT/mTOR signaling pathway, thereby suppressing macrophage apoptosis [34]. In a mouse model of myocardial infarction, Tongguan capsule has been demonstrated to promote autophagy by increasing the expression of SIRT1, reducing the phosphorylation of mTOR and its downstream effectors, namely 70 kDa ribosomal protein S6 kinase and 4E binding protein 1, and preventing the inflammation and apoptosis of myocardial cells, thereby improving cardiac remodeling [148]. Daming capsule has been shown to upregulate the expression of the mitochondrial autophagy receptor nucleotide-binding oligomerization domain-like receptor family member X1 by activating the SIRT1/AMPK signaling pathway, increase mitochondrial autophagy, and inhibit oxidative stress and inflammatory responses in myocardial cells, thereby improving heart function following myocardial infarction [149]. Additionally, ginsenoside Rb2 exhibits a protective effect against MI/R injury by inducing SIRT1 expression, reducing myocardial inflammation, and alleviating oxidative stress [146]. In both in vitro and in vivo models of cardiac aging, acacetin has been shown to reduce the production of advanced glycation end products, shorten myocardial telomere length, and decrease the expression of cellular senescence markers and mitochondrial autophagy signaling proteins in a dose- and concentration-dependent manner, thereby improving cardiac function. Additional research has demonstrated that acacetin activates the SIRT1-mediated SIRT6/AMPK signaling pathway to enhance mitochondrial autophagy, maintain mitochondrial function, and inhibit cardiac aging [150]. Recent studies have revealed that ginsenoside Rg1 enhances SIRT1-mediated mitochondrial autophagy to alleviate cardiac remodeling, reduce mitochondrial damage, and improve cardiac function [147]. Ginkgolide B enhances autophagy via the SIRT1/FOXO1 signaling pathway, inhibits Ang II-induced myocardial hypertrophy, and may potentially serve as a therapeutic modality for pathological cardiac hypertrophy [151]. In addition, ginkgolide B has been demonstrated to protect isolated hearts against arrhythmias induced by ischemia but not reperfusion, which appears to be associated with an antagonism antagonistic increase in slow calcium influx in the myocardium. However, it is unclear whether Sirtuin-mediated autophagy is involved in anti-arrhythmias induced by ischaemic [90] (Table 1, Figure 4).




4.5. Novel Small Molecules


ZLN005, a novel small molecule, restores autophagy in cardiomyocytes inhibited by high glucose levels, enhances cell viability, and alleviates oxidative damage by enhancing the SIRT3-mediated pathway. However, the protective effect of ZLN005 in cardiomyocytes treated with high concentrations of glucose is attenuated by the SIRT3 inhibitor EX-527. These findings suggest that ZLN005 inhibits cardiomyocyte damage induced by high glucose levels by upregulating SIRT1 expression and autophagy [152]. MLN4924, an inhibitor of neddylation, alleviates left ventricular systolic dysfunction, limits myocardial infarct size in mice with MIRI, and restores defective autophagic flux in H2O2-treated cells. Further investigations have shown that MLN4924 restores impaired autophagic flux by regulating SIRT1 expression [153] (Table 1, Figure 4).




4.6. Gas Molecules


H2S is a novel member of the gasotransmitter family, exhibiting functional similarities to NO and CO. H2S delays the onset of AS by safeguarding endothelial cells through SIRT1/FOXO1-mediated autophagy [155]. In addition, research has shown that H2 alleviates ox-LDL-induced inflammation by stimulating autophagy through SIRT1 [156]. Sevoflurane increases SIRT1 levels during MI/R, promotes LC3 deacetylation, and enhances autophagy, thereby improving myocardial cell damage [154] (Table 1, Figure 4).




4.7. Physical Approaches


Electrical stimulation (ES) is a non-invasive and safe therapeutic modality that reduces inflammatory cytokine release and ROS production by downregulating the NLRP3 inflammasome, reversing SIRT3 downregulation, deacetylating ATG5, and inducing autophagy. Additional investigations have revealed that ES promotes autophagy by increasing SIRT3 expression and inhibiting ROS production and inflammatory cytokine release, thereby counteracting AS [157]. Additionally, studies have demonstrated that ES reduces lipid accumulation, inhibits the secretion of inflammatory factors, and restores proper macrophage autophagy through SIRT1/ATG5 pathway-mediated autophagy, thereby reducing lesion formation in AS [158] (Table 1, Figure 4).




4.8. Other Therapeutic Drugs


Feeding spontaneously hypertensive rats with α-linolenic acid lowers blood pressure, increases SIRT3 expression, reduces MnSOD2 acetylation, restores autophagy, and inhibits vascular oxidative stress, thereby improving endothelial dysfunction and reducing blood pressure [16]. Ursolic acid protects HUVECs from ox-LDL-induced cytotoxicity and exerts anti-AS effects by increasing SIRT1 expression in the cells, decreasing the acetylation of lysine residues in ATG5, and enhancing autophagy [159]. NAD+, a regulator and target of autophagy, plays a crucial role in coordinating the cell stress response [161]. Nicotinamide activates the NAD+/SIRT1 signaling pathway, restores autophagic flux in myocardial cells, enhances lysosomal clearance, and alleviates oxidative stress, thereby preventing DOX-induced cardiac toxicity [113]. In addition, recent studies have demonstrated that SQ 26533, nicainoprol, cannabidiol, gluconolactone, endothelin-1, and caspase inhibitors can alleviate MI/R damage and counteract subsequent arrhythmia; however, determining whether Sirtuin-mediated autophagy is involved in the cardioprotective effect of the novel drugs mentioned requires further investigation [162,163,164,165,166,167,168] (Table 1, Figure 4).





5. Conclusions


Sirtuin-mediated autophagy is a promising therapeutic target for cardiovascular diseases. Upon stimulation by endogenous and exogenous factors, Sirtuins regulate multiple signaling pathways at the levels of transcription, post-transcription, and post-translational modification to eliminate damaged cells and organelles, maintain metabolic homeostasis, suppress inflammation, counteract apoptosis, inhibit oxidative stress, promote myocardial regeneration, and repair, and revert myocardial hypertrophy, thus playing a protective role in various cardiovascular diseases. However, autophagy is a highly dynamic process that is regulated by diverse internal and external environmental factors. Moreover, the characteristics of the different stages of autophagy require a range of techniques and methodologies for accurate measurement. Consequently, in vivo quantification of autophagy remains challenging. Researchers must integrate multiple experimental methods, establish multiple disease models, and leverage multiple clinical samples to gain pivotal insights into the role of Sirtuin-mediated autophagy in cardiovascular diseases. Presently, the functional relationship and the precise mechanism underpinning Sirtuins and cardiovascular autophagy are yet to be fully understood. The continuing exploration of the interaction between Sirtuins and autophagy, coupled with the pursuit of developing novel Sirtuins modulators, holds potential for the discovery and development of effective anti-cardiovascular drugs.
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Abbreviations


The following abbreviations are used in this manuscript:



	AR
	androgen receptor



	ATG5
	autophagy-related 5



	ATG7
	autophagy-related 7



	ATG12
	autophagy-related 12



	BNIP3
	BCL2 interacting protein 3



	CPS1
	carbamoyl-phosphate synthase 1



	EX-527
	SIRT1 inhibitor



	JNK
	c-Jun amino-terminal kinase



	Nkx3.2
	NK3 homeobox 2



	PARK2
	parkin RBR E3 ubiquitin protein ligase



	PCSK6
	proprotein convertase subtilisin/kexin type 6



	PINK
	PTEN induced putative kinase



	17β-E2
	17beta-estradiol



	3MA
	3-methyladenine;



	4EBP1
	4E binding protein 1



	AK-7
	SIRT2 inhibitor;



	AKT
	protein kinase B



	AMPK
	adenosine 5′-monophosphate (AMP)-activated protein kinase



	Ang II
	angiotensin II



	AS
	atherosclerosis



	ATG12
	autophagy related 12



	ATG5
	autophagy related 5



	Bnip
	BCL2 interacting protein



	cAMP
	3′-5′-cyclic adenosine monophosphate



	CHMP2B
	CHarged Multivesicular body Protein 2B



	circRNA
	circular RNA



	CREB
	cAMP-response element binding protein



	DCM
	diabetic cardiomyopathy;



	DOX
	doxorubicin;



	eEF2
	eukaryotic elongation factor 2



	eEF2k
	eukaryotic elongation factor 2 kinase



	EndoMT
	endothelial-to-mesenchymal transition



	EPC
	endothelial progenitor cell



	ERK
	extracellular regulated kinase



	ERS
	endoplasmic reticulum stress



	EX-527
	SIRT1 inhibitor



	FAT10
	human leukocyte antigen-F adjacent transcript 10



	FF
	fenofibrate



	FGF21
	fibroblast growth factor 21



	FOXM1
	the forkhead box M1



	FOXO1
	the forkhead box-1



	FOXO3a
	the forkhead box O3a



	GATA5
	GATA-binding protein 5



	GLS
	glutaminase



	GTSP1
	glutathione S-transferase P1



	H/R
	hypoxia–reoxygenation



	Hes-1
	hairy and Enhancer of split homolog-1



	HUVECs
	human umbilical vein endothelial cells



	IGF2
	insulin-like growth factor 2



	IL-1B
	interleukin-1B



	LC3
	microtubule-associated protein light chain 3



	LDHB
	lactate dehydrogenase B



	LKB1
	liver kinase B1



	LncRNA PVT1
	Long noncoding RNA PVT1



	LncRNA
	long noncoding RNA



	MDA
	malondialdehyde



	MDL800
	SIRT6 activator



	MFN2
	mitofusin 2



	MI
	myocardial infarction



	MI/R
	myocardial ischemia/reperfusion



	MnSOD2
	manganese superoxide dismutase 2



	Mst1
	macrophage stimulating 1



	MT2
	melatonin membrane receptor 2



	MTHFR
	methylenetetrahydrofolate-reductase



	mTOR
	mammalian target of rapamycin



	NAD+
	nicotinamide adenine dinucleotide



	Nampt
	nicotinamide phosphoribosyl transferase



	NLRP3
	NOD-like receptor family pyrin domain containing 3



	NLRX1
	nucleotide-binding oligomerization domain-like receptor family member X1



	NRF2
	the nuclear factor E2-related factor 2



	OPA1
	optic atrophy 1



	ox-LDL
	oxidative modification of low-density lipoprotein



	P70S6K
	70 kDa ribosomal protein S6 kinase



	PARK2
	parkin RBR E3 ubiquitin protein ligase



	PGC-1α
	peroxisome proliferator-activated receptor γ coactivator 1-α



	PI3K
	phosphoinositide 3-kinase



	PICK1
	protein interacting with C kinase 1



	PINK
	PTEN induced putative kinase



	ROS
	reactive oxygen species



	RSV
	resveratrol



	SCFD1
	sec1 family domain containing 1



	SIRTs
	silent information regulators



	SMAD4
	mothers against decapentaplegic homolog 4



	SQSTM1
	sequestosome



	STAT3
	signal transducer and activator of transcription 3



	SUMO1
	small ubiquitin-like modifier 1



	TFEB
	transcription factor EB



	TGFBR1
	type1 transforming growth factor beta receptor



	TLR9
	the Toll-like receptor 9



	TMBIM6
	transmembrane Bax inhibitor Motif Containing 6



	TNF-α
	tumor necrosing factor alpha



	ULK1
	unc-51-like autophagy activating kinase 1



	vWf
	von Willebrand facto



	YAP
	yes-associated protein
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Figure 1. Role of nuclear Sirtuins in the regulation of cardiovascular autophagy. AKT, protein kinase B; AMPK, adenosine 5′-monophosphate (AMP)-activated protein kinase; AR, androgen receptor; ATG12, autophagy-related 12; ATG5, autophagy-related 5; ATG7, autophagy-related 7; Bnip, BCL2 interacting protein; CHMP2B, CHarged Multivesicular body Protein 2B; circRNA, circular RNA; DOX, doxorubicin; eEF2, eukaryotic elongation factor 2; eEF2k, eukaryotic elongation factor 2 kinase; ERS, endoplasmic reticulum stress; EX-527, SIRT1 inhibitor; FAT10, human leukocyte antigen- F adjacent transcript 10; FOXM1, the forkhead box M1; FOXO1, the forkhead box 1; FOXO3a, the forkhead box O3a; GATA5, GATA-binding protein 5; GTSP1, glutathione S-transferase P1; IGF2, insulin-like growth factor 2; IL-1B, interleukin-1B; LncRNA, Long noncoding RNA; LC3, microtubule-associated protein light chain 3; LKB1, liver kinase B1; MDA, malondialdehyde; MDL800, SIRT6 activator; miR-122, microRNA 122; miR-128, microRNA 128; miR-19a, microRNA 19a; miR-217-5p, microRNA 217-5p; miR-33, microRNA 33; miR-3681-3p, microRNA 3681-3p; miR-494, microRNA 494; miR-5195-3p, microRNA 5195-3p; MnSOD2, manganese superoxide dismutase 2; mTOR, mammalian target of rapamycin; Nkx3.2, NK3 homeobox 2; PARK2, parkin RBR E3 ubiquitin protein ligase; PCSK6, proprotein convertase subtilisin/kexin type 6; PI3K, phosphoinositide 3--kinase; PICK1, protein interacting with C kinase 1; PINK, PTEN induced putative kinase; RSV, Resveratrol; SIRTs, silent information regulators; SMAD4, mothers against decapentaplegic homolog 4; SQSTM1, Sequestosome1; STAT3, signal transducer and activator of transcription 3; SUMO1, small ubiquitin−like modifier 1; TFEB, transcription factor EB; TGFBR1, Type1 transforming growth factor beta receptor; TNF-α, tumor necrosing factor alpha; ULK1, Unc-51-like autophagy activating kinase 1; Vwf, von Willebrand factor; YAP, yes-associated protein. 
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Figure 2. Role of mitochondrial Sirtuins in the regulation of cardiovascular autophagy. 17β-E2,17beta-estradiol; AKT, protein kinase B; AMPK, adenosine 5′-monophosphate (AMP)-activated protein kinase; BCL-2, B cell lymphoma 2; Bnip, BCL2 interacting protein; CPS1, carbamoyl-phosphate synthase 1; CREB, cAMP-response element binding protein; ERK, extracellular regulated kinase; FOXO1, the forkhead box 1; FOXO3a, the forkhead box O3a; GLS, glutaminase; Hes-1, hairy and Enhancer of split homolog-1; IL-1B, Interleukin-1B; LncRNA PVT1, Long noncoding RNA PVT1; LC3, microtubule-associated protein light chain 3; LDHB, lactate dehydrogenase B; LKB1, liver kinase B1; MFN2, mitofusin 2; miRNA-31, microRNA 31; miRNA-874-5p, micro 874-5p; MnSOD2, manganese superoxide dismutase; Mst1, macrophage stimulating 1; MT2, melatonin membrane receptor 2; mTOR, mammalian target of rapamycin; NAD+, nicotinamide adenine dinucleotide; Nampt, nicotinamide phosphoribosyl transferase; OPA1, optic atrophy 1; PARK2, parkin RBR E3 ubiquitin protein ligase; ROS, reactive oxygen species; SCFD1, sec1 family domain containing 1; ULK1, unc-51-like autophagy activating kinase 1. 
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Figure 3. Role of cytoplasmic Sirtuins in the regulation of cardiovascular autophagy. AK-7, SIRT2 inhibitor; AMPK, adenosine 5′-monophosphate (AMP)-activated protein kinase; ATG5, autophagy -related 5; ATG7, autophagy-related 7; ATG12, autophagy-related 12; BNIP3, BCL2 interacting protein 3; ERS, endoplasmic reticulum stress; FOXO1, the forkhead box 1; LC3, microtubule-associated protein light chain 3; LKB1, liver kinase B1; PARK2, parkin RBR E3 ubiquitin protein ligase; ROS, reactive oxygen species; SQSTM1, sequestosome1; TFEB, transcription factor EB. 
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Figure 4. Biological significance of Sirtuin-mediated autophagy in cardiovascular diseases. The subcellular localization of Sirtuins proteins is contingent upon the specific cell type, cellular state, and molecular interactions. Most of the adverse factors, such as ischemia, hypoxia, starvation, metabolic abnormalities, and aging, lead to cardiovascular diseases by inhibiting Sirtuin-mediated autophagy. However, in a few cases, adverse factors contribute to the occurrence of cardiovascular disease by activating Sirtuin-mediated autophagy. At present, a variety of drugs can alleviate various stress injuries by regulating Sirtuin-mediated autophagy and having cardiovascular protective effects. SIRTs are silent information regulators. 






Figure 4. Biological significance of Sirtuin-mediated autophagy in cardiovascular diseases. The subcellular localization of Sirtuins proteins is contingent upon the specific cell type, cellular state, and molecular interactions. Most of the adverse factors, such as ischemia, hypoxia, starvation, metabolic abnormalities, and aging, lead to cardiovascular diseases by inhibiting Sirtuin-mediated autophagy. However, in a few cases, adverse factors contribute to the occurrence of cardiovascular disease by activating Sirtuin-mediated autophagy. At present, a variety of drugs can alleviate various stress injuries by regulating Sirtuin-mediated autophagy and having cardiovascular protective effects. SIRTs are silent information regulators.



[image: Jcdd 10 00382 g004]







 





Table 1. Advances in Sirtuins/autophagy-based therapies.






Table 1. Advances in Sirtuins/autophagy-based therapies.





	Treatment
	Mechanism
	Cardiovascular Diseases
	References





	Resveratrol
	SIRT1/autophagy

SIRT3/autophagy

SIRT1/FOXO1/autophagy

cAMP/PRKA/AMPK/SIRT1/autophagy
	Heart failure; AS; artery thrombosis; MI/R; DCM; MTHFR deficiency
	[32,82,125,126,127,128,129,130,131]



	Melatonin
	SIRT1/autophagy

SIRT3/FOXO3a/autophagy

SIRT3/NRF2

SIRT6/AMPK-PGC-1α-AKT
	Heart failure; AS; DCM; MI/R; myocardial damage; hypertension;
	[15,56,83,132,133,134,135]



	Liraglutide
	SIRT1/autophagy
	MI
	[136]



	Empagliflozin
	Beclin1-TLR9-SIRT3 complexes
	Drug-induced cardiac injury
	[63]



	Sitagliptin
	SIRT3/autophagy
	H/R
	[137]



	Fenofibrate
	FGF21/SIRT1/autophagy
	DCM
	[138]



	Quercetin
	SIRT1/TMBIM6
	H/R
	[36]



	Puerarin
	SIRT1/autophagy
	AS
	[139]



	Gypenoside
	SIRT1/FOXO1/autophagy
	AS
	[140]



	Delphinidin-3-glucoside
	AMPK/SIRT1/autophagy
	AS
	[141]



	Berberine
	NAD+/SIRT1/TFEB/autophagy

PI3K/AKT/mTOR/autophagy

SIRT3/autophagy
	AS; drug-induced cardiac injury
	[34,142]



	Araloside C
	SIRT1/autophagy
	AS
	[78]



	Salidroside
	SIRT1/FOXO1/autophagy
	AS
	[143]



	Paeoniflorin
	SIRT1/autophagy
	AS
	[144]



	Ginsenoside Rb1
	SIRT1/Beclin1/autophagy
	AS
	[145]



	Ginsenoside Rb2
	SIRT1/autophagy
	MI/R
	[146]



	Ginsenoside Rg1
	SIRT1/PINK1/Parkin/mitophagy
	Heart failure
	[147]



	Spinacetin
	SIRT3/AMPK/mTOR autophagy
	Drug-induced cardiac injury
	[53]



	Tongguan Capsule
	SIRT1/mTOR/P70S6K/4EBP1/autophagy
	MI
	[148]



	Daming Capsule
	SIRT1/AMPK/NLRX1/autophagy
	MI
	[149]



	Acacetin
	SIRT1-SIRT6/AMPK/autophagy
	Cardiac senescence
	[150]



	Ginkgolide B
	SIRT1/FOXO1/autophagy
	Heart failure
	[151]



	ZLN005
	SIRT3/autophagy
	DCM
	[152]



	MLN4924
	SIRT1/autophagy
	MI/R
	[153]



	Sevoflurane
	SIRT1/autophagy
	MI/R
	[154]



	H2S and H2
	SIRT1/autophagy
	AS
	[155,156]



	Electrical stimulation
	SIRT1/Atg5

SIRT3/autophagy
	AS
	[157,158]



	α-Linolenic acid
	SIRT3/autophagy
	Hypertension
	[16]



	Ursolic acid
	SIRT1/autophagy
	AS
	[159]



	Nicotinamide
	NAD+/SIRT1/autophagy
	Drug-induced Cardiac Injury
	[113]







Table 1 Medical and physical therapies based Sirtuin-mediated autophagy in diverse cardiovascular diseases. AKT, protein kinase B; AMPK, adeno sine 5′-monophosphate (AMP)-activated protein kinase; AS, atherosclerosis; ATG5, autophagy-related 5; cAMP, 3′–5′-cyclic adenosine monophosphate; DCM, diabetic cardiomyopathy; FGF21, fibroblast growth factor 21; FOXO1, the forkhead box-1; FOXO3a, the forkhead box O3a; H/R, hypoxia/reoxygenation; mTOR, mammalian target of rapamycin; MI, myocardial infarction; MI/R, myocardial ischemia-reperfusion; NAD+, nicotinamide adenine dinucleotide; PARK2, parkin RBR E3 ubiquitin protein ligase; P70S6K, 70 kDa ribosomal protein S6 kinase; NLRX1, nucleotide-binding oligomerization domain-like receptor family member X1; NRF2, the nuclear factor E2-related factor 2; PI3K, phosphoinositide 3-kinase; 4EBP1, 4E binding protein 1; TFEB, transcription factor EB; TLR9, the Toll-like receptor 9; TMBIM6, transmembrane BAX inhibitor motif containing 6.
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