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Cardiovascular diseases, including cardiomyopathy, myocardial infarction, myocardial ischemia/reperfusion injury, heart failure, vascular injury, stroke, and arrhythmia, are correlated with cardiac and vascular cell death. Ferroptosis is a novel form of non-apoptotic regulated cell death which is characterized by an iron-driven accumulation of lethal lipid hydroperoxides. The initiation and execution of ferroptosis are under the control of several mechanisms, including iron metabolism, glutamine metabolism, and lipid peroxidation. Recently, emerging evidence has demonstrated that ferroptosis can play an essential role in the development of various cardiovascular diseases. Recent researches have shown the ferroptosis inhibitors, iron chelators, genetic manipulations, and antioxidants can alleviate myocardial injury by blocking ferroptosis pathway. In this review, we systematically described the mechanisms of ferroptosis and discussed the role of ferroptosis as a novel therapeutic strategy in the treatment of cardiovascular diseases.
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INTRODUCTION

Cardiovascular diseases (CVDs) are the main cause of death and disability in developing and developed countries, including coronary artery disease, heart failure, aortic aneurysm and dissection, peripheral arterial disease, stroke, arrhythmia, and heart valve disorders (Graham et al., 2007; Arnett et al., 2019). In 2019, the prevalence of CVDs was up to 523 million, and the number of CVDs-related deaths reached 18.6 million (Roth et al., 2020). The pathogenesis of CVDs has been found correlated with the death of cardiac and vascular cells (Whelan et al., 2010; Moe and Marín-García, 2016; Del Re et al., 2019).

Fundamentally, cell death is divided into two different types: accidental cell death (ACD) and regulated cell death (RCD) (Tang et al., 2019). ACD can be triggered by unexpected attacks and injury resulting from any possible control molecular mechanisms (Galluzzi et al., 2015). On the contrary, RCD, also known as programmed cell death (PCD) in physiological conditions, involves precise signaling cascades that are executed by genetically defined effector molecules with unique immunological, functional, and biochemical consequences (Galluzzi et al., 2015). As a kind of adaptive response to restore cellular homeostasis, RCD can be modulated by inhibiting the transduction of lethal signals and improving the capacity of cells to adapt to stress (Taylor et al., 2008; Fuchs and Steller, 2011; Rubinsztein et al., 2012). Apoptosis is a classic form of RCD, which can also be defined as programmed necrosis that functions as a homeostatic mechanism to maintain cell populations in tissues and a defense mechanism in immune reactions (Norbury and Hickson, 2001). Nowadays, more and more non-apoptotic forms of RCD have been shown to exert a significant influence on the occurrence and progress of diseases, such as necroptosis, pyroptosis, and autophagy-dependent cell death (Fearnhead et al., 2017; Tang et al., 2019).

Ferroptosis is an iron-dependent form of non-apoptotic RCD proposed by Dixon et al. (2012). It has been demonstrated that ferroptosis is essentially a process of overwhelming, iron-dependent accumulation of lethal lipid reactive oxygen species (ROS) (Dixon et al., 2012). Ferroptosis is morphologically and mechanistically distinguishable from other forms of RCD (Table 1).


TABLE 1. Characteristics of different types of regulated cell death.

[image: Table 1]Recently, several studies have indicated that ferroptosis contributes to the stress-induced deaths of cardiac and vascular cells (Gao et al., 2015; Fang et al., 2019; Wang and Tang, 2019). It has been pointed out that targeting ferroptosis can serve as a feasible approach for preventing cardiomyocyte death and managing cardiac pathologies (Ravingerová et al., 2020; Wu et al., 2021). In this review, we will describe the mechanism of ferroptosis and discuss the role of ferroptosis in the treatment of CVDs, thereby providing a novel therapeutic strategy for CVDs in the future.



OVERVIEW OF FERROPTOSIS

Dolma et al. (2003) found that erastin, a compound lethal to cells expressing RASv12, could selectively initiate a cell death procedure, which displayed no apoptotic features such as fragmented nuclei, DNA laddering, and activated caspase 3. Moreover, it was demonstrated by Yang and Stockwell (2008) that an inhibitor of glutathione peroxidase 4 (GPX4) named RAS-selective lethal 3 (RSL3), could induce rapid and non-apoptotic cell death in oncogenic RAS containing tumorigenic cells. This kind of non-apoptotic cell death could be prevented by genetic inhibition of cellular iron uptake or pharmacological iron chelation, which could not be completely reversed by the suppression of necrosis, apoptosis, autophagy, and necroptosis (Yagoda et al., 2007; Yang and Stockwell, 2008). Dixon et al. (2012) discovered that erastin triggered an iron-dependent accumulation of ROS and led to this novel non-apoptotic cell death, defined as ferroptosis. It was indicated that ferroptosis was induced by erastin through the inhibition of cystine uptake by the cystine/glutamate antiporter, which suppressed antioxidant defenses due to glutathione reduction (Dixon et al., 2012). This identified ferroptosis as a novel form of RCD and distinguished it from the other types of non-apoptotic cell death.

The occurrence of ferroptosis relies on enormous cellular iron and lipid hydroperoxide, which subsequently induce overwhelming lipid accumulation in cells and interfere with the homeostasis of redox reactions, thus promoting cell death (Xie et al., 2016; Dixon, 2017; Stockwell et al., 2017; Zhai et al., 2021). Ferroptosis can initiate the Fenton reaction and other peroxidation with excessive iron, which can convert the product of mitochondrial oxidative respiration, hydrogen peroxide, into hydroxyl-free radical under the catalysis of ferrous ion. This procedure leads to the accumulation of ROS that can destroy the integrity of cell membrane (Dixon et al., 2012; Qiu et al., 2020). The representative morphology of ferroptosis is shrunken mitochondria, which primarily exhibits increased membrane density, cristae degeneration, and breakdown (Xie et al., 2016). But few other significant morphological changes can be observed before the procedure of ferroptosis (Xie et al., 2016).



MECHANISM OF FERROPTOSIS

Ferroptosis is a complex process regulated by various mechanisms. Peroxidation of phospholipids (PLs) with polyunsaturated fatty acyl tails is considered as the primary driving factor for ferroptosis (Dixon et al., 2012). It has been demonstrated that the occurrence of ferroptosis requires three critical events: iron accumulation, glutathione (GSH) depletion, and lipid membrane oxidation (Bertrand, 2017). Based on those events and other related mechanisms, a large number of reagents have been discovered to induce or inhibit ferroptosis (Table 2). These mechanisms and regulators will be discussed below.


TABLE 2. Common inducers and inhibitors of ferroptosis and their functioning mechanisms.

[image: Table 2]

Iron Metabolism and Homeostasis

It has been proposed that the free radical generation by iron is a pivotal event during ferroptosis. A study in 2015 revealed that under amino acid starvation, ferroptosis occurred by incubating mouse embryonic fibroblasts in serum containing transferrin (Tf) (Gao et al., 2015). Moreover, the rate of cell death was reduced when Tf receptor expression was inhibited with RNA interference or when embryonic fibroblasts were incubated in the presence of iron-free Tf (Gao et al., 2015). These results demonstrate that iron metabolism is relevant to ferroptosis.

Concentrations and homeostasis of iron in vivo are regulated by various mechanisms, which control the metabolism, transfer, uptake, and export, as well as intracellular storage of iron (Ward and Kaplan, 2012; Drakesmith et al., 2015). Circulating iron exists in the form of ferric iron (Fe3+) by the combination with Tf (Wang and Pantopoulos, 2011; Xie et al., 2016). The import of Fe3+ into cells is implemented through the membrane protein, Tf receptor 1 (TfR1) (Wang and Pantopoulos, 2011; Xie et al., 2016). After the import, Fe3+ is located in the endosome and then reduced to ferrous iron (Fe2+) by the ferrireductase activity of STEAP3 (Hentze and Kühn, 1996; Wang and Pantopoulos, 2011; Xie et al., 2016). Subsequently, Fe2+ releases from the endosome into a labile iron pool (LIP) in the cytoplasm, mediated by divalent metal transporter 1 (DMT1) (Wang and Pantopoulos, 2011; Xie et al., 2016). The rest, excess iron is stored in ferritin (FT), an iron storage protein complex consisting of FTL and FTH1 subunits (Wang and Pantopoulos, 2011). The export of iron from cells is mediated by the membrane protein ferroportin (FPN), which can oxidize Fe2+ to Fe3+ (Xie et al., 2016). FPN is regulated by hepcidin, a 25-amino acid protein released mainly in the hepatocytes, which promotes the internalization and degradation of FPN when iron concentration is high (Ravingerová et al., 2020).

Iron homeostasis is regulated by a post-transcriptional mechanism by the interaction of iron regulatory proteins (IRP) 1 and 2 with iron-responsive elements (IRE) on mRNA of respective genes, which modulate the synthesis of essential iron metabolism proteins that participate in iron uptake, storage, and release (Hentze and Kühn, 1996). Under conditions of low cellular iron concentration, IRP stabilizes the mRNA of TfR1 and DMT-1 to promote iron influx (Haddad et al., 2017; Paterek et al., 2019). Meanwhile, IRP prevents mRNA of FPN 1 and FT from translating to inhibit iron efflux and storage (Haddad et al., 2017; Paterek et al., 2019). This procedure results in a stable LIP, which is a crossroad of cellular iron metabolism. As a pool of chelatable and redox-active iron complexes, LIP is an intermediate or transitory pool between extracellular iron and cellular iron associated with proteins (Kakhlon and Cabantchik, 2002). When the concentration of the LIP increases to the homeostatic limits, severe oxidative damage occurs by initiating the Fenton reaction and other peroxidation, which will produce ROS and induce lipid peroxidation (Kakhlon and Cabantchik, 2002; Doll and Conrad, 2017; Qiu et al., 2020). The procedure of iron metabolism is presented in Figure 1.
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FIGURE 1. Iron metabolism and homeostasis in organism. Fe3+ is imported into cells through Tf recognized by TfR1 while the uptake of Fe2+ is implemented through DMT1. Then Fe3+ is converted to Fe2+ in endosome, which is released from endosome by DMT1. In cell, iron is stored by binding FT, with a small amount staying at LIP. When the amount of iron in LIP increases to the homeostatic limits, ROS will be produced. The transport of iron to mitochondria is via MFRN and MCU. In mitochondria, iron can be synthesized to heme, or Fe–S under the participation of Fxn. The export of iron from mitochondria is through ABCB8 transporter and from cells is mediated through FPN. FPN can oxidize Fe2+ to Fe3+, which is regulated by hepcidin. Iron homeostasis is controlled by IRP1/2, which can bind to IRE sites of mRNA of DMT-1, TfR1, FT, and FPN to regulate the influx and efflux of iron depending on the iron availability. When the intracellular iron level is low, IRPs bind to the 3′ UTR site of the mRNA of DMT1 and TfR1 to stabilize their transcript, whereas the 5′ UTR site mRNA of FT and FPN is also bound by IRPs to inhibit translation. Fe3+, ferric; Tf, transferrin; TfR1, transferrin receptor 1; Fe2+, ferrous; DMT1, divalent metal transporter 1; FT, ferritin; LIP, labile iron pool; ROS, reactive oxygen species; MRFN, mitoferrin; MCU, mitochondrial calcium uniporter; Fe–S: iron–sulfur cluster; Fxn, frataxin; FPN, ferroportin; ABCB8, adenosine triphosphate (ATP)-binding cassette subfamily B member 8; IRP1/2, iron regulatory protein 1/2; IRE, iron responsive elements.


Besides the iron homeostasis, it has been proposed that ferritinophagy, a process in which FT is selectively sequestered into autophagosomes and delivered to lysosomes for degradation, can trigger ferroptosis by promoting the accumulation of iron and ROS (Gao et al., 2015; Hou et al., 2016; Tang et al., 2018). Ferritinophagy can control iron availability and influence other proteins involving in ferroptosis to enhance the sensitivity of ferroptosis (Mancias et al., 2014; Sun et al., 2015; Hou et al., 2016; Tang et al., 2018). Therefore, iron metabolism and ferritinophagy can serve as the potential regulated targets for ferroptosis.



Abnormal Glutaminolysis

Amino acid metabolism is related to the regulation of ferroptosis (Angeli et al., 2017). Glutamine naturally exists at high concentrations in human tissues and plasma, and its degradation through glutaminolysis provides materials for the tricarboxylic acid cycle and essential biosynthetic processes such as lipid biosynthesis. This indicates that glutaminolysis is capable of reducing the accumulation of ROS and thus the occurrence of ferroptosis. It has been reported that ferroptosis can be initiated both by direct inhibition of GPX4, and an essential intracellular antioxidant, GSH, which are the crucial proteins in glutaminolysis (Wu et al., 2021).

When ferroptosis was first defined, it was induced by erastin which inhibited cystine uptake by the cystine/glutamate antiporter, leading to suppressed antioxidant defenses due to GSH reduction (Dixon et al., 2012). This is the classic pathway to initiate ferroptosis. It is indicated that erastin inhibits cystine uptake which is mediated by system xc–, a member of the heterodimeric amino acid transporter family (Dixon et al., 2012). Containing two subunits (SLC3A2 and SLC7A11), system xc– is the cystine/glutamate reverse transporter, which is expressed on cell membrane and capable of maintaining redox homeostasis (Bentea et al., 2020; Kim et al., 2020; Li et al., 2021). System xc– can transport glutamate into the extracellular space and meanwhile cystine into the cell on an equal ratio. After imported by system xc–, cystine is reduced and degraded to cysteine, which is utilized to synthesize antioxidant GSH (Bentea et al., 2020; Kim et al., 2020). Under the catalysis of GPX4, GSH converses to glutathione disulfide (GSSG) (Mirochnitchenko et al., 2000; Yang et al., 2014). In the meantime, free hydrogen peroxide is converted to water, or lipid hydroperoxides (L–OOH) are reduced to lipid hydroxy derivative (L–OH) by GPX4 (Mirochnitchenko et al., 2000; Yang et al., 2014). These procedures are essential for the maintenance of cellular redox homeostasis. When glutamine is absent or glutaminolysis is inhibited, cystine starvation and blockage of cystine import fail to induce the accumulation of ROS, lipid peroxidation, and ferroptosis (Gao et al., 2015; Stockwell et al., 2017). On the contrary, GSH depletion leads to the inactivation of GPX4 and thus produces excessive ROS (Yang et al., 2014). Hence, it is reasonable to hypothesize that system xc– and GPX4 serve as negative regulators of ferroptosis. Figure 2 shows how amino acid metabolism is related to ROS production in organism.
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FIGURE 2. Amio acid metabolism in ferroptosis. Containing two subunits (SLC3A2 and SLC7A11), system xc– is the cystine/glutamate reverse transporter on cell membrane, which transports cystine into cells and glutamate outside cells. Glutamate is transferred from glutamine, which is mediated by GLS. Then glutamate is imported into mitochondria for TAC to synthesize OXPHOX. In cells, cystine is degraded to cysteine for GSH synthesis. GSH is conversed to GSSG under the catalysis of GPX4, synchronized with conversion of L-OOH to L-OH. Meanwhile, NADPH is transferred to NADP+, which is catalyzed by GR. Erastin and sorafenib are inhibitors of system xc– to affect the amio acid metabolism. RSL3, ML162, and FIN56 can inhibit GPX4 and thus lead to excessive L-OOH in cells, which causes ROS accumulation. GLS, glutaminase; TAC, tricarboxylic acid cycle; OXPHOX, oxidative phosphorylation; GSH, glutathione; GSSG, glutathione disulfide; GPX4, glutathione peroxidase 4; NADPH, nicotinamide adenine dinucleotide phosphate; GR, glutathione reductase; RSL3, RAS-selective lethal 3; ROS, reactive oxygen species.


Nevertheless, not all routes of glutaminolysis promote ferroptosis. The first step of glutaminolysis involves the conversion of glutamine into glutamate which is catalyzed by the glutaminases GLS1 and GLS2. Only GLS2 takes part in the initiation of ferroptosis, though GLS1 and GLS2 are structurally and enzymatically similar (Gao et al., 2015). The GLS2 gene is a transcriptional target of the tumor suppressor p53, and upregulation of GLS2 can promote p53-dependent ferroptosis (Jennis et al., 2016). Therefore, a precise target for inhibiting ferroptosis in amino acid metabolism still requires further researches.



Lipid Peroxidation

Lipid metabolism is intimately associated with cell death because it compromises membrane structural integrity, exerts downstream cytotoxic effects, and is involved in suicide signaling cascades (Reed, 2011; Yin et al., 2011; Ayala et al., 2014). As mentioned above, the inhibition of GPX4 causes lethal accumulation of lipid peroxides and thus leads to ferroptosis. This pathway has been demonstrated to mostly affect polyunsaturated fatty acid (PUFA), which contains bis-allylic hydrogen atoms that can be readily abstracted (Yang et al., 2016). Therefore, the abundance and localization of PUFA determine the degree of lipid peroxidation in cells, and the level of ferroptosis. PUFA must be esterified into membrane PLs and oxidated to become ferroptotic signals (Kagan et al., 2017). Also, accumulation of PL hydroperoxides has been detected in ferroptosis, including phosphatidylcholine, cardiolipin, and phosphatidylethanolamine (Yang et al., 2016). Hence, it has been proposed that PLs containing PUFA are the major substrates of ferroptotic lipid peroxidation and membrane damage is an essential event in ferroptosis (Friedmann Angeli et al., 2014; Yang et al., 2016; Kagan et al., 2017).

Recently, several lipidomic studies proposed that phosphatidylethanolamines (PEs) containing arachidonic acid (AA) or its elongation product, adrenic acid are pivotal PLs that undergo oxidation and actuate ferroptosis (Doll and Conrad, 2017; Kagan et al., 2017). As a result, coenzyme-A-derivatives that participate in the synthesis of these PUFAs and their insertion into PLs are required to produce ferroptotic signals. Two lipid metabolism-associated enzymes, lysophosphatidylcholine acyltransferase 3 (LPCAT3) and acyl-CoA synthetase long-chain family member 4 (ACSL4) are proved to participate in the biosynthesis and restructuring of PUFA-PEs in cell membrane (Dixon et al., 2015). In fact, ACSL4 acylates AA and then LPCAT3 catalyzes the acylated AA into membrane PLs, which increases the oxidization of sensitive fatty acids such as PUFA in the membrane and eventually causes lipid peroxidation (Xie et al., 2016).

The formation of lipid hydroperoxides is demonstrated to be associated with enzymatic reactions and autoxidation catalyzed by lipoxygenase (LOX) (Yang et al., 2016). In ferroptosis, LOXs can promote the di-oxygenation of free and esterified PUFA to catalyze lipid peroxidation directly (Kuhn et al., 2015; Yang et al., 2016). The first step in LOXs catalysis is the abstraction of a labile hydrogen atom from a bis-allylic position on PUFA. Next, molecular oxygen adds to the intermediate carbon-centered radical to produce a peroxyl radical, which is then deoxidated by the enzyme to yield the hydroperoxide product (Kuhn et al., 2015). These products subsequently react with other PUFAs to pass on a chain reaction of lipid peroxidation, which yields PUFA peroxides and reactive aldehydes that cause cell damage (Yang et al., 2016; Figure 3).


[image: image]

FIGURE 3. Lipid metabolism in ferroptosis. PEs containing AA or AdA are fatty acid substrates, which are synthesized to PUFA under the catalysis of ACSL4, LPCAT3, and CoA. PUFA can insert to PL and be oxidated to produce L-OOH, which is catalyzed by LOX. Mitochondria provides Fe-S and H2O2 to participate in Fenton reaction, during which iron is oxidated and H2O2 is deoxidated. Reactive free radicals, ⋅OH, is produced and eventually conversed into L-OOH, which leads to accumulation of lipid ROS. GPX4 can mediate the transformation of L-OOH to L-OH, which can be inhibited by liproxstatin-1. Fer-1 and liproxstatin are inhibitors of PUFA synthesis, while Vit E can inhibit LOX to prevent PUFA oxidation. PEs, phosphatidylethanolamines; AA, arachidonic acid; AdA, adrenic acid; PUFA polyunsaturated fatty acid; PL, polyunsaturated fatty acid; LOX, lipoxygenase; Fe-S, iron–sulfur cluster; SOD, superoxide dismutase; ROS, reactive oxygen species; GPX4, glutathione peroxidase 4; Fer-1, ferrostatin-1; Vit E, vitamin E.


Likewise, the progression of oxygen-driven free radical chain reaction, also named non-enzymatic lipid peroxidation, is believed to be involved in the occurrence of ferroptosis. Non-enzymatic lipid peroxidation includes the generation of early lipid radical L⋅ based on the production of sufficiently reactive free radicals, the oxidation of L⋅ in a chain reaction, and the termination of oxidation by antioxidants (Frank, 1950). Furthermore, lipid peroxidation spontaneously produces PLOO⋅ and PLO⋅, which constantly recruit lipid molecules to free radical reactions and form a lipid peroxidation circle (Davies and Guo, 2014). It is believed that Fenton reaction can also provide the free radicals for lipid peroxidation metabolism, which can be a connecting point between iron metabolism and lipid peroxidation in ferroptosis (Zhai et al., 2021).



FERROPTOSIS AND CVDs


Iron Homeostasis in the Heart

The regulation of iron homeostasis in cardiac myocytes is similar to that of systemic iron homeostasis mentioned above. The import of iron is mediated by TfR1 and the export of iron from cells is implemented via FPN. Different from systemic cells, FPN in cardiomyocytes is regulated by both hepcidins produced by liver and locally in heart. Cardiac hepcidin has important autocrine effects and participates in autonomous regulation of iron in cardiomyocytes. Opposite to systemic hepcidin, loss of cardiac hepcidin upregulates FPN in cardiomyocytes to maintain cellular iron homeostasis (Lakhal-Littleton et al., 2016). It is indicated that iron level in cardiomyocytes is a balance between cellular iron efflux regulated by the cardiac hepcidin/FPN axis and systemic iron availability regulated by the systemic hepcidin/FPN axis (Lakhal-Littleton et al., 2016). In fact, cardiomyocytes are extra sensitive to iron overload with sufficient iron-importing mechanisms and only one export regulator. Nevertheless, either overload or deficiency of iron is harmful to homeostasis of cardiomyocytes. The import, utilization, storage, export, and regulation of iron in cardiomyocytes are presented in Figure 4. Interestingly, mitochondrial ferritin (mtFT) is an H-ferritin-like protein to store iron in mitochondria, which is mostly expressed in high oxygen-consuming and high metabolic cells. A recent study has demonstrated that mtFT can protect cardiomyocytes against the oxidative stress caused by cardiac injury via increasing the sensitivity of mitochondria (Li X. et al., 2017). The role of mtFT in iron homeostasis in cardiomyocytes still needs more researches to confirm.
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FIGURE 4. Iron homeostasis in cardiomyocytes. Tf-bound iron is imported into cardiomyocytes via TfR1, whereas Non-Tf-bound iron enters via DMT1, L/TTCC, and ZT. After imported into cardiomyocytes, iron is located in endosome and deoxidated before stored in LIP. In cytoplasm, iron is stored by binding to FT and exported by FPN, which is regulated by hepcidin. Iron is transported into mitochondria for synthesis into 4Fe–4S and mtFT, which stores excessive iron during cardiac injury. ABCB8 is the iron exporter of mitochondria. Cardiac iron homeostasis is regulated by IRP-IRE with upregulation of TfR1 and downregulation of FT and FPN. Cardiac injury affects iron homeostasis by upregulating hepcidin, while DOX influences IRP-IRE and ABCB8. Tf, transferrin; TfR1: transferrin receptor 1; DMT1, divalent metal transporter 1; L/TTCC, L/T-type calcium channel; ZT, Zinc transporter; LIP, labile iron pool; FT, ferritin; FPN, ferroportin; Fe–S, iron–sulfur cluster; mtFT, mitochondrial ferritin; ABCB8, adenosine triphosphate (ATP)-binding cassette subfamily B member 8; IRP, iron regulatory protein; IRE, iron responsive elements; DOX, doxorubicin.


Cardiomyocytes apoptosis can be induced by iron overload through mitochondrial dysfunction, in which increased mitochondrial oxidative stress triggers the release of cytochrome c and activates the caspase-dependent apoptotic pathway (Khamseekaew et al., 2017; Kumfu et al., 2018). This can result in iron-overload cardiomyopathy (IOC), which occurs in hemochromatosis and thalassemia major patients (Gulati et al., 2014). Moreover, the European Society of Cardiology currently recommended that the assessment of iron deficiency served as a comorbidity in chronic heart failure (CHF), due to the high prevalence of iron deficiency in patients with CHF (Klip et al., 2013).



The Role of Ferroptosis in CVDs


Ferroptosis and Cardiomyopathy

Several studies have indicated that ferroptosis is involved in many cardiomyopathies, including IOC, diabetic cardiomyopathy (DCM), doxorubicin (DOX)-induced cardiotoxicity, and so on.

As mentioned above, iron overload can destroy cardiac iron homeostasis, thereby leading to IOC through several mechanisms. IOC is regarded as a progressive electromechanical deterioration of the heart, which is the major reason for fatality in hemochromatosis patients (Nakamura et al., 2019). Also, several studies have demonstrated that high concentrations of intracellular iron induce ferroptosis in cardiomyocytes. Baba et al. (2018) verified that excessive iron induced cardiomyocytes ferroptosis as efficiently as erastin and RSL3 by directly incubating isolated mouse cardiomyocytes in ferric citrate. Furthermore, they found that cardiomyocytes treated with both Fe(III)-citrate and ferrostatin-1 (Fer-1), a specific ferroptosis inhibitor, were prevented from Fe(III)-citrate-induced cell death (Baba et al., 2018). This indicated that ferroptosis might play a significant role in the pathophysiological process of IOC, but the mechanism of how ferroptosis was associated with IOC remained unclear and needed further studies.

Diabetic cardiomyopathy, which is characterized by hypertrophy and fibrosis in the heart with the absence of clinical hypertension and coronary artery disease, is one of the most common complications of diabetes (Bugger and Abel, 2014; Parim et al., 2019). It can result in left ventricular remodeling event and subsequently develop into heart failure, which involves various mechanisms such as hyperglycemia, insulin resistance, increased fatty acid oxidation, oxidative stress, myocardial fibrosis and hypertrophy, endothelial dysfunction, myocyte cell death, autonomic neuropathy, arterial stiffness, autophagy, endoplasmic reticulum stress and so on (Coats and Anker, 2000; Fiordaliso et al., 2001; Vinereanu et al., 2003; Brunner et al., 2006; Turan, 2010; Lakshmanan et al., 2013; Riehle et al., 2013; Brahmanaidu et al., 2017; Parim et al., 2019). Nowadays, it has been widely accepted that oxidative stress is the common pathogenesis of diabetic cardiomyopathy, which results from an imbalance between the production of ROS and the antioxidant capacity (Khullar et al., 2010; Huynh et al., 2014). Based on that, a recent research found that knockdown of nuclear factor-erythroid factor 2–related factor 2 (Nrf2), a main regulator of antioxidant defense, selectively suppressed glucolipotoxicity, while Fer-1 and iron chelator deferoxamine inhibited glucolipotoxicity in rat H9C2 cells cultured in high glucose (Zang et al., 2020). Moreover, the expression of ferroptosis markers, cyclooxygenase 2 (Cox2) and glutathione-specific γ-glutamylcyclotransferase 1 (Chac1), was upregulated, while the expressions of GPX4 and ferroptosis suppressor protein 1 (Fsp1) were downregulated in mice with streptozotocin-induced type 1 diabetes (T1D) (Zang et al., 2020). These results indicated that autophagy deficiency caused by diabetes initiated an Nrf2-operated ferroptosis in cardiomyocytes, thereby worsening the progression of diabetic cardiomyopathy. Hence, Nrf2 pathway-mediated ferroptosis should be focused on in the future, since it can be a novel target for treatment of DCM.

DOX is a class of anthracyclines that is commonly used to treat breast cancer, leukemia, and several types of malignancies (Young et al., 1981). Nevertheless, the clinical use of DOX is limited due to its cardiotoxicity, which can induce irreversible degenerative cardiomyopathy and congestive heart failure (Singal and Iliskovic, 1998). Fang et al. (2019) indicated that ferroptosis drove DOX-induced cardiomyopathy, owing to the results that DOX-treated cardiomyocytes in mice showed features of typical ferroptotic cell death and Fer-1 significantly decreased DOX-induced myocardial injury. Besides, by measuring mitochondrial lipid peroxidation to examine the effects of combining Fer-1 with zVAD-FMK (zVAD), an apoptosis inhibitor, in DOX-treated cardiomyocytes, Tadokoro et al. (2020) found that ferroptosis was the main form of RCD and triggered in mitochondria under DOX treatment. Luo et al. (2021) proved that DOX promoted ferroptosis in cardiomyocytes, whereas the administration of Astragaloside IV, an ingredient isolated from astragalus membranaceus, inhibited ferroptosis by activating Nrf2 signaling pathway and increased GPX4 expression (Luo et al., 2021). These studies demonstrated ferroptosis exerted a significant influence on DOX-induced cardiomyopathy and proved the therapeutic validity of inhibiting ferroptosis.

There is also a correlation between ferroptosis and sepsis-induced cardiomyopathy. Li N. et al. (2020) discovered that Fer-1 inhibited LPS-induced lipid peroxidation and injury of H9C2 myofibroblasts, which illustrated that ferroptosis served as a critical mechanism contributing to sepsis-induced cardiac injury. It is also proposed that targeting ferroptosis in cardiomyocytes may be a promising therapeutic strategy for preventing sepsis in the future.



Ferroptosis and Myocardial Infarction

Myocardial Infarction (MI) is a clinical term for heart attack, which is commonly caused by myocardial ischemia due to narrow or blocked coronary arteries. MI manifests as the death of cardiomyocytes and the replacement of damaged heart tissues by fibrotic scar tissue, which is unable to compensate for contraction function and thus causes heart failure (Hashimoto et al., 2018). Currently, a variety of regulated cardiomyocyte deaths have been focused on and proved to play an important role in MI (Lee et al., 2003; Del Re et al., 2019). Bulluck et al. (2016) revealed that most of the ST-segment-elevation MI patients with IMH had residual myocardial iron at follow-up, which indicated that residual myocardial iron might be a potential therapeutic target to prevent adverse left ventricular remodeling in reperfused cardiac tissue of MI. By using quantitative proteomic analyses, Park et al. (2019) found that GPX4 and ROS pathway was downregulated significantly in early and middle stages of MI. This substantiates that ferroptosis contributes to cardiomyocyte death during MI under metabolic stress. Also, a recent research found that BTB and CNC homology 1 (BACH1), a regulator in heme and iron metabolism which could repress the transcription of erastin-induced protective genes, aggravates acute MI by promoting ferroptosis (Nishizawa et al., 2020). Tang et al. (2020) discovered autophagy in cardiomyocytes after MI could promote ferroptosis, which could be inhibited by microRNA-30d via binding to ATG5. Moreover, Song et al. (2021) examined the expression of DMT1 in vivo and in vitro acute MI models, and found that overexpression of DMT1 promoted cardiomyocyte ferroptosis. They also found that exosome of mesenchymal stem cells derived from human umbilical cord blood (HUCB-MSC) suppressed cardiomyocytes ferroptosis to mediate myocardial repair in acute MI by delivering miR-23a-3p (Song et al., 2021). Therefore, inhibition of ferroptosis might be a new insight for repairing cardiomyocyte injury in MI.



Ferroptosis and Myocardial Ischemia/Reperfusion Injury

Myocardial ischemia/reperfusion injury (IRI) is mostly caused by oxidative processes with ROS generation as the central pathogenesis. Although ROS from mitochondrion is considered as the primary cause of IRI in myocardium, several researches have purposed the significance of ferroptosis in induction of cardiomyocyte injury. By examining the level of myocardial iron in mouse models of IRI generated by 30-min left anterior descending coronary artery (LAD) ligation, Baba et al. (2018) detected cardiomyocyte death with excessive iron accumulating around the myocardial scar, which proved to be ferroptosis by iron overload. Fang et al. (2019) treated mice with 30 min of myocardial ischemia followed by 24 h of reperfusion and discovered the occurrence of significantly increased cardiac non-heme iron. Also, they found that pretreatment of Fer-1 or iron chelator reduced ischemia/reperfusion-induced cardiac remodeling and fibrosis, with the decrease of cardiac mt-Cytb and mt-Atp6 mRNA levels (Fang et al., 2019). Recently, Chen et al. (2021) discovered an increase in cellular iron levels but decreases in GPX4 activity as well as FTH1 and GSH levels in mice myocardial IRI model. Meanwhile, they found that the knockdown of embryonic lethal-abnormal vision like protein 1 (ELAVL1) could attenuate ischemia/reperfusion-induced ferroptosis by inhibiting autophagy, which was activated by Forkhead box C1 (FOXC1) in cardiomyocytes treated with hypoxia followed by reoxygenation (Chen et al., 2021). Fan et al. (2021) indicated that baicalin inhibited ACSL4-controlled ferroptosis to ameliorate myocardial IRI in vitro. Stamenkovic et al. (2021) put forward that increased oxidized phosphatidylcholines (OxPCs) generated in myocardial IRI provoked cardiomyocyte death through ferroptosis. Furthermore, several medications have been proposed to alleviate IRI by interfering with ferroptosis. Lv et al. (2021) proved that Etomidate suppressed ferroptosis in IRI model via upregulation of Nrf2 and heme oxygenase-1 (HO-1) protein expression. Cyanidin-3-glucoside, a kind of anthocyanin, is verified to attenuate myocardial IRI via ferroptosis inhibition by reducing oxidative stress and Fe2+ accumulation in vivo and in vitro (Shan et al., 2021). Ma et al. (2020) demonstrated that USP22 (ubiquitin-specific protease 22), a member of the deubiquitinase family, could inhibit ferroptosis in myocardial IRI via the SIRT1/p53/SLC7A11 association. On the contrary, USP7 is found to protect cardiomyocytes against ferroptosis caused by IRI via activation of the p53/TfR1 pathway (Tang et al., 2021b). Likewise, ferroptosis is demonstrated to be associated with diabetes myocardial IRI. Li et al. discovered that inhibiting ferroptosis reduced endoplasmic reticulum stress and mitigated myocardial damage (Li W. et al., 2020). These results suggested inhibiting ferroptosis could provide significant protection from myocardial IRI. Interestingly, a recent study found no significant changes in ACSL4, GPX4, iron, and malondialdehyde in cardiac ischemia region, whereas increased ACSL4, iron, and malondialdehyde as well as decreased GPX4 were observed in the reperfusion model (Tang et al., 2021a). Hence, it is believed that ferroptosis takes place in the phase of myocardial reperfusion instead of ischemia, which provides a fresh perspective for intervention of ferroptosis in IRI therapy.

Ischemia/reperfusion injury is one of the toughest challenges in heart transplantation, causing considerable sterile inflammation that leads to a high rate of primary graft dysfunction and even mortality in recipients (Kobashigawa et al., 2014). Li et al. (2019) found that Fer-1 reduced levels of hydroperoxy-arachidonoyl-phosphatidylethanolamine, a mediator of ferroptosis, which also repressed the ferroptosis of fibroblasts instead of endothelial cells in heart grafts submitted to IRI. They indicated that ferroptosis coordinated neutrophil recruitment to injured myocardium by promoting adhesion of neutrophils to coronary vascular endothelial cells through a TLR4/Trif/type I IFN signaling pathway (Li et al., 2019). Therefore, inhibition of ferroptosis in donor hearts before transplantation may reduce IRI and improve prognosis.



Ferroptosis and Heart Failure

Heart failure (HF), featured by cardiac hypertrophy and fibrosis, is a clinical syndrome, in which pumping function of heart is damaged and cardiac output fails to meet basic metabolic needs (Li et al., 2018; Miller et al., 2019). As loss of terminally differentiated cardiomyocytes is irreversible in HF, early prevention of cardiomyocyte death can maintain cardiac function and decelerate the progression of heart failure. A recent study observed ferroptotic cell death in the rat HF model induced by descending aortic banding (Liu et al., 2018). What’s more, Puerarin, an antioxidant reagent, could reduce iron content and increase ROS elimination, suggesting that puerarin is a promising therapy for HF by inhibiting cardiomyocyte ferroptosis (Liu et al., 2018). By knockdown of TLR4 and NADPH oxidase 4 (NOX4) in HF rats, Chen et al. (2019) discovered a detainment of ferroptosis which was detected by expression of GPX4 and FTH1. Recently, Fang et al. (2020) found that a high-iron diet caused severe cardiac injury, hypertrophic cardiomyopathy, and eventually HF via inducing cardiomyocyte ferroptosis. Also, they revealed that cardiomyocytes deficient of FTH reduced expression of the SLC7A11 from system xc–, whereas overexpressing SLC7A11 selectively in cardiomyocytes increased GSH levels and prevented cardiac ferroptosis (Fang et al., 2020). Wang et al. (2020) indicated mixed lineage kinase 3 (MLK3), a member of MAP3K family, could regulate the JNK/p53 signaling pathway to initiate ferroptosis and cause myocardial fibrosis in the advanced stage of HF, which could be reversed by miR-351. Circular RNA (circRNA) is a new type of non-coding RNA, which is involved in the pathogenesis of cardiovascular diseases such as HF (Kolakofsky, 1976; Wang et al., 2017). Zheng et al. (2021) constructed a circRNA–miRNA–mRNA regulatory network based on competitive endogenous RNA and verified miR-224-5p, downstream target of circSnx12, could downregulate FTH1 expression in HF model. Altogether, these studies illustrate the significance of ferroptosis in cardiac hypertrophy and HF.



Ferroptosis and Vascular Injury

Vascular injury, a complicated type of CVDs including aortic dissection and abdominal aortic aneurysm, is caused by multifactorial damages such as genetic variant, diet, and environment. It is widely acknowledged that smoking is one of the main risk factors leading to aortic dissection and the rupture of abdominal aortic aneurysm (Lederle et al., 2003; Kakafika and Mikhailidis, 2007; Kihara et al., 2017). Sampilvanjil et al. (2020) found that cigarette smoke extract (CSE) initiated ferroptosis in vascular smooth muscle cells (VSMCs) rather than endothelial cells by depleting GSH rapidly and reducing the suppression of GPX4 overexpression, which resulted in medial VSMC loss in ex vivo aortas. These findings suggest that ferroptosis is the main cause of CSE-induced VSMC death and vascular injury. Further researches are expected to prove the role of ferroptosis in vascular diseases caused by other pathogenic factors such as atherosclerosis.



Ferroptosis and Stroke

Ischemic stroke refers to the restriction of blood supply to certain parts of the brain due to the occlusion of the internal carotid, middle cerebral, or vertebral/basilar arteries, which results in activation of ischemic cascade and ultimately cell death (Brouns and De Deyn, 2009; Au et al., 2017). Speer et al. (2013) hypothesized that ferroptosis might cause neuronal death induced by cerebral ischemia and that iron chelators prevented ferroptosis by inhibiting 2-oxoglutarate, oxygen-dependent dioxygenases, and the hypoxia-inducible factor (HIF) prolyl hydroxylases. Tuo et al. (2017) found that ferroptosis inhibition attenuated IRI in a middle cerebral artery occlusion model. More excitingly, they also found that tau-knockout mice were protected against hemispheric IRI, suggesting the tau–iron interaction as a pleiotropic modulator of ferroptosis and ischemic stroke outcome (Tuo et al., 2017). Recently, a research indicated that ACSL4 expression was downregulated in early ischemic stroke and its overexpression exacerbated ischemic cerebral injury, which proposed that ACSL4 expression might be a potential therapeutic target in ischemic stroke (Cui et al., 2021).

Intracerebral hemorrhage (ICH) occurs when a weakened vessel ruptures and bleeds, thereby leading to higher morbidity and mortality than ischemic stroke (Donnan et al., 2010). Hemoglobin/heme released from lysed erythrocytes after ICH is considered as a neurotoxin to induce lethal ROS after being metabolized into free iron and ultimately cause neuronal death (Ward et al., 2014; Xiong et al., 2014). A research showed that inhibition of iron-dependent hypoxia-inducible factor prolyl hydroxylase domain enzymes (HIF-PHDs) protected neurons from hemin-induced toxicity (Karuppagounder et al., 2016). Li Q. et al. (2017) found that Fer-1 prevented neuronal death and reduced iron deposition induced by hemoglobin in organotypic hippocampal slice cultures. Moreover, Zille et al. (2017) indicated that ICH in vivo and in vitro shared features of ferroptotic and necroptotic cell death, but not caspase-dependent apoptosis or autophagy. Collectively, all these studies suggest that ferroptosis contributes to neuronal death after ICH.



Ferroptosis and Arrhythmia

Cardiac arrhythmia can occur in terminal sudden unexpected death in epilepsy (SUDEP), due to a high rate of hypoxic stress induced by convulsions with excessive sympathetic overstimulation that triggers a neurocardiogenic injury (Nashef et al., 2012). Recently, arrhythmia in SUDEP is considered to be associated with iron overload in conditions of cardiac hypoxia. Akyuz et al. (2021) indicated ferroptosis might be a potential intrinsic mechanism that led to fatal cardiac arrhythmia, with hemosiderin observed in the cardiomyocytes in the SUDEP model. However, the deep mechanism of how ferroptosis is involved in arrhythmia remains unclear. Further investigations on this issue are expected to carry on in the future.



THE APPLICATION OF FERROPTOSIS IN TREATMENT OF CVDs

As mentioned above, ferroptosis plays a significant role in the occurrence and development of various CVDs. Therefore, targeting ferroptosis is proposed as a feasible approach for cardiac protection (Table 3).


TABLE 3. Application of ferroptosis for treatment of cardiovascular diseases.

[image: Table 3]Genetic manipulations in ferroptosis signaling pathway have been verified to successfully inhibit ferroptosis and decrease myocardial injury. The knockdown of Nrf2 to reduce heme degradation (Fang et al., 2019), upregulation of GPX4 (Park et al., 2019), and overexpression of SLC7A11 to increase GSH levels (Fang et al., 2020) are capable of inhibiting ferroptosis in cardiomyocytes.

Iron chelators are able to block redox reactions catalyzed by iron ions and to allow efficient transport and excretion without iron redistribution. Nowadays, 3 types of iron chelators including deferiprone, deferoxamine, and deferasirox are applied in clinical practice, mostly for the treatment of IOC (Pennell et al., 2013). Compared to the other two iron chelators, deferiprone targets hemorrhage-derived iron in IRI, which exerts a cardioprotective effect in acute MI by alleviating intramyocardial hemorrhage and cardiac hypertrophy (Behrouzi et al., 2020). Moreover, several retrospective studies revealed that deferiprone monotherapy showed better protection in heart than deferoxamine therapy or subcutaneous desferrioxamine therapy (Galanello et al., 2006; Pepe et al., 2011; Bilgin et al., 2020; Li et al., 2021).

The cardioprotective effects of antioxidants (e.g., Fer-1, liproxstatin-1, vitamin E) have been verified currently. Fer-1 is demonstrated to eliminate alkoxyl radicals produced by Fe2+ from lipid hydroperoxides in other excess iron-induced ferroptosis (Baba et al., 2018). Also, Fer-1 is beneficial to cardiomyopathy in Fth-deficient mice (Fang et al., 2020). Likewise, liproxstatin-1 can decrease the levels of voltage-dependent anion channel 1 and rescue GPX4 levels to protect myocardium against IRI (Feng et al., 2019). Vitamin E and α-tocotrienol are capable of inhibiting ferroptosis by suppressing LOXs (Kagan et al., 2017).



PERSPECTIVE AND CONCLUSION

In this review, we summarized the main mechanisms of ferroptosis and discussed the role of ferroptosis in CVDs. As CVDs are a global health problem causing high rates of mortality, morbidity, and disability, understanding the pathology of cardiomyocyte damage is essential to develop a promising and novel therapeutic strategy for CVDs. With more and more focus on RCD in cardiomyocytes, ferroptosis, as an iron-dependent form of cell death, has received increasing attention.

Ferroptosis is mainly caused by the occurrence of lipid peroxidation of PUFA accumulation, which results from the accumulation of intracellular free Fe2+ and/or dysfunction of GSH peroxidation. Hence, the prominent features of ferroptosis are PUFA or PL peroxidation as well as accumulation of excessive iron. With overload of iron and lipid peroxidation, ROS accumulates and cell membrane is damaged, which eventually leads to cell death.

Iron overload is recently proved to be the significant cause of cardiomyocyte death, with cardiovascular imaging showing accumulation of iron in the damaged zone of heart. Also, verified by abundant studies with specific models in vivo and in vitro, ferroptosis has been demonstrated to play an important role in different types of CVDs, including cardiomyopathy, MI, IRI, HF, vascular injury, stroke, arrhythmia and so on. Inhibition of ferroptosis in CVDs can decrease cardiomyocyte death and improve cardiopathic conditions. Consequently, ferroptosis is a promising therapeutic target for CVDs.

However, the molecular mechanisms of ferroptotic cell death in cardiomyocytes remain unclear. Except for the destruction of iron metabolism, GSH depletion and lipid peroxidation, various pathways are also involved in the process of ferroptosis, such as high levels of extracellular glutamic acid, organelle-mediated pathways, Nrf2 pathway and so on (Zhai et al., 2021). Moreover, there are few researches on the relationship between ferroptosis and pathogenesis of arrhythmia. And further studies need to be performed to demonstrate the association between ferroptosis and vascular diseases. Though several inhibitors of ferroptosis, such as Fer-1 and GPX4, have been proposed to effectively repair cardiomyocyte injury, these novel methods are unsuitable for routine clinical therapy and their feasibility needs verification.

In conclusion, ferroptosis plays a significant role in the pathogenesis of various CVDs. With mechanisms and clinical feasibility under exploration, targeting ferroptosis to treat CVDs is a new continent to be explored.
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Normothermic ex vivo Heart Perfusion Combined With Melatonin Enhances Myocardial Protection in Rat Donation After Circulatory Death Hearts via Inhibiting NLRP3 Inflammasome-Mediated Pyroptosis
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Objective: The adoption of hearts from donation after circulatory death (DCD) is a promising approach for the shortage of suitable organs in heart transplantation. However, DCD hearts suffer from serious ischemia/reperfusion injury (IRI). Recent studies demonstrate that nucleotide-binding oligomerization domain-like receptor family pyrin domain-containing 3 (NLRP3) inflammasome-mediated pyroptosis is a novel target to ameliorate myocardial IRI. Melatonin is shown to inhibit NLRP3 inflammasome-mediated pyroptosis. Therefore, this study is designed to verify the hypothesis that melatonin can protect the heart graft preserved with ex vivo heart perfusion (EVHP) against myocardial IRI via inhibiting NLRP3 inflammasome-mediated pyroptosis in a rat model of DCD.

Methods: Donor-heart rats were randomly divided into three groups: (1) Control group: non-DCD hearts were harvested from heart-beating rats and immediately preserved with allogenic blood-based perfusate at constant flow for 105 min in the normothermic EVHP system; (2) DCD-vehicle group; and (3) DCD-melatonin group: rats were subjected to the DCD procedure with 25 min of warm ischemia injury and preserved by the normothermic EVHP system for 105 min. Melatonin (200 μmol/L) or vehicle was perfused in the cardioplegia and throughout the whole EVHP period. Cardiac functional assessment was performed every 30 min during EVHP. The level of oxidative stress, inflammatory response, apoptosis, and NLRP3 inflammasome-mediated pyroptosis of heart grafts submitted to EVHP were evaluated.

Results: Twenty five-minute warm ischemia injury resulted in a significant decrease in the developed pressure (DP), dP/dtmax, and dP/dtmin of left ventricular of the DCD hearts, while the treatment with melatonin significantly increased the DP, dP/dtmax of the left ventricular of DCD hearts compared with DCD-vehicle group. Furthermore, warm ischemia injury led to a significant increase in the level of oxidative stress, inflammatory response, apoptosis, and NLRP3 inflammasome-mediated pyroptosis in the hearts preserved with EVHP. However, melatonin added in the cardioplegia and throughout the EVHP period significantly attenuated the level of oxidative stress, inflammatory response, apoptosis, and NLRP3 inflammasome-mediated pyroptosis compared with DCD-vehicle group.

Conclusion: EVHP combined with melatonin post-conditioning attenuates myocardial IRI in DCD hearts by inhibiting NLRP3 inflammasome-mediated pyroptosis, which might expand the donor pool by the adoption of transplantable DCD hearts.

Keywords: donation after circulatory death, normothermic ex vivo heart perfusion, melatonin, heart preservation, ischemia/reperfusion injury, pyroptosis


INTRODUCTION

Heart transplantation remains the gold standard for the treatment of patients with refractory heart failure (Burchill and Ross, 2012). Unfortunately, despite the ever-increasing population of heart failure patients, the development of heart transplantation has been limited by the shortage of suitable donor hearts (Christie et al., 2012). Recently, the adoption of hearts from donation after circulatory death (DCD) has been considered as a promising approach to expanding the donor pool (Smith et al., 2019). DCD heart transplantation has the potential to significantly increase transplant activity by 30% in the United States (Jawitz et al., 2020) and 48% in the United Kingdom (Messer et al., 2020), and will result in a substantial decrease in waiting list mortality. Furthermore, DCD heart transplantation provides comparable 30-day or 1-year postoperative survival in comparison with traditional donation after brain death (DBD) heart transplantation (Messer et al., 2017, 2020). Nevertheless, DCD hearts suffer from more serious ischemia/reperfusion injury (IRI) due to an obligatory warm ischemia time (from when the systolic blood pressure is lower than 50 mmHg after the withdrawal of life-sustaining therapy to reperfusion or cardioplegia) (Dhital et al., 2017; Niederberger et al., 2019).

Recent studies have demonstrated that nucleotide-binding oligomerization domain-like receptor pyrin domain-containing 3 (NLRP3) inflammasome-mediated pyroptosis can play an indispensable role in the myocardial IRI (Dai et al., 2020; Wei et al., 2020; Xu L.J. et al., 2020). Pyroptosis is a recently identified type of programmed cell death and is characterized as a NLRP3-caspase-1-dependent response during myocardial IRI (Wu et al., 2020). NLRP3, one of the best characterized intracellular pattern recognition receptors, can be activated by the generation of reactive oxygen species (ROS) shortly after reperfusion. NLRP3 can bind to apoptosis-associated specklike protein containing a caspase recruitment domain (ASC) and finally form an NLRP3 complex (Geldhoff et al., 2013; Cero et al., 2015; Martínez et al., 2015), which will lead to the activation of caspase-1 and the production of interleukin-1β (IL-1β) and IL-18, and the recruitment of pro-inflammatory response in the progression of myocardial IRI (Bracey et al., 2015). Moreover, active caspase-1 can result in the cleavage of gasdermin D (GSDMD), a member of the gasdermin family, thereby inducing pyroptosis (Wang et al., 2020). Therefore, the interference of NLRP3 inflammasome-mediated pyroptosis might be a promising target for alleviating myocardial IRI of DCD hearts.

Static cold storage has been regarded as a traditional and reliable heart preservation strategy, which is simple, cheap, and able to preserve standard-criteria donor hearts for 4–6 h with acceptable post-transplant outcomes (Lund et al., 2017). However, static cold storage may not be the optimal preservation method for DCD hearts since the energy-depleted DCD hearts can poorly tolerate additional cold ischemia (Iyer et al., 2015). Recently, normothermic ex vivo heart perfusion (EVHP) is introduced as a promising preservation strategy for DCD hearts. Normothermic EVHP can perfuse donated hearts with warm, oxygenated, and nutrient-enriched blood-based perfusate in a semi-physiologic state during the preservation period (Zhou et al., 2020). Therefore, compared with static cold storage, normothermic EVHP can alleviate myocardial IRI for DCD hearts, prolong preservation time, allow for a real-time assessment of contractile function for DCD hearts, and offer a unique platform to repair DCD hearts via directly delivering post-conditioning agents into machine perfusion circuit (Beuth et al., 2019; Xu J. et al., 2020).

Melatonin (N-acetyl-5-methoxytryptamine), which is mainly synthesized by the pineal gland in mammals, is regarded as an anti-oxidant (Manchester et al., 2015), anti-inflammatory (Agil et al., 2013), and anti-apoptotic (Li et al., 2014) molecule. Notably, the pharmacological actions of melatonin are closely related to the inhibition of NLRP3 inflammasome-mediated pyroptosis. One recent study conducted by Su et al. (2021) showed that melatonin alleviated lipopolysaccharide-induced myocardial injury by inhibiting NLRP3 inflammasome-mediated pyroptosis. The administration of melatonin prevented endothelial cell pyroptosis via MEG3/miR-223/NLRP3 axis in atherosclerosis (Zhang et al., 2018). What’s more, melatonin can exert neuroprotective effects by inhibiting neuronal pyroptosis in the streptozotocin-induced diabetic mice (Che et al., 2020). However, it remains unclear whether normothermic EVHP combined with melatonin can ameliorate myocardial IRI for DCD hearts via inhibiting NLRP3 inflammasome-mediated pyroptosis. Additionally, until now, no study investigated the cardioprotective effect of the normothermic EVHP combined with melatonin post-conditioning in the preservation of donor hearts.

Therefore, in the present study, we explored the cardioprotective potential of melatonin post-conditioning during our well-established normothermic EVHP protocol in a rat model of DCD. We hypothesized that the combination of normothermic EVHP and melatonin post-conditioning could be a novel and promising donor heart preservation strategy, which could ameliorate myocardial IRI and improve cardiac function of DCD hearts, thereby increasing the number of transplantable hearts in heart transplantation.



MATERIALS AND METHODS


Animals

Male Sprague-Dawley rats (Charles River Laboratories, Beijing, China) used in this study received care in compliance with the Guide for the Care and Use of Laboratory Animals (National Institutes of Health Publication No. 85-23, revised 1996). All animal experiments were reviewed and approved by the Ethical Committee of the Laboratory Animal Research Center of Southern Medical University Nanfang Hospital. The rats were housed in temperature-controlled (22 ± 2°C) rooms with a 12-h light-dark cycle, given food and sterilized water, and acclimatized for 1 week.



Experiment Design

Twenty four male Sprague-Dawley rats (200–300 g; 8 to 12-week-old) were introduced as donor-heart rats. Another 24 male Sprague-Dawley rats (300–400 g; 12 to 15-week-old) were regarded as blood donors for blood-based perfusate of the normothermic EVHP system. All donor hearts were harvested and preserved by the normothermic EVHP system. Functional assessment of hearts was performed during the EVHP period. Heart tissue was collected at the end of perfusion for the evaluation of the level of oxidative stress, apoptosis, inflammation, and NLRP3 inflammasome-mediated pyroptosis (Figure 1).
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FIGURE 1. Study protocol of ex vivo heart perfusion combined with melatonin in the DCD heart preservation. DCD, donation after circulatory death; EVHP, ex vivo heart perfusion.


Donor-heart rats were randomly divided into three groups: (1) control group: eight non-DCD hearts were harvested from heart-beating rats and immediately preserved by the normothermic EVHP system for 105 min. During harvesting the donor heart, the heart was perfused with 20 ml cold Custodiol (Dr. Franz Köhler, Chemie GmbH, Bensheim, Germany) cardioplegic solution containing 116 μl ethanal. Before initiating normothermic EVHP, 87 μl ethanal was added into 15 ml blood-based perfusate; (2) DCD-vehicle group; and (3) DCD-melatonin group: 8 rats were subjected to the DCD procedure with 25 min of warm ischemia injury and preserved by the normothermic EVHP system for 105 min. During harvesting the donor heart, the heart was perfused with 20 ml cold Custodiol cardioplegic solution containing 116 μl ethanal or melatonin (34.44 μmol/ml, dissolved in ethanol). Before initiating normothermic EVHP, 87 μl ethanal or melatonin (34.44 μmol/ml, dissolved in ethanol) was added into 15 ml blood-based perfusate to make the concentration of melatonin in the perfusate of 200 μM.



Operative Procedure


Anesthesia

Sprague-Dawley rats were anesthetized with pentobarbital sodium (60 mg/kg, intraperitoneally). Pedal reflex was performed to determine adequate anesthetic depth before experiments. The rats were placed on a heating pad to maintain the body temperature.



Harvest of Blood From the Donor-Blood Rat

An 18 G, 2-inch I.V. catheter was cannulated into the abdominal artery. A 20 ml syringe containing 1,250 IU heparin was connected to the catheter to withdraw 9 ml blood. The blood-based perfusate consisted of 9 ml blood from the donor-blood rat, 6 ml modified Krebs–Henseleit solution (10 mM glucose, 117 mM NaCl, 4.5 mM KCl, 25 mM NaHCO3, 1.2 mM NaH2PO4, 2 mM CaCl2, 0.512 mM MgCl2), mannitol (25 g/L), methylprednisolone sodium succinate (500 mg/L; Pfizer; Belgium; Switzerland), and insulin (160 IU/L; Novo Nordisk; Denmark) (see supplementary material). The blood-based perfusate was slowly added into the perfusion circuit to be oxygenated for 15 min (PaO2 at 150–250 mmHg).



Procurement of Heart From the Donor-Heart Rat

The rat was intubated with a 16 G, 2-inch I.V. catheter after tracheotomy and mechanically ventilated. A 22 G, 1-inch I.V. catheter was cannulated into the right carotid artery for injection of heparin, real-time blood pressure monitoring, and delivery of Custodiol cardioplegic solution. The injection of heparin (2,000 IU/kg body weight) through the right carotid artery was performed to heparinize the donor-heart rat before the induction of circulatory death.

Rats in the DCD-vehicle and DCD-melatonin groups were subjected to the following DCD procedure. Briefly, the rat was extubated and the trachea was clamped by a mosquito forceps to induce circulatory death. Circulatory death could be declared when systolic pressure below 30 mmHg or asystole was observed (Kearns et al., 2017; Aceros et al., 2020). At the end of the 25-min warm ischemic time (WIT, equivalent to the hands-off period), we performed the sternotomy and clamped the aortic arch between the brachiocephalic trunk and left common carotid artery. After cutting the inferior vena cava and opening the left atrium, the DCD heart was immersed with ice and perfused with 20 ml cold Custodiol cardioplegic solution containing 116 μl ethanal (DCD-vehicle group) or melatonin (DCD-melatonin group) at a constant pressure via the right carotid artery. The aorta distal to the left subclavian artery and pulmonary artery were cut, respectively. Subsequently, the arrested heart was excised and cannulated with a homemade 14 G aortic catheter. The rats in the control group were treated similarly, but not submitted to 25-min WIT.



The Operation of EVHP

The normothermic ESHP system (Figure 2A) consisted of a micro-peristaltic pump (BT101L; Lead Fluid; China; Figure 2B), an oxygenator (Micro-1 Rat Oxygenator; Dongguan Kewei; China; Figure 2C), 16# Tygon tubing, a reservoir, an infusion syringe pump (Perfusor-space; B. Braun; Germany; Figure 2D) for the administration of epinephrine, and a home-made water-bath box (Figure 2E) containing water, heater (Figure 2F), stirrer (Figure 2G), temperature-controlling switch (Figure 2H), and aortic cannula (Figure 2I). The oxygenator was gassed with a humidified gas mixture containing 95% O2/5% CO2.
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FIGURE 2. Ex vivo heart perfusion system. (A) Schematic figure of the EVHP system; (B) micro-peristaltic pump; (C) oxygenator; (D) infusion syringe pump; (E) water-bath box; (F) heater; (G) stirrer; (H) temperature-controlling switch; (I) aortic catheter; (J) working EVHP system; and (K) beating heart (red arrow). EVHP, ex vivo heart perfusion.


The donor heart was connected to the EVHP system via the aortic cannula (Figures 2J,K). The reservoir was partially immersed in the water of the water-bath box and the isolated heart was placed below the horizontal plane of the water. The membrane oxygenator was wrapped by a thermal insulation bag and the temperature of water in the box was set at 41–42 °C to maintain the temperature of the inflow and isolated heart at 35–37°C (Figure 2K). The normothermic EVHP started with the perfusion flow rate of 2 ml/min, and slowly reached the target perfusion flow rate (1 ml/min/100 g body weight) within 10 min. The administration of epinephrine (4.8 × 10–5mg/h/kg body weight) was performed via an infusion syringe pump throughout the perfusion after a 15-min stabilization period. During the normothermic EVHP, PaO2 was maintained at 150–250 mmHg and the temperature of the isolated heart at 35–37°C. 20 μl 50% glucose solution and 40 μl 5% sodium bicarbonate solution were added into the perfusate every 15 min.



Cardiac Functional Assessment During EVHP

The latex balloon connected to a pressure sensor was inserted into the left ventricle through the left atrium at the end of the 15-min stabilization period. The intraventricular pressure measurement of the donor heart was performed by slowly filling the balloon with 0.15 ml saline at the beginning of the assessment phase (T0) and then every 30 min (T30, T60, and T90). The cardiac functional parameters of the donor heart during EVHP included developed pressure (DP, systolic blood pressure minus diastolic blood pressure), heart rate (HR), dP/dtmax (maximum rate of rise of left ventricular pressure), and dP/dtmin (maximum rate of pressure decline).



Sample Collection

At the end of 105-min EVHP, three ventricular slices (1- to 2-mm thick) were collected serially along the long axis. The first piece of myocardial tissue from the apex was applied for western blotting, the second one for histologic and immunohistochemical analysis, the third one for analyzing superoxide dismutase (SOD) activity, and the level of malonaldehyde (MDA).



Oxidative Stress

The SOD activity and the level of MDA in the heart tissue of donor heart were determined by colorimetric 5,5′-dithio-bis-(2-nitrobenzoic acid)-based method and thiobarbituric acid reactive substance assay, respectively (A001-3-2 and A003-1-2, Nanjing Jiancheng Bioengineering Institute, China). The analysis was performed using an automatic microplate reader (CLARIOstar, BMG LAGTECH, Germany). The expression of 4-hydroxynonenal (HNE), an indicator of oxidative stress, was determined by immunohistochemical analysis as described below.



Inflammatory Response

The expression of interleukin-6 (IL-6), tumor necrosis factor-α (TNF-α), and nuclear factor kappa-B p65 (NF-κB p65) were measured by immunohistochemistry as described below.



Immunohistochemistry

Myocardial tissue slices were fixed in paraformaldehyde solution (4%), embedded in paraffin, and cut into 4-μm-thick sections. The immunoreactivity to IL-6 (1:500, Abcam, ab9324, United States), TNF-α (1:200, Abcam, ab109322, United States), NF-κB p65 (1:500, Proteintech, 66535, China), HNE (1:1,000, Abcam, ab46545, United States) was assessed. The antigen–antibody reaction was visualized by diaminobenzidine reaction. The fields from each slice were randomly selected and recorded under a conventional light microscope in a blinded manner. Image analysis was performed using Image-Pro Plus software (Media Cybernetics, United States). The evaluation was performed in four random and non-overlapping fields of the heart tissue, and the average value was calculated for each animal. The expression of IL-6, TNF-α, NF-κB p65, and HNE was determined by counting integrated optical density (IOD).



Apoptosis

Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining was performed to detect DNA-strand breaks of the donor hearts as previously described (Zhou et al., 2021). The number of TUNEL-positive cells was counted under a fluorescence microscope and the frequency of apoptosis in the donor heart was expressed as the ratio of 4′,6-diamidino-2-phenylindole (DAPI)-TUNEL double-labeled nuclei to the total number of nuclei stained with DAPI.



Western Blotting

Myocardial protein expression of donor heart was assessed by western blotting as previously described (Korkmaz-Icöz et al., 2020). The expression of cleaved caspase-3 (1:1,000 dilution, 9664, Cell Signaling Technology (Shanghai) Biological Reagents Company Limited, China), NLRP3 [1:1,000 dilution, 15101, Cell Signaling Technology (Shanghai) Biological Reagents Company Limited, China], ASC [1:1,000 dilution, 67824, Cell Signaling Technology (Shanghai) Biological Reagents Company Limited, China], Caspase-1 (1:1,000 dilution, ab179515, Abcam, United States), IL-1β (1:1,000 dilution, ab9722, Abcam, United States), IL-18 (1:1,000 dilution, ab207323, Abcam, United States), and cleaved GSDMD [1:1,000 dilution, 10137, Cell Signaling Technology (Shanghai) Biological Reagents Company Limited, China] were evaluated.



Statistical Analysis

The results were expressed as mean ± standard error of the mean (SEM). GraphPad Prism 8.3 software (GraphPad Sofware, Inc., San Diego, CA, United States) was used to perform statistical analysis. Shapiro-Wilk test was performed to test the normality of data before statistical tests were applied. One-way ANOVA followed by Tukey’s post hoc-test was performed for multiple comparisons between three experimental groups. If the data failed the normality test, the non-parametric Kruskal–Wallis test followed by Dunn’s post hoc-test was used. Intraventricular pressure measurement recordings among control, DCD-vehicle, and DCD-melatonin groups were compared by two-way ANOVA according to different timepoints. A value of p < 0.05 was considered statistically significant.



RESULTS


Ex vivo Heart Perfusion Combined With Melatonin Post-conditioning Protects Against Cardiac Function Impairment Caused by Warm Ischemia Injury in the DCD Hearts

A WIT of 25 min results in a significant decrease in HR (T0 and T9, Figure 3A), DP (from T0 to T90, Figure 3B), dP/dtmax (from T0 to T90, Figure 3C), and dP/dtmin (from T0 to T90, Figure 3D) of DCD hearts preserved with EVHP in the DCD-vehicle group compared with the control group. Furthermore, melatonin post-conditioning leads to a significant increase in DP (from T30 to T90, Figure 3B) and dP/dtmax (from T0 to T90, Figure 3C) of DCD hearts preserved with EVHP in DCD-melatonin group compared with DCD-vehicle group.
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FIGURE 3. Cardiac functional assessment of the DCD heart during EVHP. (A) Heart rate; (B) developed pressure; (C) dP/dtmax; and (D) dP/dtmin. Data represent mean ± standard error of the mean. n = 8 for each group. DCD, donation after circulatory death; EVHP, ex vivo heart perfusion; dP/dtmax, maximum rate of rise of left ventricular pressure; dP/dtmin, maximum rate of pressure decline. ∗p < 0.05 vs. control; #p < 0.05 vs. DCD-vehicle.




Ex vivo Heart Perfusion Combined With Melatonin Post-conditioning Reduces Oxidative Stress in the DCD Hearts

Malonaldehyde is introduced as a reliable marker of oxidative stress since it is the end product of major reactions which can lead to significant oxidation of polyunsaturated fatty acids in cellular membranes (Reiter et al., 2009). A WIT of 25 min can significantly increase the level of MDA in the DCD hearts preserved with EVHP in the DCD-vehicle group compared with the control group. Treatment with melatonin at 200 μmol/L during cardioplegia and through the EVHP period can significantly reduce the level of MDA in the DCD hearts in the DCD-melatonin group compared with the DCD-vehicle group (Figure 4A). SOD is an enzyme that can catalyze the dismutation of the superoxide (O2–) radical into ordinary molecular oxygen (O2), thereby exhibiting a great anti-oxidant effect (Hayyan et al., 2016). As shown in Figure 4B, the SOD activity of the heart graft in the control group and DCD-melatonin group is higher than that in the DCD-vehicle group without reaching a significant difference. The expression of HNE, an indicator of oxidative stress, among three groups was determined by immunohistochemical analysis. A WIT of 25 min leads to a significant increase in the expression of HNE in the DCD-vehicle group compared with the control group, whereas the treatment with melatonin can significantly down-regulate the expression of HNE in the DCD hearts preserved with EVHP (Figure 5A).
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FIGURE 4. Tissue content of MDA and SOD activity in the DCD heart preserved with EVHP. (A) Tissue content of MDA; and (B) SOD activity. Data represent mean ± standard error of the mean. n = 5 for each group. DCD, donation after circulatory death; EVHP, ex vivo heart perfusion; MDA, malonaldehyde; and SOD, superoxide dismutase. ∗p < 0.05 vs. control; #p < 0.05 vs. DCD-vehicle.
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FIGURE 5. The expression of HNE, IL-6, TNF-α, and NF-κB p65 in the DCD heart preserved with EVHP. Representative photomicrographs and quantitative analysis of immunohistochemistry for (A) HNE, (B) IL-6, (C) TNF-α, and (D) NF-κB p65 in the DCD heart. Data represent mean ± standard error of the mean. n = 6–8 for each group. DCD, donation after circulatory death; EVHP, ex vivo heart perfusion; HNE, 4-hydroxynonenal; IL-6, interleukin-6; IOD, integrated optical density; TNF-α, tumor necrosis factor-α; NF-κB, nuclear factor kappa-B. ∗p < 0.05 vs. Control; #p < 0.05 vs. DCD-vehicle.


Collectively, 25-min warm ischemia injury increases the level of oxidative stress in the heart graft preserved with EVHP, while the addition with melatonin at 200 μmol/L during cardioplegia and EVHP period attenuates the level of oxidative stress in the DCD heart.



Ex vivo Heart Perfusion Combined With Melatonin Post-conditioning Attenuates Inflammation in the DCD Hearts

The expression of IL-6, TNF-α, and NF-κB in heart tissue was measured by immunohistochemistry to evaluate the inflammatory response in the myocardium. As shown in Figure 5, a WIT of 25 min can significantly up-regulate the levels of IL-6 (Figure 5B), TNF-α (Figure 5C), and NF-κB (Figure 5D) in the DCD heart submitted to EVHP, while the treatment of melatonin can lead to a significant decrease in the expression of IL-6, TNF-α, and NF-κB in the DCD heart.



Ex vivo Heart Perfusion Combined With Melatonin Post-conditioning Ameliorates Apoptosis in the DCD Hearts

After normothermic EVHP, a significantly increased number of TUNEL-positive nuclei in the heart graft can be observed in the DCD-vehicle group compared with the control group. Besides, treatment with melatonin significantly decreases DNA strand breaks and the expression of cleaved caspase-3 in the myocardium of the DCD hearts preserved with EVHP compared with DCD-vehicle group (Figures 6, 7).
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FIGURE 6. Apoptosis evaluation of the DCD heart submitted to EVHP. (A) Representative photomicrographs of myocardial tissue stained with DAPI (blue), nuclei with fragmented DNA shown by TUNEL staining, and merged image (magnification of 40; scale length: 100 μm); and (B) quantification of TUNEL-positive cells (as a percentage). Data represent mean ± standard error of the mean. n = 8 for each group. DAPI, 4′,6-diamino-2-phenylindole (DAPI, blue); DCD, donation after circulatory death; EVHP, ex vivo heart perfusion; TUNEL, terminal deoxynucleotidyl transferase-mediated dUTP nick end-labeling. ∗p < 0.05 vs. control; #p < 0.05 vs. DCD-vehicle.
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FIGURE 7. Representative Western blotting and quantitative analysis of the effect of melatonin treatment on apoptosis and NLRP3 inflammasome-mediated pyroptosis in the hearts preserved with EVHP. (A) Representative protein band densities of cleaved caspase-3, NLRP3, ASC, cleaved caspase-1, IL-1β, IL-18, and cleaved GSDMD; and (B) quantitative analysis of protein expression in the DCD hearts. Data represent mean ± standard error of the mean. n = 4 for each group. DCD, donation after circulatory death; EVHP, ex vivo heart perfusion. ∗p < 0.05 vs. Control; #p < 0.05 vs. DCD-vehicle.




Ex vivo Heart Perfusion Combined With Melatonin Post-conditioning Inhibits NLRP3 Inflammasome-Mediated Pyroptosis in the DCD Hearts

To investigate whether NLRP3 inflammasome-mediated pyroptosis is involved in myocardial IRI for the DCD heart, and the relationship between NLRP3 inflammasome-mediated pyroptosis and melatonin treatment in the DCD heart, the expression of NLRP3, ASC, cleaved caspase-1, IL-1β, IL-18, and cleaved GSDMD is evaluated by western blotting analysis.

As shown in Figure 7, the protein level of NLRP3, ASC, IL-1β, IL-18, and cleaved GSDMD in the heart submitted to EVHP is significantly higher in the DCD-vehicle group compared with the control group, while the treatment of melatonin can attenuate NLRP3 inflammasome-mediated pyroptosis (as evidenced by the significantly increased expression of NLRP3, ASC, cleaved caspase-1, IL-1β, IL-18, and cleaved GSDMD) in the DCD heart preserved with EVHP.



DISCUSSION

Currently, heart transplantation with DCD hearts has received enormous attention over the past 15 years (Osaki et al., 2010; Manara et al., 2012) and is emerging as a promising strategy to expand the donor pool (Longnus et al., 2014). Nevertheless, the use of DCD hearts has been hampered by the severe IRI due to the inherent warm ischemia injury (Citerio et al., 2016; Stehlik et al., 2018; Smith et al., 2019). Normothermic EVHP is becoming a novel and ground-breaking strategy for DCD heart preservation in the clinical setting. Unlike static cold storage, the traditional organ preservation method, normothermic EVHP can preserve the donated heart in a perfused, semi-physiologic state (Van Raemdonck et al., 2013), thereby reducing myocardial IRI, allowing for a thorough evaluation for the viability of donor heart (Xu J. et al., 2020), and more excitingly, facilitating organ reconditioning during perfusion with pharmacological, gene, and stem cell therapy (Weissenbacher and Vrakas, 2019). Therefore, the combination of normothermic EVHP with some novel post-conditioning pharmacological agents could hopefully convert DCD hearts into transplantable donor hearts.

Previous studies proved the cardioprotective effect of melatonin, an important circadian molecule, which was either added into preservation solution in form of cold static storage (Rudd and Dobson, 2011) or administered for the donors (Lan et al., 2019) or recipients (Jung et al., 2004) in the heart transplantation. However, whether normothermic EVHP with the addition of melatonin can become a novel preservation strategy for the DCD heart remains unknown. The current study is the first time to demonstrate that melatonin has potent cardioprotective effects for the DCD heart when used throughout cardioplegia and EVHP period. Our results indicate that 25-min warm ischemia injury results in a significant decrease in cardiac functional parameters, and an increase in the level of oxidative stress, inflammatory response, apoptosis, and NLRP3 inflammasome-mediated pyroptosis of DCD hearts. However, the treatment with melatonin leads to a significant increase in cardiac functional parameters and attenuates myocardial IRI (as evidenced by the level of oxidative stress, inflammatory response, and apoptosis), and NLRP3 inflammasome-mediated pyroptosis of DCD hearts submitted to our well-established EVHP protocol (Figure 8).
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FIGURE 8. Ex vivo heart perfusion combined with melatonin post-conditioning exerts a profound cardioprotective effect against myocardial IRI in the DCD heart, and this protection appears to be due to the inhibition of NLRP3 inflammasome-mediated pyroptosis. IRI, ischemia/reperfusion injury; DCD, donation after circulatory death.


Recently, an increasing number of studies have demonstrated that NLRP3 inflammasome-mediated pyroptosis is emerging as a novel target to attenuate myocardial IRI (Ding et al., 2020; Nie et al., 2021). Inhibiting microRNA-29a can alleviate myocardial IRI in mice by targeting SIRT1 and suppressing oxidative stress and the NLRP3-mediated pyroptosis pathway (Ding et al., 2020). Furthermore, hydrogen gas inhalation can attenuate myocardial IRI in rats by the inhibition of oxidative stress and NLRP3-mediated pyroptosis (Nie et al., 2021). Notably, Quader et al. (2020) reported that the DCD procedure resulted in the activation of the NLRP3 inflammasome, which contributed to myocardial damage and dysfunction, while NLRP3 inflammasome inhibition ameliorated myocardial warm ischemia injury and improved DCD heart function. In line with the above findings, our study shows 25-min warm ischemia in the DCD hearts impairs the cardiac function of hearts during 105-min EVHP and leads to a significant increase in the level of oxidative stress, inflammatory response, apoptosis, and NLRP3 inflammasome-mediated pyroptosis. Emerging studies have demonstrated that melatonin can effectively inhibit NLRP3 inflammasome-mediated pyroptosis. In agreement with these researches, the present study shows the mechanism of melatonin’s cardioprotection against myocardial IRI in DCD hearts preserved with EVHP is partly due to the inhibition of NLRP3 inflammasome-mediated pyroptosis.

In our study, no difference was found in left ventricular relaxation, as evidenced by dP/dtmin, between DCD-melatonin and DCD-vehicle groups. Nevertheless, this may be due to the optimized protocol of DCD heart procurement and normothermic EVHP which can ensure cardioprotection from myocardial IRI. Besides, the current normothermic EVHP is limited to 105 min and a longer duration of reperfusion may be necessary to present better cardiac functional recovery in the melatonin-treated DCD hearts.

Apoptosis, another form of programmed cell death, can be characterized as cell shrinkage, nuclear fragmentation, and chromosomal DNA fragmentation. Furthermore, the inhibition of NLRP3 inflammasome can suppress the frequency of cell apoptosis (Wu et al., 2014; Li et al., 2015; Zhao et al., 2015). The current study reveals that the activation of NLRP3 inflammasome-mediated pyroptosis and increased apoptotic rate can contribute to myocardial IRI in the DCD heart, which can be inhibited by the treatment of melatonin. Therefore, we infer that normothermic EVHP combined with melatonin post-conditioning may attenuate myocardial apoptosis via inhibiting NLRP3 inflammasome-mediated pyroptosis.

There are several limitations to our present studies. Firstly, the duration of the current normothermic EVHP is limited to 105 min and should be prolonged in future studies to clearly present better cardiac functional recovery in the melatonin-treated DCD hearts. Secondly, a heart transplantation model should be introduced in the future to demonstrate the cardioprotective effect of normothermic EVHP combined with melatonin on the post-transplant donor heart. Thirdly, the concentration of melatonin in the cardioplegic solution and perfusate may not be optimal although previous studies have demonstrated that melatonin, given either acutely or chronically at pharmacological doses, has virtually no toxicity (Jahnke et al., 1999; Seabra et al., 2000). Therefore, the dose-effect relationship of melatonin in the DCD hearts preserved with EVHP should be investigated in the future. In parallel, future research is necessary to confirm the cardioprotective effect of normothermic EVHP combined with melatonin in a porcine model to obtain more robust evidence for an efficient clinical translation. Finally, the precise mechanism for inhibition of the NLRP3 inflammasome-mediated pyroptosis by melatonin needs to be further studied.



CONCLUSION

Taken together, the present study reveals that normothermic EVHP combined with melatonin can attenuate myocardial IRI in the DCD hearts via inhibiting NLRP3 inflammasome-mediated pyroptosis. Therefore, the combination of normothermic EVHP and melatonin may facilitate the expansion of the DCD protocol for donor hearts by allowing the adoption of marginal organs, thereby improving the donor pool availability.
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IL-13 Alleviates Cardiomyocyte Apoptosis by Improving Fatty Acid Oxidation in Mitochondria
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Sepsis-induced cardiac injury (SIC) is one of the most common complications in the intensive care unit (ICU) with high morbidity and mortality. Mitochondrial dysfunction is one of the main reasons for SIC, and Interleukin-13 (IL-13) is a master regulator of mitochondria biogenesis. The aim of the present study was to investigate the role of IL-13 in SIC and explore the underlying mechanism. It was found that reactive oxygen species (ROS) production and apoptosis were significantly increased in lipopolysaccharide (LPS)-stimulated primary cardiomyocytes, which was accompanied with obvious mitochondria dysfunction. The results of RNA-sequencing (RNA-seq), mitochondrial membrane potential, fatty acid uptake and oxidation rate suggested that treatment with IL-13 could restore the function and morphology of mitochondria, indicating that it played an important role in protecting septic cardiomyocytes. These findings demonstrated that IL-13 alleviated sepsis-induced cardiac inflammation and apoptosis by improving mitochondrial fatty acid uptake and oxidation, suggesting that IL-13 may prove to be a potential promising target for SIC treatment.
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INTRODUCTION

Sepsis-induced myocardial dysfunction is one of the main causes of death in the intensive care unit (ICU). Various theories and therapies have been proposed to treat septic patients with impaired cardiac function (Ichinose et al., 2007; Xu et al., 2012; Venet and Monneret, 2018). In recent years, mitochondrial dysfunction has been considered as a crucial cause of sepsis-induced cardiac injury (SIC) with augmented release of reactive oxygen species (ROS) and decreased mitochondrial oxidative phosphorylation (Drosatos et al., 2011, 2013; Schilling et al., 2011). Toxic ROS and insufficient energy metabolism finally lead to the impairment and apoptosis of cardiomyocytes (Sepúlveda et al., 2020).

Interleukin-13 (IL-13) is a protein secreted by many cell types and recognized as a type 2 immunity cytokine that plays an important role in a variety of diseases, including allergic inflammation, schistosomiasis, and tissue repair (Qian et al., 2021). Recently, IL-13 is reported to be increased after endurance exercise, probably due to type 2 innate lymphocytes (ILC2) expansion in the muscle. IL-13 preserves the ability of fatty acid utilization and mitochondrial biogenesis in the muscle (Knudsen et al., 2020). Although IL-13 is known to have a protective effect in various diseases, whether IL-13 also has a cardioprotective effect in sepsis remains to be defined.

In this study, we investigated the potential role of IL-13 in protecting mitochondria and alleviating SIC. IL-13 decreased the apoptosis and increased the cardiac function in SIC. Furthermore, we evaluated the morphology of mitochondria and expression level of ROS in different conditions. Finally, we explored the possible mechanisms whereby IL-13 recovered the fatty acid utilization of mitochondria in the septic state. Our findings suggest that IL-13 may be a promising therapeutic target in SIC.



MATERIALS AND METHODS


Primary Cardiomyocyte Culture

Primary cardiomyocytes were isolated from neonatal rats aged 1–3 days (Wang et al., 2020). Briefly, the neonatal SD rat heart was digested into single cells in 0.1% trypsin (Gibco) diluted with Hank’s balanced salt solution (HBSS, Cytiva) at 37°C. Then, low glucose Dulbecco’s Modified Eagle’s Medium (DMEM, Cytiva) containing fetal bovine serum (FBS) was added into the single cardiomyocyte suspension to neutralize the trypsin. In the end, the cardiomyocytes were cultured in low glucose DMEM containing 10% FBS at 37°C with 5% CO2.



Model Establishment

The cellular model of SIC was established by lipopolysaccharide (LPS, Sigma-Aldrich, United States) incubation. Briefly, primary cardiomyocytes were cultured in low glucose DMEM containing 10 ug/ml LPS for 6 h. Morphology and pulse rhythm of cardiomyocytes were observed.

C57BL/6 mice (JSJ Co., Shanghai, China) were raised in the specific pathogen free (SPF)-grade environment, all biosecurity as well as institutional safety procedures were approved and supervised by the Ethics Committee of Shanghai Chest Hospital (Shanghai, China). C57BL/6 were intraperitoneally (i.p.) injected with LPS at a dosage of 10 mg/ml for 6 h.



Adenosine Triphosphate Measurement

Adenosine Triphosphate (ATP) production was measured by ATP measurement assay (Beyotime, China) according to the operating manual. Briefly, lysis solution was added into the cardiomyocytes and then centrifuged at 12000 × g at 4°C for 5 min. Then, the ATP standard solution was diluted to an appropriate concentration gradient with ATP test solution, and 100 ul ATP test solution was added into the microplate for 3 min in advance. Finally, 20 ul standard solution and sample solution were added into the prepared ATP test solution and detected by luminometry (Thermo Fisher Scientific, United States).



Reactive Oxygen Species Measurement

Generation of ROS was detected with ROS Assay Kit (Beyotime, China). In brief, DCFH-DA was diluted to a concentration of 10 uM. Cardiomyocytes were washed with PBS firstly and incubated with DCFH-DA at 37°C for 20 min. After that, cells were washed with PBS for 3 times and detected by fluorescent microscopy.



Mitochondrial Morphology

Mitochondria of primary cardiomyocytes were stained with MitoTrackerTM Deep Red (Invitrogen, United States). Briefly, 1 mM mitoTracker solution was diluted to the final work concentration of 50 nM with DMEM. Primary cardiomyocytes were washed with PBS and incubated with mitoTracker work solution for 30 min at 37°C. After staining, cells were washed with PBS for 3 times again and added fresh DMEM.



TUNEL Staining

TUNEL assays were performed with sections using One-step TUNEL Cell Apoptosis Detection Kit (Beyotime, China) principally according to the supplier’s instruction. In addition, the nuclei in the slices were labeled with DAPI, and finally photographed with a fluorescence microscope.



Isolation of Mitochondria

Mitochondria from primary cardiomyocytes were extracted according to the instructions of QIAGEN (United States). Cells were collected and added with lysis buffer and incubated at 4°C for 10 min. After that, samples were centrifuged at 1000 × g at 4°C for 10 min. The precipitation was collected, incubated with disruption buffer, and then homogenized using a Dounce tissue grinder. The supernatant was collected in a new clear tube after 1000 × g centrifuge at 4°C for 10 min. Next, the samples were centrifuged again at 6000 × g for 10 min and added with 1 ml mitochondria, stored, and suspended until precipitation. Finally, the samples were centrifuged at 6000 × g for 20 min, resuspended and stored for future use.



Extraction and qPCR of Mitochondria DNA

The gene expression of mitochondria DNA (mtDNA) was determined by RT-qPCR with SYBR Green. Relative expression was quantified to Rplp0 as the internal standard control. All primer sequences are listed in Supplementary Table 1.



Western Blot Analysis

Protein lysates and Western blotting were performed using the classic methods. Briefly, each protein sample (30 ug) was resuspended in SDS-PAGE loading buffer, boiled at 95°C for 10 min and electrophoresed with appropriate gels. After that, the protein was electrotransferred to PVDF membrane (Millipore, United States) and blocked with 5% non-fat milk for 1 h at room temperature. Antibodies of Bcl2, Bax, Caspase3, α-tubulin, α-actin and Cox4 (Cell Signaling Technology, United States) and OXPHOS (Invitrogen, United States) were added to bind the membrane overnight at 4°C. Then, the membrane was washed with TBST for 3 times and incubated with HRP-conjugated secondary antibodies (Cell Signaling Technology, United States) for 1 h at room temperature. Finally, the PVDF membrane was washed with TBST for 3 times and developed with electrochemiluminescence solution (Millipore, United States).



Transmission Electron Microscope Investigation

The heart was isolated from the LPS-induced cardiac injury mice and cut into 1 mm3 sections and incubated with fixative solution (Daixuan Biotechnology Co., Ltd., China) immediately, followed by incubation with 2.5% glutaraldehyde overnight. After that, the fixed samples were washed by ddH2O and put into 30, 50 and 70% ethanol at 4°C for 10 min each in sequence. Then it was given to 80, 90 and 95% acetone for 10 min one by one, and to 100% acetone for 10 min × 2. Afterward, the specimen was immersed into epoxy resin and shaken at 30°C for 4 h. Finally, the prepared sample was sliced to ultrathin sections for transmission electron microscope (TEM) observation (Hitachi, Tokyo, Japan).



Mitochondrial Membrane Potential Detection

Mitochondrial membrane potential was detected with JC-10 Mitochondrial Membrane Potential Assay Kit (Yeasen, China). According to the instructions, JC-10 stock solution was diluted with ddH2O at the ratio of 1:1000 to make JC-10 work solution. Primary cardiomyocytes were washed with PBS and incubated with 1 ml DMEM mixed with 1 ml JC-10 work solution at 37°C for 20 min. After that, cell samples were washed with PBS twice and added with fresh DMEM for confocal laser microscopic observation.



RNA Sequencing and Analysis

RNA was extracted from heart tissues that were grown under the appropriate conditions using the RNeasy mini kit (Qiagen, United States). After that, RNA-sequencing (RNA-seq) was performed by GENEWIZ (Suzhou, China). Genes with a | fold-change (FC) | > 1 and P < 0.05 were defined as significant differential expressed genes for further analysis.



Fatty Acid Uptake Rate Detection

According to the instruction book, primary cardiomyocytes were seeded into black 96-well plate and incubated with LPS or IL-13. After that, 100 ul fatty acid dye solution (Sigma-Aldrich, United States) was added for 1 h incubation. Finally, fluorescence was detected with VARIOSKAN LUX (Thermo Fisher Scientific, United States) and reported as Fluorescence (RFU).



Fatty Acid Oxidation Rate Detection

Fatty acid oxidation rate assay (Genmed Scientifics Inc., United States) was applied to detect the rate of β-oxidation rate. According to the instruction manuscript, primary cardiomyocytes were seeded into 96-well plate. After stimulation, substrate of palmitoyl carnitine was added into the 96-well plates for β-oxidation. Finally, VARIOSKAN LUX was used to detect OD values at 420 nm. Fatty acid β-oxidation rate = [(ODsample-ODbackgroud) × system volume (ml)]/[sample protein content (mg) × 105 × reaction time(min)].



Statistical Analysis

Data are presented as the mean ± SEM at least three duplications of different samples. Student’s t-test was applied for analysis between two groups and one-way analysis of variance (ANOVA) was used for comparisons between multiple groups. GraphPad Prism 7.0 (GraphPad Software Inc., United States) were used to analyze and illustrate the data. Differences with p-values < 0.05 were considered statistically significant.




RESULTS


Interleukin-13 Alleviates LPS-Induced Cardiomyocyte Apoptosis and ROS Production in vivo

To understand the potential role of IL-13 in protection against SIC, LPS was injected i.p. to induce a cytokine storm. Echocardiography (ECG) was employed to determine the cardiac function in LPS-induced cardiac injury. As shown in Figure 1A, myocardial systolic function was decreased after LPS injection, and IL-13 mitigated cardiac injury and reversed to a certain extent. Eject fraction (EF) and fraction shorting (FS) were calculated in Supplementary Figures 1A,B. The heart was then harvested and TUNEL stained. As shown in Figures 1B,C, compared with the control group, LPS induced obvious cardiomyocyte apoptosis and IL-13 attenuated the apoptosis. In addition, DHE staining was employed to evaluate the ROS production in LPS-induced cardiac injury. As shown in Figures 1D,E, the change of ROS production was in accordance with the level of apoptosis, suggesting that ROS may be an important cause of cardiomyocyte apoptosis. Furthermore, H&E staining showed that LPS caused edema of the heart tissue as represented by enlarged tissue space (Supplementary Figure 2). We also observed the change of ATP in the heart of the septic mice, which is a crucial form of energy for the heart. Interestingly, LPS decreased the production of ATP and IL-13 treatment eliminated the disorder of energy metabolism (Figure 1F).
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FIGURE 1. Interleukin-13 (IL-13) alleviates cardiomyocyte apoptosis and reactive oxygen species (ROS) production in vivo. (A) Representative figures of echocardiography (ECG). (B) TUNEL staining was used to observe the level of apoptosis and (C) quantitative results were calculated with image J. (D) The level of ROS was observed with DHE probe and (E) calculated. (F) The level of Adenosine Triphosphate (ATP) production. Data are shown as the mean ± SEM (n = 3). *P < 0.05; **P < 0.01; ***P < 0.001.




Interleukin-13 Alleviates LPS-Induced Cardiomyocyte Apoptosis and ROS Production in vitro

Next, we explored the therapeutic effect of IL-13 with primary cardiomyocytes. PBS, 10 ug/ml LPS and LPS + IL-13(50 ng/ml) was added to cardiomyocytes, respectively. After that, PI and Annexin V dyes were employed to mark the necrotic and apoptotic cells, respectively. As shown in Figure 2A, necrotic and apoptotic cells were increased conspicuously in LPS-stimulated group as compared with the control group, while IL-13 relieved the necrosis and apoptosis effectively. To obtain a quantification result of apoptosis, we used flow cytometry for more accurate investigation. As shown in Figures 2B,C, PI positive cells were decreased markedly in IL-13 treatment group as compared with LPS group (13.6% vs. 5.6%). Meanwhile, Annexin V positive cells, which represent the total apoptotic cells, were also decreased after IL-13 treatment (Figures 2D,E). In addition, we also detected the ROS production using the DCFH-DA assay kit. As shown in Figures 2F–G, the level of ROS in normal primary cardiomyocytes was very low but increased markedly after LPS induction. Together, we conclude that IL-13 could protect the cardiomyocytes and reduce the production of ROS.
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FIGURE 2. Interleukin-13 alleviates cardiomyocyte apoptosis and ROS production in vitro. (A) PI and Annexin V dye was used to observe the level of apoptosis. (B) PI positive cells were counted by flow cytometry and (C) calculated. Annexin V positive cells (D) and the apoptosis ratio (E) were counted by flow cytometry and calculated. (F) DCFH-DA staining was applied to detect the level of ROS and (G) measured with image J. Data are shown as the mean ± SEM (n = 3). *P < 0.05; **P < 0.01; ***P < 0.001.




Interleukin-13 Sustains the Homeostasis of Mitochondria

The above results suggest that IL-13 could alleviate the apoptosis of cardiomyocytes but the exact mechanism remains to be further understood. In consideration of the change in ATP production, IL-13 may play a protective role by maintaining the homeostasis of mitochondria. Next, we evaluated the mitochondria function by detecting the membrane potential by JC-10, which is a bicolourable membrane potential probe that reflects the function of mitochondria. JC-10 presents the polymer that displays red fluorescence in mitochondria of normal cardiomyocytes but resolves into a monomer with green fluorescence when damage occurs in mitochondria. As shown in Figures 3A,B, red fluorescence decreased, and green fluorescence increased after LPS stimulation. IL-13 recovered the membrane potential of mitochondria by regulating its homeostasis. After that, we detected the production of ATP in primary cardiomyocytes. As shown in Figure 3C, IL-13 increased ATP production as expected. In addition, IL-13 treatment increased the biogenesis of mitochondria as determined by the ratio of mtDNA and nuclear DNA (nDNA; Figure 3D).
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FIGURE 3. Interleukin-13 recovers homeostasis and morphology of mitochondria. (A) Measurement of mitochondrial membrane potential using the JC-10 probe. (B) Calculation of the membrane potential change ratio with a monomer/polymer. (C) Level of ATP production. (D) mitochondria DNA (mtDNA)/nuclear DNA (nDNA) ratio. (E) Mitochondrial morphology shown by MitoTracker deep red staining. (F) Mitochondrial morphology shown by transmission electron microscope (TEM). Mitochondria was labeled with black triangle. Data are expressed as the mean ± SEM (n = 3). *P < 0.05; **P < 0.01; ***P < 0.001.




Interleukin-13 Sustains the Morphology of Mitochondria

In addition to the functional change of mitochondria, the morphology also restored to normal after IL-13 treatment. A deep red MitoTracker dye was applied to evaluate the change of mitochondria. As shown in Figure 3E, normal cardiomyocytes had more dense and dispersive mitochondria compared with those in LPS group. After LPS stimulation, the mean area of mitochondria became shorter (Supplementary Figure 3A), and the proportion of cardiomyocytes with fragmented mitochondria was increased (Supplementary Figure 3B). Next, we analyzed ultrastructural changes by TEM. As shown in Figure 3F, normal cardiomyocytes had more large mitochondria with regular arrangement as compared with LPS group. Supplementation of IL-13 restored the number, size and arrangement of mitochondria in inflammatory cardiomyocytes. In addition, LPS-stimulated mitochondria were characterized by the presence of fragmented cristae and swollen Vacuoles.



LPS Leads to Damage of Electronic Delivery Chain

To investigate the cause of damaged ATP production, the expression level of OxPhos in control and LPS-induced cardiomyocytes was detected by Western Blot. It was found that the expression level of complex II, complex IV, and complex V was significantly decreased (Figures 4A–F). Furthermore, the hearts were harvested from the control and LPS-induced mice with or without IL-13 treatment for RNA-seq to explore the potential mechanisms. It was found that IL-13 treatment significantly up-regulated the expression of 62 genes and down-regulated the expression of 36 genes in the heart of LPS and IL-13 groups (P < 0.05 and | log2FC| > 1) (Supplementary Figure 4). Interestingly, of the genes significantly related to electronic delivery chain, only Grprl1 underwent significant change (Figure 4G), knowing that Grprl1 is responsible to transport proteins from the membrane to mitochondria matrix in an ATP-dependent manner. This finding suggests that IL-13 could not restore the electronic delivery chain activity at transcriptional level, and there may be other potential pathways.
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FIGURE 4. Change of electronic delivery chain in lipopolysaccharide (LPS)-induced cardiomyocytes. (A) Western immunoblotting and (B–F) quantification of multiple OxPhos proteins from primary cardiomyocytes induced by LPS (n = 3). (G) Expression level of representative genes related to electronic delivery chain by RNA-sequencing (RNA-seq) in the mouse heart. Data are presented as a heatmap (n = 6). Data are shown as the mean ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001.




Interleukin-13 Reverts the LPS Induced Mitochondria Biogenesis Disorder

Knowing that IL-13 could not ameliorate LPS-induced mitochondria injury, we next analyzed the change of mitochondria biogenesis in LPS-induced cardiac injury. As shown in Figure 5A, totally 13 associated genes reverted after IL-13 treatment as compared with LPS group. Interestingly, among these genes, Acadl, Acsl1, Acot6, Acat2, Acox2, Echs1, Acsm4, Acsbg2, Slc27a2, and Lpl were responsible for fatty acid uptake and β-oxidation, knowing that they are the main energy source for the heart. Only three genes (Gbe1, Pdha1, and Prkaa1) were related to carbohydrate metabolism. Based on the results of heatmap analysis, we validated the fatty acid metabolism gene expression level in primary cardiomyocytes by RT-qPCR, and found that Lpl, Acadl, Acsl1, Slc27a2, Acsbg2, Acsm4, and Acat2 underwent significant changes in LPS + IL-13 group compared with LPS, which is in consistent with the result of RNA-seq (Figure 5B). These results suggest that IL-13 may alleviate the LPS induced mitochondria biogenesis disorder by increasing the expression level of fatty acid uptake and β-oxidation.
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FIGURE 5. Change of mitochondria biogenesis in LPS-induced cardiomyocytes. (A) Expression level of representative genes related to mitochondria biogenesis by RNA-seq in the mouse heart. Data are presented as a heatmap (n = 6). (B) The expression level of genes related to fatty acid metabolism was validated by RT-qPCR (n = 3). Data are shown as the mean ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001.




Interleukin-13 Ameliorates Fatty Acid Uptake and Oxidation of Mitochondria

To determine whether IL-13 could ameliorate the fatty acid metabolism in LPS-stimulated primary cardiomyocytes, we detected the rate of fatty acid uptake and oxidation. As shown in Figure 6A, fatty acid uptake was impacted obviously by LPS compared with the control group, and IL-13 treatment improved the damaged uptake efficiency. In accordance with the results of uptake, IL-13 restored the activity of fatty acid oxidation at both 6 and 12 h after LPS stimulation (Figure 6B). These results suggest that IL-13 could effectively ameliorate sepsis-induced mitochondrial biogenesis dysfunction.
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FIGURE 6. Interleukin-13 ameliorates fatty acid uptake and oxidation in mitochondria. (A) Rate of fatty acid uptake in primary cardiomyocytes. (B) Rate of fatty acid oxidation in primary cardiomyocytes. Data are shown as the mean ± SEM (n = 3). *P < 0.05; **P < 0.01; ***P < 0.001.





DISCUSSION

Sepsis-induced cardiac injury is one of the most common postoperative complications in the ICU, causing high morbidity and mortality. SIC is mainly characterized as systolic dysfunction in the serious inflammation environment. However, myocardial dysfunction in sepsis is a well-recognized but poorly understood condition without effective treatment.

Numerous mechanisms including calcium overload, ROS production, calcium overload, inactivation of ion channels and mitochondria dysfunction are involved in the development of SIC. Mitochondrial dysfunction is a hotspot of research on septic cardiomyopathy in recent years. Previous studies reported that LPS affected mitochondrial biosynthesis and eventually mediated the apoptosis of cardiomyocytes (Xin and Lu, 2020). Xu et al. (2018) demonstrated that several key regulators of mitochondria-associated apoptosis were abnormally expressed in the cecal ligation puncture (CLP) animal model, which may prove to be a promising potential target for the treatment of SIC with traditional Chinese medicine.

Sepsis-induced mitochondrial dysfunction is organ-specific and depends on the phase of the disease (Makrecka-Kuka et al., 2019). It is therefore significant to find a new regulator for mitochondrial dysfunction in the treatment of the disease. IL-13 is a key factor of type 2 immunity and plays an important role in fighting helminth infection, regulating asthma and tissue repair (Chu et al., 2021; Rodriguez-Rodriguez et al., 2021; Snodgrass et al., 2021). Previous research showed that IL-13 could maintain and increase the function and morphology of mitochondria in different diseases. For example, IL-13 could prevent and treat sepsis-induced brain dysfunction by enhancing the mitochondrial function and content in the brain microglia (Yan et al., 2020). In addition, latest research demonstrated that IL-13 mediated the mitochondrial metabolism from glycolysis switch into fatty acid oxidation, thus improving skeletal muscle endurance (Knudsen et al., 2020). These studies are consistent with the finding in our study that LPS induced obvious damage to mitochondrial function and morphology in terms of the decreased number, the smaller size, cell derangement and vacuolar formation in both in vivo and in vitro SIC models.

It is remarkable to note that β-oxidation of fatty acid, rather than glycolysis, is the primary energy supply for adult cardiomyocytes, which is different from other cells (Schulze et al., 2016; Cao et al., 2019). Recent studies reported that depressed cardiac function always accompanied with damaged mitochondrial fatty acid oxidation, and prevention of sepsis-induced fatty acid β-oxidation could improve heart function (Drosatos et al., 2011; Soraya et al., 2016). Our results also confirm that fatty acid oxidation plays a major role in the development of SIC. LPS mainly affects the transcription of genes involved in mitochondrial fatty acid uptake and β-oxidation, while IL-13 can restore the expression of these genes and rate of fatty acid uptake and oxidation to a certain extent, thereby reducing the apoptosis of cardiomyocytes caused by sepsis induced mitochondrial injury.

Clinically, SIC is a heterogeneous disease with different damage degrees of cardiac function and mitochondria caused by different sources of infection (Ehrman et al., 2018; Hollenberg and Singer, 2021). In this study, we used 10 mg/mL LPS to induce relatively consistent and stable endotoxemia, but different concentration gradients were missing (Ndongson-Dongmo et al., 2019; Vico et al., 2019). Another limitation of the current study is that SIC is a dynamic disease over time. In this study, we mainly focused on the myocardial protection in the early stage of the disease and set 6 h after LPS injection as the time point of observation. Pathophysiological changes and possible mechanisms of SIC with different severities and at different time points will be further evaluated in our subsequent experiments.

In conclusion, mitochondrial dysfunction is an important cause of SIC as represented by production of large amounts of ROS and myocardial cell apoptosis. IL-13 could effectively improve the ability of fatty acid uptake and oxidation in mitochondria, thereby reducing mitochondrial dysfunction and ameliorating apoptosis of SIC. Our results demonstrated that IL-13, working as an important immunity regulator, may prove to be an important potential target for the treatment of SIC.
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IL-13 Derived Type 2 Innate Lymphocytes Ameliorates Cardiomyocyte Apoptosis Through STAT3 Signaling Pathway
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The involvement of cardiomyopathy during sepsis means higher mortality and prolonged length of hospital stay. Many efforts have been made to alleviate the apoptosis of cardiomyocytes in sepsis. The huge potential of IL-13 in tissue repair has attracted increasing attention. In the present study, we used LPS-treated mice or primary cardiomyocytes as a sepsis model to explore the anti-apoptotic ability of IL-13. It was found that an increased level of exogenous IL-13 was beneficial to the recovery of heart function in sepsis, and this anti-apoptotic effect of IL-13 was probably through enhancing the phosphorylation of STAT3 Ser727. In addition, we identified that the heart protective effect of IL-13 was associated with type 2 innate lymphocytes (ILC2). All these findings may provide a potential promising treatment for sepsis-induced cardiomyopathy.
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INTRODUCTION

Although sepsis-induced cardiac injury has been acknowledged as a leading cause of death in the intensive care unit (ICU), there is still limited knowledge about the underlying mechanism (Joseph et al., 2017; Ehrman et al., 2018). It is generally recognized that immoderate and excessive host immune responses play a central role in reducing the reactivity and exacerbating the apoptosis of cardiomyocytes (Kamisoglu et al., 2015; Akama et al., 2021). It is necessary to understand the variability of host immune responses, knowing that it may help decrease apoptosis of cardiomyocytes and develop new strategies for the treatment of sepsis-induced cardiac injury (Zechendorf et al., 2020).

IL-13 is a representative cytokine of type 2 immunity and participates in host protection through promoting tissue repair and controlling inflammation progress (Neill et al., 2010; Gause et al., 2013; Gieseck et al., 2018). IL-13 is a crucial regulator of cardiomyocyte fate by reversing transcription during heart generation, demonstrating the cardiac protection of IL-13 (O’Meara et al., 2015). Although IL-13 shows great therapeutic potential in the treatment of cardiovascular diseases (Hofmann et al., 2014; Wodsedalek et al., 2019; Zlatanova et al., 2019), the role of IL-13 in protecting the septic cardiomyopathy remains to be further understood.

In this study, we investigated the expression level of IL-13 at different times after intraperitoneal (i.p.) injection of lipopolysaccharide (LPS), knowing that it could simulate endotoxemia during the sepsis state (Ehrman et al., 2018). Subsequently, we explored the protection mechanism of IL-13 in sepsis-induced cardiomyopathy through inhibiting the apoptosis of cardiomyocytes, and found that type 2 innate lymphocyte (ILC2) was the main source of IL-13. These results demonstrated that IL-13 played a significant cardioprotective role in sepsis-induced cardiac injury, which may provide a new remedy for clinical translation.



MATERIALS AND METHODS


Materials and Regents

Materials and reagents used in this study were lipopolysaccharide (LPS), DNase I and collagenase (Sigma, United States); 0.25% trypsin, 0.25% trypsin-EDTA and fetal bovine serum (FBS) (Gibco, United States); Dulbecco’s Modified Eagle’s Medium (DMEM) and D-Hank’s balanced salt solution (D-Hank’s) (Cytiva, United States); fluorescence-labeled antibodies (Biolegend, United States; details are listed in Supplementary Table 1); ermeabilization buffer, MitoTrackerTM Deep Red and DAPI (Invitrogen, United States); antibody of cleaved caspase 3, STAT3, phospho-STAT3 (Tyr705), phospho-STAT3 (Ser727), and β-actin (CST, United States); IL-13 and IL-13Rα1 antibodies (Santa Cruz Biotechnology, United States); primers (BioTNT, China); PVDF membrane (Millipore, United States); reactive oxygen species assay kit (DCFH-DA), red blood cell lysis buffer, cell mitochondria isolation kit and antibody of α-tubulin (Beyotime, China); GentleMACS C tubes (Miltenyi Biotech, United States); Invivo anti-CD90.2 (Bioxcell, Italy); FITC-Annexin V (BD, United States); RNA purification kit (EZBioscience, United States).



Cell Culture and Treatment

Primary cardiomyocytes were extracted from the rat hearts as previously described (Hong et al., 2020). In brief, the hearts were isolated from 2-day-old SD rats, washed with D-Hank’s, cut into small pieces and incubated with 0.1% trypsin for 15 min to acquire single cardiomyocyte suspension. Then, low-glucose DMEM containing 10% FBS was added to the cardiomyocytes to terminate the digestion. This step is repeated five times until no lumps are visible. Finally, the primary cardiomyocytes were seeded into culture dishes at a density of 3–5 × 105 cells mL-1 in low-glucose DMEM containing 10% FBS for further use.



Experiment With the Sepsis-Induced Cardiac Injury Model

Sepsis-induced cardiac injury was established in animal and cell models.

Male C57BL/6 mice weighing 25–28 g (GemPharmatech Co., Jiangsu, China) were raised in a specific pathogen-free (SPF) environment in Shanghai Chest Hospital (Shanghai, China). All experimental procedures were approved and supervised by the Ethics Committee of the said hospital. 20 mg/kg LPS was injected i.p. to C57BL/6 LPS mice to establish LPS-induced cardiac injury.

In the cell model, primary cardiomyocytes were incubated with low-glucose DMEM containing 10% FBS and 10 μg/ml LPS to mimic endotoxin-induced cell damage.



RNA Extraction

RNA was extracted using the RNA purification kit. 40 mg heart tissue was put into a 1.5 ml centrifuge tube and added with 300 μl lysis buffer. Then, the tissue was homogenized in a rotor-stator homogenizer and centrifuged at 12,000 g for 2 min and mixed with an equal volume of ethanol. The mixture was added to the RNA column to bind RNA to the membrane, centrifuged at 4,000 g for 1 min, and after addition of 500 μl wash buffer into the spin column, centrifuged again at 12,000 g for 1 min. The spin column was transferred to a new RNase free tube, to which 20 μl elution buffer was added into the center of spin column at room temperature. Finally, the sample was centrifuged at 12,000 g for 1 min to remove the spin column.



Real-Time RT-PCR

Total RNA extracted from the mice heart was converted to cDNA for quantitative PCR (qPCR) using 4 × Reverse Transcription Master Mix Kits (EZBioscience, United States). The expression level of GAPDH was quantitated as an internal control according to the 2 × SYBR Green qPCR Master Mix (EZBioscience, United States) manufacturer’s instructions. The primers used in the work were purchased from BioTNT, Shanghai.



Preparation of the Single-Cell Suspension and Flow Cytometry Analysis

The C57BL/6 mouse hearts were made into single-cell suspension via gentleMACSTM Octo Dissociator for flow cytometry analysis. Briefly, the fresh mouse heart was washed with cold PBS to remove peripheral blood cells and cut into small pieces. The heart tissue was digested in D-Hank’s containing 1 mg/ml collagenase II and 10 μg/ml DNase I under the program of 37_mmu Adult Heart Procedure. Then, red blood cells (RBCs) were lysed and washed with cold PBS twice.

After 200 mesh screen filtration, the cells were ready for staining. Firstly, cells were incubated with Live/Dead dye for 15 min at room temperature, surface stained using the standard protocol for 15 min at room temperature, fixed, permeabilized with permeabilization buffer at 4°C overnight, stained with corresponding antibodies for another 30 min, washed with PBS, resuspended in 100 μl PBS, and finally detected by BDFACSFortessa 4-Laser (BD, United States).



Protein Extraction and Western Blotting Assay

Protein extraction and Western blotting were performed as previously described (Virga et al., 2021). Briefly, the protein sample (30 μg) was electrophoresed in SDS-PAGE and transferred to the PVDF membrane. The blots were incubated with the primary antibody at 4°C overnight, followed by incubation with the HRP-conjugated secondary antibody. The Western blot bands were detected by A6100 ECL imaging system (GE, United States) and quantitated with Image J software by measuring the intensity of each band compared with the internal control band.



Cell Apoptosis Assay

Apoptosis and morphology were detected simultaneously by fluorescence microscopy. Briefly, primary cardiomyocytes were incubated with FITC-labeled Annexin V diluted by the banding buffer at 37°C for 15 min. Then cells were washed with PBS and added with Mitotracker at 37°C for another 30 min. The stained cells were washed with PBS for 3 times and detected.



Deletion of Innate Lymphoid Cells

Innate lymphoid cells (ILCs) of C57BL/6 mice were deleted by i.p. injection of CD90.2 antibody at a dose of 12 mg/kg for 4 times at a 4-day interval. The deletion efficiency of ILC2 was determined by flow cytometry.



Data Analysis and Statistics

All experiments were repeated with three or more biological replicates. Data were analyzed by PRISM software (Graphpad, United States) and presented as the mean ± standard deviation (SD). One-way ANOVA was used to analyze differences between multiple groups and the two-tailed Student’s t-test was used for comparison between two groups. P-value < 0.05 was considered statistically significant.



RESULTS


IL-13 Underwent Changes in a Time-Dependent Manner After Intraperitoneal Injection of Lipopolysaccharide in Mice

The protein expression of IL-13 in the mouse myocardium was continuously monitored by Western blot within 48 h after i.p. injection of LPS, showing a trend of rapid decline, transient rise and continuous low expression. At the same time, the two type receptors of IL-13, IL-13Rα1, and IL-13Rα2 increase steadily (Figures 1A,B). The mRNA of IL-13, and IL-13Rα1 showed similar changes in a time-dependent manner by qPCR (Figure 1C and Supplementary Figure 1). Although the transcription level of IL-13 increased continuously, the protein expression of IL-13 did not remain at a high level, indicating that IL-13 may be consumed heavily. Lactate dehydrogenase (LDH) and creatine kinase isoenzymes (CK-MB) as markers of myocardial injury were detected in the mouse plasma within 48 h after i.p. injection of LPS. It was found that the time-dependent change of LDH and CK-MB was related to the expression of IL-13 (Figures 1D,E). The critical turning point was observed at 12 h after LPS exposure, when the expression of IL-13 protein in the mouse myocardial tissue was reconfirmed to be significantly decreased as shown by immunofluorescence and histochemistry staining (Figures 1F,G). In addition, the level of IL-13 in the mouse plasma was also decreased significantly at this time point, suggesting that IL-13 may play an important role in septic cardiomyopathy.
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FIGURE 1. IL-13 underwent changes in a time-dependent change after i.p. injection of LPS in mice. (A) Determination of IL-13, IL-13Rα1, and IL-13Rα2 relative expressions in the myocardial tissue by Western blot after i.p. injection of LPS in mice. (B) Quantification of (A). (C) Detection of mRNA expression of IL-13 in the myocardial tissue by RT-qPCR. (D) Serum LDH change. (E) Serum CK-MB change. (F,G) Immunofluorescence and Immunohistochemical images of IL-13 in the mouse myocardium after 12-h exposure to LPS, Scale bar = 50 μm. All the experiments were repeated three times. Data were expressed as the mean ± SD (n = 3). **p < 0.01.




IL-13 Alleviated Lipopolysaccharide-Induced Cardiac Dysfunction and Reduced Apoptosis in Mice

To explore the role of IL-13 in LPS-induced myocardial injury, mice injected i.p. with LPS were treated with recombinant IL-13 (rIL-13, 100 μg/kg). As shown in Figures 2A,B, rIL-13 effectively recovered the myocardial contractile function induced by LPS. Specifically, Cardiac output (CO), Ejection fraction (EF), and Fractional shortening (FS) all recovered in varying degrees. These results suggest that IL-13 could improve cardiac function. The production of reactive oxygen species (ROS), which is known to be closely related to myocardial injury, is shown in the images of dihydroethidium (DHE). As shown in Figures 2D,F, IL-13 significantly reduced the level of DHE oxidation induced by LPS. Furthermore, the degree of myocardial apoptosis was detected by TUNEL, and the result showed that IL-13 effectively reduced myocardial apoptosis (Figures 2C,E).
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FIGURE 2. IL-13 alleviated LPS-induced cardiac dysfunction and reduced apoptosis in mice. (A) Representative images of M-mode echocardiography. (B) Quantification of cardiac output (CO), ejection fraction (EF) and fractional shortening (FS) by echocardiography. (C) Representative TUNEL staining in the cardiac tissue, Scale bar = 50 μm. (D) Representative images of dihydroethidium (DHE) in the cardiac tissue, Scale bar = 50 μm. (E) Percentage of TUNEL-positive nuclei. (F) DHE oxidation values represent the mean fluorescent intensity (MFI). Data were expressed as the mean ± SD (n = 6). *p < 0.05, **p < 0.01, ****p < 0.0001.




IL-13 Alleviated Lipopolysaccharide-Induced Cardiomyocyte Apoptosis

To identify the effect of IL-13 on cardiomyocytes, the primary cardiomyocytes were extracted as the experimental object in vitro. Firstly, the two receptors of IL-13 were detected by Western blot in the primary myocardium. The results showed that both receptors existed in the primary myocardium and increased upon LPS stimulation, with the increase of IL-13Rα1 more significant (Figures 3A,B). The production of reactive oxygen promoted DCFH transformation into DCF, and the mean fluorescence intensity of DCF was measured to represent the level of ROS in primary myocardiocytes. As shown in Figures 3C,D, cardiomyocytes ROS production induced by LPS was effectively inhibited by IL-13. Next, apoptosis was detected by flow cytometry. Compared with LPS treatment alone, the apoptosis of primary cardiomyocytes exposed to IL-13 (50 ng/ml) was significantly decreased, involving both early and late stages (Figures 3E–G). In the apoptosis process, phosphatidylserine (PS) was translocated from the inner to the outer leaflet of the plasma membrane, thus exposing PS to the external cellular environment. Annexin V labeled with a fluorophore was used to identify apoptotic cells by binding to PS exposed on the outer leaflet. As presented in Figure 3H, LPS accelerated PS exposure to the external environment of cells and weakened mitochondrial fluorescence. On the contrary, IL-13 effectively reversed this process.
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FIGURE 3. IL-13 alleviated LPS-induced cardiomyocyte apoptosis. (A) Determination of IL-13Rα1 and IL-13Rα2 relative expressions in the primary cardiomyocytes by Western blot. (B) Quantification of (A). (C) DCF fluorescent images, Scale bar = 50 μm. (D) DCF mean fluorescent intensity. (E) Flow cytometry analysis of apoptosis. (F,G) Quantification of apoptosis. (H) Cardiomyocytes stained with mitoitrcacker (red) and Annexin V(green), Scale bar = 50 μm. Data were expressed as the mean ± SD (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001.




The Transcription Level of STAT3 but Not STAT6 Was Altered in the Signaling Pathway Affected by IL-13

Heart tissues of LPS treated or untreated mice were collected for RNA sequence (RNA-seq). Gene Ontology (GO) analysis showed that a number of genes underwent changes in the three fields including the biological process, molecular function and cell composition with sepsis induced via i.p. injection of LPS (Figure 4A). The signaling pathways affected by LPS were further analyzed with Kyoto Encyclopedia of Genes and Genomes (KEGG) (Figure 4B). To determine the mechanism by which IL-13 reduced myocardial apoptosis caused by LPS, rIL-13 treatment of LPS-induced myocardial tissue in septic mice was included in RNA-seq. Stat6 is a typical transcription factor that mediates downstream transcription activated by IL-13 in immune cells. In other cell types, it is described that Stat3 is activated by Jak signaling downstream of IL-13Rα1. In the mouse myocardium, the Jak-STAT signaling pathway was identified by RNA-seq as being significantly changed after LPS stimulation (Figure 4B). As shown in Figure 4C, the transcription of IL-13Rα1 and Stat3 was highly expressed under the action of LPS, while the transcription of Stat6 changed slightly, suggesting that IL-13 reduced apoptosis in the myocardial tissue through the transcription factor Stat3. IL-13Rα2 is a decoy receptor, and we did not explore its effect in this study.
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FIGURE 4. The transcription level of STAT3 but not STAT6 was altered in the signaling pathway affected by IL-13. (A) GO analysis covered three domains including the biological process, molecular function and cellular component. The transcription of the heart tissue in mice receiving i.p. injection of LPS vs. control mice. (B) KEGG analysis revealed the most important signaling pathways involved in gene involvement. The transcription of the heart tissue of mice receiving i.p. injection of LPS vs. control mice. (C) Illustration of the downstream key genes in the heart tissue regulated by IL-13 as shown by RNA sequencing (RNA-seq). Data are presented as heatmap (log2-fold change). Red indicates higher expression, and blue indicates lower expression (n = 6).




Effect of IL-13 on the Phosphorylation of STAT3 in Cardiomyocytes

Total protein, cytosol protein and mitochondrial protein were extracted from the primary cardiomyocytes and analyzed by Western blot. It was found that the LPS-induced increase of cleaved Caspase-3 was effectively inhibited by IL-13 (Figures 5A,B). Meanwhile, the expression of STAT3 Serine 727 (Ser727) and phosphorylation of STAT3 Tyrosine 705 (Tyr705) were both increased by IL-13. It is worth noting that the phosphorylation level of STAT3 Ser727 in the cytoplasm did not increase after LPS stimulation. In addition, the leakage of cytochrome C from mitochondria was increased after LPS stimulation, and IL-13 reduced this leakage (Figures 5C,D). Subsequently, mitochondrial protein expression was further confirmed by Western blot. Phosphorylation of STAT3 Tyr705 was not detected in the protein extracted from mitochondria. However, the phosphorylation of STAT3 Ser727 was increased by IL-13 in the mitochondrion (Figures 5E,F).
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FIGURE 5. Effect of IL-13 on the phosphorylation of STAT3 in cardiomyocytes. (A) Western blot images of total protein expression. (B) Quantification of (A). (C) Western blot images of the cytosol protein expression. (D) Quantification of (C). (E) Western blot images of the mitochondrial protein expression. (F) Quantification of (C). Data are expressed as the mean ± SD (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.




Change of ILC2 in the Myocardial Tissue After Lipopolysaccharide Treatment Was Correlated With the Change of IL-13

As ILC2 is one of the main sources of IL-13, we detected ILC2 change in the heart of mice treated with LPS by flow cytometry. The mouse heart tissue was first processed into single cells and incubated with fluorescence-labeled antibodies, and then ILC2 was further gated as Lineage-, CD45+, CD90.2+, and ST2+ cell (Supplementary Figure 3). As shown in Figures 6A,B, the percentage of ILC2 exhibited a time-dependent change, and this trend was similar to that of IL-13. In addition, LPS increased IL-13 positive ILC2 in the heart (Figures 6C,D). ILC2 is a CD3 negative T cell, and IL-13 in the heart appeared to be mainly derived from CD3 negative cells (Figure 6E). After treating the mice with CD90.2 antibody, ILC2 in the heart was almost completely eliminated (Figure 6F). At the same time, IL-13 of the myocardial tissue was almost cleared (Figures 6G,H). Interestingly, after ILC2 was cleared with CD90.2 antibody, not only IL-13 was reduced but the phosphorylation of STAT3 Ser727 was also inhibited. In contrast, the phosphorylation of STAT3 Tyr705 was enhanced by LPS (Supplementary Figure 4).
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FIGURE 6. ILC2 change in the myocardial tissue after LPS treatment was correlated with the change of IL-13. (A) Change of ILC2 in the myocardial tissue after LPS treatment. (B) Quantification of (A). (C) Change of IL-13 positive ILC2 in the myocardial tissue of mice treated with LPS. (D) Quantification of (B). (E) IL-13 secreted by CD3-negative or CD3-positive T cells; (F) CD90.2 antibody depletion efficiency of ILC2. (G) Expression of IL-13 in the myocardial tissue of mice after CD90.2 antibody treatment. (H) Quantification of (G). Data were expressed as the mean ± SD (n = 3). *p < 0.05.




DISCUSSION

During sepsis, activation of type 1 immune response leads to the release of abundant cytokines, which is recognized as the common feature of sepsis, known as “cytokine storm” (Virga et al., 2021). Intriguingly, activation of anti-inflammatory type 2 immune response can antagonize proinflammatory type 1 immunity (Verhoef et al., 2019). A retrospective study observed that pre-existing type 2 immune activation could prevent the progression of sepsis (Krishack et al., 2017). Type 2 immunity is commonly observed in tissues repair and allergic inflammation as represented by the production of type 2 cytokines such as IL-4, IL-5, IL-9, and IL-13 (Flayer et al., 2021). Lai et al. showed that IL-9 derived from ILC2 mediated type 2 immune response and reduced inflammation following sepsis (Lai et al., 2018). In addition, IL-33, IL-13, and IL-5 have also been reported to prevent acute lung injury during sepsis (Linch et al., 2012; Nascimento et al., 2017; Califano et al., 2018). There is evidence that the protective effects of these type 2 cytokines are related to ILC2. The aim of the present study was to explore the effect of IL-13 on the heart during sepsis.

IL-13 has been extensively studied as a classic type 2 cytokine for its effect on immune cells, and the direct effect of IL-13 on target tissue cells has also been explored more recently (Heredia et al., 2013; Wynn, 2015). Some studies reported that IL-13 level was increased after sepsis, while other studies argued that IL-13 was decreased after sepsis (Matsukawa et al., 2000; Akama et al., 2021). The possible reason for this discrepancy is that the specific time points of concern may be different between these studies. A more unified view is that IL-13 plays a protective role during sepsis. In the present study, we detected the expression level of IL-13 in the heart after sepsis over time and found that the expression of IL-13 was not simply a phenomenon of increase or decrease in the early stages of sepsis. Besides, unlike protein expression, the transcription level of IL-13 has always been increased. We found that the serum markers of myocardial injury were noted to return to the normal level 12 h after sepsis, when IL-13 transcription was further enhanced but protein expression was decreased. A possible explanation is that IL-13 is over-consumed. The results of this study showed that IL-13 protected cardiomyocytes against apoptosis during sepsis. IL-13 is known to polarize macrophages toward M2 phenotype, and this effect is beneficial to the survival of cardiomyocytes. To determine whether IL-13 had a direct effect on cardiomyocytes, primary cardiomyocytes were studied in vitro. The results showed that IL-13 directly inhibited cardiomyocyte apoptosis caused by LPS.

IL-13 is generally considered to function by activating STAT3 or STAT6 (Yu et al., 2018). However, our RNA-seq showed that Stat6 was not significantly changed in the myocardial tissue. STAT6 signaling has been described as transient in the field of heart research, whereas STAT3 activation is required for cardiomyocytes in response to injury (Fang et al., 2013). In this work, the treatment of rIL-13 did increase the phosphorylation of STAT3 and reduced the pro-apoptotic activity of cleaved-Caspase-3. However, the phosphorylation of STAT3 ser727 did not increase correspondingly in the cytosol. Cytochrome C plays a vital role in the mitochondrial electron transport chain in normal cells (Kalpage et al., 2019). It is reported that Cytochrome C in the cytosol resulted in a positive-feedback mechanism, causing more Cytochrome C release and activation of apoptosis (Li et al., 2000). Thus, the phenomenon that IL-13 suppressed cytochrome C in the cytosol attracted our attention. We hypothesized that the phosphorylated STAT3 Ser727 was transferred into the mitochondrion. The result of our experiment demonstrated that phosphorylated STAT3 Ser727 in mitochondria was increased by IL-13. At the same time, phosphorylated STAT3 Tyr705 was almost undetectable. Previous studies showed that the activation of STAT3 protected cardiomyocytes against apoptosis (Wang et al., 2020). This study supports the protective effect of IL-13 on the myocardium to a certain extent based on the activation of STAT3.

As one of the main sources of IL-13, ILC2 is recognized in tissue repair and macrophage activation (Neill et al., 2010; Guo et al., 2012). However, few studies have focused on the source of IL-13 in the heart. Therefore, multi-label flow cytometry was applied to determine the source of IL-13 in the heart. According to the description of previous studies (Meyer et al., 2020), we applied CD90.2 antibody in vivo to eliminate ILC2 and found that IL-13 decreased drastically after eliminating ILC2. Based on these results, the main source of IL-13 in the heart is determined to be ILC2.

The in vivo application of CD90.2 antibody not only eliminates ILC2 and reduces IL-13 but directly reduces phosphorylated STAT3 Ser727. Combined with the results of the in vitro molecular experiments, it is supported that IL-13 activates the phosphorylation of STAT3 Ser727 to exert anti-apoptotic effects.

In summary, our investigations have demonstrated the importance of IL-13 in alleviating myocardial apoptosis caused by sepsis. IL-13 increases the phosphorylation of STAT3 Ser727 and transfers it into the mitochondria, and reduces the release of cytochrome C. In addition, IL-13 in the heart is derived from ILC2, and the absence of ILC2 will make this protective effect disappear. All these results suggest that IL-13 has therapeutic potential in cardiomyopathy caused by sepsis.
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Nitrosative stress, as an important oxygen metabolism disorder, has been shown to be closely associated with cardiovascular diseases, such as myocardial ischemia/reperfusion injury, aortic aneurysm, heart failure, hypertension, and atherosclerosis. Nitrosative stress refers to the joint biochemical reactions of nitric oxide (NO) and superoxide (O2–) when an oxygen metabolism disorder occurs in the body. The peroxynitrite anion (ONOO–) produced during this process can nitrate several biomolecules, such as proteins, lipids, and DNA, to generate 3-nitrotyrosine (3-NT), which further induces cell death. Among these, protein tyrosine nitration and polyunsaturated fatty acid nitration are the most studied types to date. Accordingly, an in-depth study of the relationship between nitrosative stress and cell death has important practical significance for revealing the pathogenesis and strategies for prevention and treatment of various diseases, particularly cardiovascular diseases. Here, we review the latest research progress on the mechanisms of nitrosative stress-mediated cell death, primarily involving several regulated cell death processes, including apoptosis, autophagy, ferroptosis, pyroptosis, NETosis, and parthanatos, highlighting nitrosative stress as a unique mechanism in cardiovascular diseases.
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INTRODUCTION

Cell death is a manifestation of the irreversible cessation and end of life, which occurs widely during development and pathological processes (Fricker et al., 2018; Green, 2019). Recent studies have shown that nitrosative stress plays an important role in the pathophysiological processes of cell death. Under physiological conditions, low-level nitrosative stress can be detected in almost all cells in vivo, including cardiomyocytes, endothelial cells, fibroblasts, mesenchymal stem cells, and vascular smooth muscle cells (Brunner and Wolkart, 2003; Borbely et al., 2005; Steinberg, 2013). However, little is known about nitrosative stress in pathological conditions and the degree to which nitrosative stress changes the structure and function of cells. Furthermore, the type of cell death caused by stress is also less known. Additionally, what we still have to prove is that nitrosative stress and not other stresses related to oxygen metabolism disorders affects cell death. This review focuses on the biochemistry of nitrosative stress, as well as several new forms of cell death, and highlights its role in cell death, which provides important clues for studying the mechanism of cell death-related diseases (Table 1).


TABLE 1. Cell death caused by nitrosative stress.
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Nitrosative Stress

There are various oxygen metabolism disorders in human body, including hypoxia (West, 2017), oxidative stress (Sohal and Allen, 1990), nitrosative stress (Lim, 2019), endoplasmic reticulum stress (ERS) (Marciniak and Ron, 2006), mitochondria dysfunction (Rowlands, 2016), and carbonyl stress (Suzuki et al., 2001; Miyata and de Strihou, 2010), which are listed in Table 2. Nitrosative stress is closely associated with oxidative stress. Reactive oxygen species (ROS), such as the superoxide anion (O[image: image]), singlet oxygen (1O2), hydroxyl radical (OH), hydrogen peroxide (H2O2), peroxynitrite anion (ONOO–), and nitric oxide (NO), which are involved in oxidative stress, overlap with the formation and scavenging pathways of reactive nitrogen species (RNS) and regulate each other reciprocally (Espey et al., 2000; Maes et al., 2011). The ONOO– produced can nitrate several biomolecules, including proteins, lipids, and DNA, to generate 3-nitrotyrosine (3-NT). The most important characteristic of nitrosative stress is tyrosine nitration. Protein nitration modification is a post-translational modification of proteins caused by their interaction with RNS/ROS (Ischiropoulos, 2003; Velsor et al., 2003). In recent years, various studies have shown that the formation of 3-NT is a specific biomarker of nitrosative stress. It can be used to monitor the intracellular production and localization of ONOO– and the severity of cell death (Ahsan, 2013; Zhang and Wei, 2013).


TABLE 2. Comparison of different types of abnormal oxygen metabolism.
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A Brief History and the Biochemistry of Nitrosative Stress

Ohshima et al. (1990) reported the detection of 3-NT and 3-nitrophenylacetic acid in human urine and proposed that 3-NT could be used as a marker for endogenous protein nitration. In 1992, the Beckman group confirmed that ONOO– can promote the nitrification of proteins such as superoxide dismutase (SOD) and CuZnSOD in vitro and proposed that endogenous nitrifiers can cause protein nitrification in the body (Ischiropoulos et al., 1992). Thereafter, Beckman proposed the use of the antibody method to identify nitrifying proteins and confirmed their existence in human atherosclerotic lesions and acute respiratory distress syndrome lung tissues using the immunohistochemical method (Ye et al., 1996). Subsequently, increasing studies have focused on protein tyrosine nitration from biochemical and biomedical standpoints. As extensive studies have been carried out on protein nitration in nitrosative stress injury, we primarily reviewed the biological characteristics of protein nitration. Multiple pathways can lead to protein nitration, among which ONOO– and NO2–/H2O2/heme peroxidase are considered the most important pathways (Herold, 2004). The process by which NO and O2– produce ONOO– is irreversible and does not require enzyme catalysis. The protein nitration pathways induced by ONOO– can be broadly divided into three categories: direct redox reactions, reactions with carbon dioxide (CO2), and homolysis after protonation (Alvarez and Radi, 2003; Figure 1A). Protein nitration via the NO2–/H2O2/heme peroxidase system also involves the formation of oxygen radicals (Bian et al., 2003; Figure 1B).


[image: image]

FIGURE 1. (A) ONOO– reaction pathways. (B) NO2–/H2O2/heme peroxidase system.




The Meaning of Nitrosative Stress

Nitrosative stress can promote protein tyrosine nitration, resulting in lipid peroxidation, DNA strand breaks, cell membrane damage, the inactivation of functional enzymes, and activation of cascade signal responses of cell death. Based on these basic biological functions, nitrosative stress affects diseases through various processes such as signal transduction in cells, mitochondrial energy metabolism, messenger ribonucleic acid transcription, protein post-translational modification, and ion channel function (Nobrega et al., 2019; Schiattarella et al., 2019; Paulus, 2020).



Cell Death

Cell death is defined by the phenomenon of the irreversible cessation of life, which is one of the leading causes of treatment failure and death in multiple diseases. The process of cell death comprises many steps, and the mechanism is complicated and has become the focus of life science and medical research (Chen et al., 2020). With the deepening of research, new progress has been made on the formation and mechanisms of cell death. To date, there are at least a dozen types of cell death, including apoptosis, necroptosis, pyroptosis, oncosis, ferroptosis, entotic cell death, NETotic cell death, parthanatos, phagocytosis, lysosome-dependent cell death, autophagy-dependent cell death, alkaliptosis, and oxeiptosis (Fricker et al., 2018; Tang et al., 2019; Bedoui et al., 2020).



MECHANISMS OF THE CELL DEATH CAUSED BY NITROSATIVE STRESS


Apoptosis

Nitrosative stress-mediated apoptosis is an important apoptotic pathway newly discovered following intrinsic and extrinsic apoptosis pathways associated with the pathogenesis of various diseases (Andreka et al., 2004). An increasing number of studies have shown that nitrosative stress-mediated apoptosis is involved in the pathogenesis of many diseases. To some extent, 3-NT can be used as a marker of apoptosis (Jumper et al., 2002; Zhang and Wei, 2013).


Mitoptosis

Studies have shown that nitrosative stress affects enzyme activity, including that of complex I (NADH dehydrogenase), complex III (cytochrome c reductase), complex IV (cytochrome c oxidase), and complex V (ATP synthase), in the mitochondrial respiratory chain and increases cytochrome c release from mitochondria into the cytoplasm, indicating mitochondrial dysfunction (Arnaiz et al., 1999; Mastrocola et al., 2005). Furthermore, severe nitrosative stress leads to excessive consumption of ATP, resulting in an irreversible decline in mitochondrial membrane potential (ΔΨm), which eventually leads to mitochondrial apoptosis. This indicates that nitrosative stress not only can directly cause mitochondrial damage but also can act synergistically with oxidative stress (Tao et al., 2014; Ma et al., 2018a). At present, mitochondrial permeability transition pore (mPTP) opening is considered a common pathway for endogenous apoptosis after cell injury. The generation of RNS and the opening of the mPTP are a vicious cycle of mutual promotion. Abnormal mPTP opening due to external or pathological brings about the production of large numbers of ROS, RNS, and malondialdehyde (MDA) in cells, which may lead to the conformational changes in structural proteins on the mPTP, mPTP opening, and an increase in mitochondrial permeability, which in turn leads to apoptosis (Salimi et al., 2019).



Endoplasmic Reticulum Stress

Nitrosative stress can synergistically induce cell apoptosis under oxidative and ERS. C/EBP-homologous protein (CHOP) and caspase-12 are key proteins involved in ERS-mediated apoptosis. Thus, nitrosative stress induces ERS-dependent apoptosis through ERS-mediated JNK activation, CHOP transcriptional activation, and caspase-12 activation (Zhao et al., 2013; Tao et al., 2014; Lv et al., 2020).



Caspases/Bcl-2 Family Proteins

Studies have shown that the activity of caspase-3 in nitrosative stress induced by H2O2 increases and positively correlates with the apoptosis ratio. As a direct substrate of caspase-3, Bcl-2 plays a vital role in apoptosis. Nitrosative stress causes a reduction in the expression levels of STAT3, which regulates the transcription of the Bcl-2 family of anti-apoptotic genes (Rosati et al., 2019). Additionally, nitrosative stress leads to the activation of inducible nitric oxide synthase (iNOS)/Bax/caspase-3-mediated apoptosis in the L132 cell line (Anand et al., 2014). Another study showed that α-ZAL, a natural phytoestrogen, reduces Bax expression and the expression and activity of caspase-9. These effects may be related to the inhibition of nitrosative stress (Liu et al., 2013).



Other Pathways in Apoptosis Signaling

Peroxisome proliferator-activated receptor gamma (PPARγ), a transcriptional regulator of energy balance, can regulate nitrosative stress and inflammation in endothelial cells. A recent study showed that salusin-β, a bioactive peptide composed of 20 amino acid residues, regulates PPARγ to attenuate nitrosative stress, thereby reducing apoptosis (Sun et al., 2017). Another protein kinase, NF-κB, stimulates IL-1β transferase protease and TNF-α gene expression and induces apoptosis. Nitrosative stress causes abnormal activation of the NF-κB signaling pathway, and its transcription activity increases, thereby triggering apoptosis signals, resulting in apoptosis (Cheng et al., 2014). Several studies found that 3-NT can bind to the C-terminus of α-tubulin through tubulin tyrosine ligase to produce tyrosine tubulin, which is insufficient to maintain microtubule stability, causing cell degeneration, eventually leading to apoptosis (Bisig et al., 2002; Peluffo et al., 2004; Blanchard-Fillion et al., 2006). Another study showed that 3-NT can be used as an indirect inhibitor of tubulin-specific carboxypeptidase, thereby blocking the production of glutamate microtubules and further causing apoptosis (Chang et al., 2002). In recent years, researchers utilize this mechanism to develop related antitumor drugs, which induce tumor cell apoptosis by mediating the nitration of tubulin in tumor cells (Xue et al., 2020).



Autophagy

Autophagy can be divided into macroautophagy, microautophagy, and chaperone-mediated autophagy (CMA) according to the mode of transportation of degraded substances to lysosomes (Filomeni et al., 2015; Doherty and Baehrecke, 2018). In macroautophagy, intracellular autophagy-associated proteins (Atg) form autophagosomes by wrapping damaged proteins or organelles in the cytoplasm, and autophagosomes fuse with lysosomes to form autolysosomes. Autophagy lysosomes degrade the encapsulated substances, and some small molecular substances can be reused by cells. Microautophagy is a method by which lysosomes actively and directly engulf cytoplasmic components, which has rarely been explored in mammals. In CMA, some molecular chaperones, such as hsp70, can help unfolded proteins translocate into lysosomes. In recent years, with advances in research, some autophagy forms with a specific selectivity for substrate degradation, including mitochondrial autophagy (mitophagy), peroxisome autophagy (pexophagy), aggregate autophagy (aggrephagy), endoplasmic reticulum autophagy (reticulophagy), and ribosomal autophagy (ribophagy), have emerged (Kiffin et al., 2006; Coliva et al., 2019). Various studies have shown that nitrosative stress is involved in the occurrence and development of autophagy and that it can induce autophagy through multiple signal transduction pathways.


Macroautophagy

ROS/RNS can induce autophagy by inhibiting the protein kinase B (PKB)-Akt pathway and the Akt-mTOR pathway (Ma et al., 2018b). RNS is related to the post-translational modification of target proteins in cells, including protein thiol oxidation or S-nitrosylation related to the autophagy pathway. The accumulation of ROS/RNS generates carbonyls, whose accumulation is positively correlated with the development of autophagy (Di Meo et al., 2016; Feng et al., 2017). The autophagy-related proteins Atg3, 7, and 10 use cysteine residues to catalyze ubiquitin transfer at their catalytic sites (Ornatowski et al., 2020). The sulfhydryl groups on cysteine residues are particularly vulnerable to the modification of ROS/RNS oxidation; therefore, these proteins may be sensitive to redox signals (Filomeni et al., 2015; Varga et al., 2015). Notch 1 signaling is a key regulator of autophagy and reduces nitrosative stress. For example, genistein (Gen), a natural biologically active flavonoid found in soy, attenuates burn-induced myocardial autophagy by activating cardiac Notch 1 signaling and reducing nitrosative stress (Fang et al., 2019). In addition, nitrosative stress potentiates autophagy-lysosome signaling, which involves Beclin1, LC3, LAMP2, and cathepsin B (Han et al., 2011).



Mitophagy

Nitrosative stress can decrease ΔΨm and cause mitochondrial dysfunction. When ΔΨm decreases, PTEN-induced putative kinase 1 (PINK1) accumulates in the outer membrane and forms a large complex on the outer membrane surface to recruit Parkin to the damaged mitochondria, thereby causing mitochondrial autophagy (Redmann et al., 2016; Song et al., 2018). In a cerebral ischemia/reperfusion model, ONOO– induced the tyrosine nitration of dynamin-related protein 1 (Drp1) peptide and recruitment of Drp1 to damage mitochondria and subsequently induce PINK1/Parkin-mediated autophagy activation, thereby promoting brain ischemia/reperfusion injury (Feng et al., 2018a,b).



Pexophagy

Peroxisomes are critical metabolic organelles found in nearly all eukaryotic cells and are involved in ROS/RNS metabolism. Many peroxisomes cause severe nitrosative stress during metabolism (Jo et al., 2015; Sandalio and Romero-Puertas, 2015; Olmedilla and Sandalio, 2019). A recent study showed that certain miRNAs are associated with age-related degenerative changes. MiR-142 targets endothelial PAS domain protein 1 (Epas1), which is a known pexophagy regulatory protein. MiR-142 induces RNS/ROS accumulation by inducing pexophagy (Houri et al., 2020). The accumulation of ROS/RNS inhibits mTORC1 activity in the peroxisome, leading to the active translocation of the transcription factor EB (TFEB) into the nucleus, ultimately promoting autophagic flux and specifically inducing pexophagy through ubiquitin designation (Ganguli et al., 2019; Germain and Kim, 2020).



Ferroptosis

Ferroptosis was initially identified in small molecule erastin-induced cell death, which blocks cystine import, leading to glutathione depletion and inactivation of glutathione peroxidase 4 (GPX4) (Ursini et al., 1982; Yang et al., 2014). Ferroptosis is characterized by the accumulation of lethal lipid peroxidation, which is iron-dependent (Dixon et al., 2012; Stockwell et al., 2017; Lei et al., 2020). As the major component of lipid peroxidation, nitrosative stress was found to be related to the occurrence of ferroptosis (Uribe et al., 2018; Wu et al., 2020). Ferroptosis has been reported to be the prominent form of hepatocyte damage in Concanavalin A (ConA)-induced acute immune hepatitis, which is accompanied by RNS accumulation (Deng et al., 2020; Zeng et al., 2020). More importantly, the administration of an iNOS inhibitor or ONOO– scavenger diminishes RNS levels and reduces hepatocyte ferroptosis, suggesting that RNS, downstream of Caveolin-1 (Cav-1), is an important mediator that drives the hepatocellular ferroptosis induced by ConA. In addition, nitrosative stress is regulated by indoleamine 2,3-dioxygenase 1 (IDO1) during ferroptosis. IDO1 is an important cellular heme enzyme induced by pro-inflammatory mediators in response to inflammation and contributes to restraining the T and NK cells. Upregulation of IDO1 and nitrosative stress in ConA-induced hepatic damage are suppressed by ferroptosis abolishment. DO1 deficiency leads to ferroptosis inhibition by increasing the expression of solute carrier family 7 member 11 and RNS production, and the IDO1 inhibitor reduces iNOS and 3-NT expression during ferroptosis suppression (Zeng et al., 2020). Although few studies have paid close attention to the role of nitrosative stress in ferroptosis, the nature of ferroptosis caused by lethal lipid peroxidation suggests that nitrosative stress might significantly contribute to ferroptosis in various pathological conditions.



Pyroptosis

Nitrosative stress induces the activation of the nod-like receptor protein-3 inflammasome, which can cause pyroptosis through caspase-1- and caspase-11-mediated cytoplasmic protein gasdermin D (Mari and Colell, 2021). When acute and chronic inflammation occurs, the production rate of ONOO– exceeds the ability of the endogenous ONOO– defense system to scavenge it (Dedon and Tannenbaum, 2004; Galloway et al., 2014). Excessive ONOO– leads to an increase in inflammatory cytokine levels and induces tyrosine nitration, ultimately exacerbating the initial damage. A previous report suggested that TNF-α can activate various transcription factors, including NF-κB, activator protein 1, and interferon regulator factor 3, which induce the expression of target genes that encode various inflammatory factors (Pei et al., 2015). Furthermore, TNF-α induces nitrosative stress by upregulating the intercellular expression of adhesion molecule-1. Adiponectin (APN), an adipocyte-derived cytokine, attenuates TNF-α-induced inflammatory response through Cav-1-mediated ceramidase recruitment and activation in an AdipoR1-dependent manner (Wang et al., 2014). In addition, the upregulation of NF-E2-related factor-2, which is mainly secreted by macrophages, reduces nitrosative stress by blocking the NF-κB signal transduction (Li et al., 2019; Nadeem et al., 2020). The inflammatory response mediates the activation of phosphoinositide 3-kinase and the AKT (PI3K/AKT) and mitogen-activated protein kinase (MAPK) signaling pathways, which may also participate in the suppression of nitrosative stress (Ma et al., 2018b; Sarkozy et al., 2018).



NETosis

Some studies have shown that excessive intracellular RNS production in neutrophils is key to NETosis occurrence (Manda-Handzlik and Demkow, 2015; Lenin et al., 2018). Nitrosative stress mediates neutrophil activation, and activated neutrophils release neutrophil extracellular traps (NETs), a reticular structure that exerts a protective effect by surrounding and degrading pro-inflammatory cytokines (Boeltz et al., 2019). Recent research has shown that the formation of NETs induced by RNS depends on the activities of phosphoinositide 3-kinase and myeloperoxidase, as well as the selective degradation of histones H2A and H2B by neutrophil elastase (Chakraborty et al., 2011; Manda-Handzlik et al., 2020).



Parthanatos

A recent report showed that the overactivation of poly adenosine diphosphate-ribose polymerase-1 (PARP-1) leads to cell death. It is a new form of programmed cell death, termed “parthanatos,” which differs from apoptosis and other forms of cell death (Lee et al., 2013, 2015; Tang et al., 2019). At present, research on parthanatos is in its infancy, and the molecular mechanism of its signaling pathway is still unclear. As a unique cell death pathway, parthanatos is characterized by the overactivation of PARP-1, accumulation of cytoplasmic PAR polymers, mitochondrial depolarization, and apoptosis-inducing factor (AIF) nuclear translocation. When AIF enters the nucleus, it interacts with DNA through an as-of-yet unidentified PAAN, leading to large-scale DNA fragmentation and chromatin condensation (Fatokun et al., 2014). As DNA bases are sensitive to nitrosative stress, they are often modified by ONOO–. One study showed that DNA nitration is upstream of PARP-1 activation. Spermidine is a naturally occurring polyamine that is widely involved in DNA replication, transcription, and translation. The use of exogenous spermidine effectively inhibits the activation of PARP-1 and DNA nitrosative stress (Kim, 2017). Under nitrosative stress, ONOO– not only induces DNA single-strand breaks but also activates PARP (Buelow et al., 2009), which consumes a large amount of NAD+, resulting in energy depletion and necrotic cell death. One study showed that DNA nitration is upstream of PARP-1 activation (Barany et al., 2017; Horvath et al., 2018). The initial signaling of PARP-1 in mitochondria is mediated by the downstream activation of JNK-1, a stress-activated protein kinase (SAPK). When nitrosative stress occurs, JNK-1 is activated and participates in the regulation of parthanatos by regulating the intracellular ROS/RNS levels (Zheng et al., 2017).



NITROSATIVE STRESS AND CARDIOVASCULAR DISEASES

Cardiovascular diseases have become the most important causes of death worldwide. Therefore, clarifying its pathophysiological mechanisms is crucial for formulating prevention and treatment strategies. From a cardiovascular aspect, nitrosative stress is associated with the pathophysiological processes. Nitrosative stress can lead to key protein tyrosine nitration related to contractility, metabolism, and antioxidant defense mechanisms of the myocardium and skeletal muscle (Breitkreuz and Hamdani, 2015; Mozos and Luca, 2017). Furthermore, it induces myocardial hypertrophy, fibrosis, or cell death by activating inflammatory responses and stress signals (such as apoptosis and autophagy) (Frati et al., 2017). Myocardial ischemia/reperfusion injury and heart failure are the two main pathophysiological alterations associated with nitrosative stress. Recent studies demonstrated that melatonin receptor 2 (MT2) protects cardiomyocytes from nitrosative stress injury through the MT2/Notch1/Hes1/RORIα signaling pathway in a mouse myocardial ischemia/reperfusion model. Moreover, TNF-α-converting enzyme (TACE) protects against MRI via Notch1-mediated suppression of nitrosative stress. These results demonstrate that the upregulation of Notch1 may alleviate nitrosative stress-mediated myocardial ischemia/reperfusion injury (Pei et al., 2015; Yu et al., 2018; Zhang et al., 2020). In addition, ONOO– can interfere with the cellular calcium transport system, such as the oxidation of sulfhydryl groups of Na+/Ca2+ exchangers, resulting in Na+/Ca2+ exchanger protein dysfunction (Kitao et al., 2010). In heart failure, nitrosative stress causes sarcoplasmic reticulum Ca2+-ATPase tyrosine nitration (Schoneich et al., 1999; Lokuta et al., 2005), further aggravating the dysfunction of left ventricular and vascular systolic functions (Kennedy et al., 2015; Schiattarella et al., 2019). Heart failure induces excessive production of iNOS by macrophages and cardiomyocytes, leading to the loss of myocardial contractility and decreased reactivity of β-adrenergic receptors (Kingery et al., 2017). Nitrosative stress adversely affects the regulation of muscle fiber energy. Myofibril creatine kinase plays an essential role in regulating cardiomyocyte contraction in patients with heart failure and is more susceptible to nitration modification. Creatine kinase activity can be inhibited by nitrosative stress, resulting in the decline of myocardial contractile function and promotion of the occurrence and development of heart failure (Mihm et al., 2001a,b).



CONCLUSION

Nitrosative stress falls under oxidative stress in the traditional category. However, in recent years, a growing body of knowledge has revealed that nitrosative stress, as an independent special biochemical phenomenon in the process of cell death, has unique pathophysiological characteristics that differ from those of oxidative stress in a general sense. This is because of the high responsiveness and short half-life of RNS. However, current research methods have not been able to accurately identify the RNS that induces nitrosative stress. In addition, there is a lack of practical methodologies for the positioning and quantification of nitrosative stress. Although a few antibodies can detect 3-NT, protein tyrosine nitration does not fully reflect the level of nitrosative stress. Therefore, future breakthroughs in biological methodology for detecting nitrosative stress will promote the development of research in this field and deepen our understanding of nitrosative stress biology. During nitrosative stress, the specific target protein tyrosine nitration in different diseases differs. Further studies on the relationship between specific protein tyrosine nitration and diseases will help reveal the pathogenesis of related diseases and identify new targets for drugs. The mechanisms underlying cell death due to nitrosative stress include target protein tyrosine nitration, mitochondrial dysfunction, and cell membrane destruction, which eventually lead to cell death. Revealing the mechanism of cell death induced by nitrosative stress is of great significance for the development of drugs targeting nitrosative stress. In recent years, significant progress has been made in determining the role of nitrosative stress injury in cell death; however, some key problems, such as the concentration threshold of ONOO– damage to various important cellular organs and the corresponding pathophysiological effects, have not been addressed. In summary, research on the mechanism of cell death induced by nitrosative stress helps us to further reveal the pathogenesis of cell injury, explore new sub-therapeutic targets, and provide new ways to prevent and treat diseases related to cell death. Cardiovascular disease is the first enemy of human health. Understanding nitrosative stress will help bridge the gap in the relationship between cell death and cardiovascular disease, thereby providing vital information for improving human health.
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Background: Necroptosis is a vital regulator of myocardial ischemia/reperfusion (MI/R) injury. Meanwhile, 4-hydroxy-2-nonenal (4-HNE) is abundantly increased during MI/R injury. However, whether 4-HNE induces cardiomyocyte necroptosis during MI/R remains unknown.

Methods: To observe the relationship between 4-HNE and necroptosis during MI/R, C57BL/6 mice and aldehyde dehydrogenase 2-transgenic (ALDH2-Tg) mice were both exposed to left anterior descending artery ligation surgery to establish MI/R injury models. For further study, isolated mouse hearts and H9c2 cells were both treated with 4-HNE to elucidate the underlying mechanisms.

Results: Necroptosis and 4-HNE were both upregulated in I/R-injured hearts. Cardiomyocyte necroptosis was significantly decreased in I/R-injured hearts from ALDH2-Tg mice as compared with that of wild-type mice. In vitro studies showed that necroptosis was enhanced by 4-HNE perfusion in a time- and concentration-dependent manner. Knockdown of receptor-interacting serine/threonine-protein kinase 1 (RIP1) using small interfering RNA (siRNA) prevented 4-HNE-induced cardiomyocyte necroptosis, manifesting that RIP1 played a key role in the upregulation of cell necroptosis by 4-HNE. Further studies found that 4-HNE reduced the protein degradation of RIP1 by preventing K48-polyubiquitination of RIP1.

Conclusion: 4-HNE contributes to cardiomyocyte necroptosis by regulating ubiquitin-mediated proteasome degradation of RIP1.

Keywords: 4-hydroxynonenal (4-HNE), myocardial ischemia – reperfusion injury (MIRI), necroptosis, RIP1 (RIPK1), ubiquitination


INTRODUCTION

Reperfusion therapy is a medical treatment that restores the coronary artery blood perfusion and is regarded as the most effective intervention for the treatment of myocardial infarction (Yellon and Hausenloy, 2007). However, reperfusion can cause up to 50% at most of the total myocardial injury and results in malignant arrhythmia, myocardial stunning, and impaired heart function (Heusch and Gersh, 2017). Programmed cardiomyocyte death plays an initiating and central role in myocardial ischemia/reperfusion (MI/R) injury but may receive less clinical attention because of its insidious effects on cardiac structure and function (Zhu and Sun, 2018).

Necrosis used to be considered an “unprogrammed” cardiovascular cell death, while apoptosis and autophagy are denoted as “programmed cell death” and has gained a lot of attention. However, recent studies have shown that necroptosis is the most well-defined regulated necrosis that accounts for up to 30% of cell death during MI/R injury (Smith et al., 2007). It is characterized as loss of plasma membrane integrity and decreasing of cellular adenosine triphosphate (ATP) (Linkermann and Green, 2014; Zhang et al., 2018). Necroptosis is initiated by the activation of receptor-interacting serine/threonine-protein kinase 1 (RIP1) that binds to receptor-interacting serine/threonine-protein kinase 3 (RIP3) to form necrosome, followed by activation of downstream mixed lineage kinase domain-like pseudokinase (MLKL) and Ca2+/calmodulin-dependent protein kinase II (CaMKII) (Cho et al., 2009; Chen et al., 2014). Thus, RIP1 plays a key role in transferring death signals and determines cell fate (Ofengeim and Yuan, 2013; Orozco et al., 2014).

4-Hydroxy-2-nonenal (4-HNE), one of the most toxic aldehydes, is the major secondary product of lipid peroxidation (Ayala et al., 2014). 4-HNE, at 0.3–5 μM under normal condition, plays physiological roles as a signaling molecule while 4-HNE is increased by 10–100 times under oxidative stress and plays cytotoxic roles by inhibiting gene expression or modifying proteins (Esterbauer et al., 1991; Ayala et al., 2014). During MI/R injury, 4-HNE is increased by 6-fold in reperfusion-injured hearts to 100 μM (Lucas and Szweda, 1999). Accumulation of 4-HNE increases the formation of 4-HNE adducts by binding to various proteins in the heart tissue and promotes cardiac dysfunction mainly through damaging mitochondria, impairing ATP production, and inducing cardiomyocyte death (Hwang et al., 2020; Santin et al., 2020). The role of 4-HNE in cardiomyocyte apoptosis was previously investigated, but the effects of 4-HNE on cardiomyocyte necroptosis remain unknown (Sun et al., 2014).

In this study, the effects of 4-HNE on necroptosis were investigated in vivo and in vitro. Using multiple approaches, we found that 4-HNE promoted necroptosis during MI/R by combination with RIP1 and then inhibiting the ubiquitination of RIP1.



MATERIALS AND METHODS


Reagents and Antibodies

Receptor-interacting serine/threonine-protein kinase 1 antibody (3493; 1:1,000), RIP3 antibody (15828; 1:1,000), phosphor-RIP1 antibody (p-RIP1; 1:1,000), Ser166 (31122; 1:1,000), CaMKII antibody (3362; 1:1,000), K48-ubiquitin antibody (8081; 1:1,000), and secondary antibodies (1:10,000) were bought from Cell Signaling Technology (Danvers, MA, United States). Phosphor-RIP3 antibody (p-RIP3) (ab195117; 1:1,000), 4-HNE antibody (ab46545; 1:1,000), phosphor-MLKL antibody (p-MLKL) (ab196436; 1:1,000), phosphor-CaMKII antibody (p-CaMKII) (ab32678; 1:1,000) were purchased from Abcam (Cambridge, MA, United States). β-Actin antibody (6008-1-Ig; 1:5,000) and MLKL antibody (66675; 1:1,000) were bought from Proteintech (Rosemont, IL, United States). Cycloheximide (CHX, 25 μg/ml) (5087390001) was bought from Sigma-Aldrich (Steinheim, Germany).



Animal Myocardial Ischemia/Reperfusion Injury Models

The present study was approved by the Animal Ethics Committee of Qilu Hospital of Shandong University. All procedures were in adherence with the National Institutes of Health guidelines. Aldehyde dehydrogenase 2-transgenic (ALDH2-Tg) mice were from Professor Jun Ren (University of Wyoming). Wild-type (WT) and ALDH2-Tg male mice (8–12 weeks) were used to perform MI/R injury surgery. After being anesthetized with isoflurane inhalation, the hearts were exposed by thoracotomy. The left anterior descending (LAD) artery was tied with 6-0 silk suture for 30 min and loosened for 4 or 24 h. Then, the hearts and blood of mice were harvested for the following experiments.



Langendorff Model

The Langendorff model was used to examine the direct effects of 4-HNE on the isolated mouse hearts. After being anesthetized and heparinized, the mouse hearts were harvested quickly and installed on the Langendorff apparatus. The isolated hearts were perfused with Krebs–Henseleit buffer (KH buffer) and stabilized at 37°C with 95% O2 and 5% CO2 for 20 min and then perfused the heart with KH buffer containing 60 μM 4-HNE or vehicles for 1 h. During that period, left ventricular developed pressure (LVDP) and left ventricular pressure rising rate (dp/dt) were recorded and compared with baseline to measure the left ventricular function.



Infarct Size Measurement and Echocardiography

To determine myocardial infarct size, the LAD artery was tied at previous place and then perfused with 1% Evans blue dye (EBD) through the aorta. After that, the hearts were frozen and cut into 2-mm slices. Then, the slices were incubated in 1% 2,3,5-triphenyl tetrazolium chloride (TTC) solution for 20 min at 37°C incubator. The red and white areas stood for the areas at risk, and the white area stood for the infarction area. After photographing with a camera, the images were analyzed by ImageJ software (NIH).

Cardiac function after MI/R injury including left ventricular fraction shortening (LVFS) and left ventricular ejection fraction (LVEF) was measured by the echocardiographic method (VEVO 2100, VisualSonics, Toronto, ON, Canada).



Cell Culture

H9c2 cells (ATCC) were cultured in Dulbecco’s modified Eagle’s medium (DMEM) (Gibco, Thermo Fisher Scientific, MA, United States) plus 10% fetal bovine serum and antibiotics. The cells were grown in the humified incubator with 20% O2/5% CO2 at 37°C. For hypoxia/reoxygenation (H/R) stimulation, the cells were maintained in the hypoxia chamber (2% O2, 5% CO2) with low glucose and serum-free DMEM overnight and then were moved to normoxic incubator with regular culture medium for different hours (1, 2, 4, or 6 h).

For 4-HNE stimulation, the cells were cultured in regular culture medium with vehicle or diverse concentration of 4-HNE (20, 40, 60, or 80 μM) and kept in incubator for various hours (1, 2, 4, or 6 h).



Necroptosis Assay

Myocardium necroptosis was measured by EBD-Caveolin 3 (CaV3) double staining. Mice were intraperitoneally given EBD (10 mg/ml) 14 h before the MI/R surgery. After surgerical operation, excised hearts were put into optimal cutting temperature (OCT) compound and were sliced into 5-μm cryosections. Finally, sections were incubated with CaV3 antibody and were imaged using a fluorescence microscope (Olympus, Tokyo, Japan).

Propidium iodide (PI)/Annexin V staining was used to distinguish the necroptotic cells. V-ZAD-FMK (Selleck Chemicals, TX, United States) was added to inhibit caspases accompanied with vehicle or 4-HNE, then the cells were harvested and washed twice. Cells were resuspended at the concentration of 1 × 106/ml and then were incubated with PI and Annexin V at 37°C for 20 min. The cells were detected using flow cytometry and were analyzed with CytExpert software (Beckman Coulter, IN, United States).



Receptor-Interacting Serine/Threonine-Protein Kinase 1 Knockdown

To silence the RIP1 gene, the H9c2 cells were transfected with small interfering RNA (siRNA) using INTERFERin (Polyplus-transfection, NY, United States). The transfection effect was determined by Western blots. The sequence of siRNA1 was 5′-GCUACUGGGCAUCAUCAUA-3′; the sequence of siRNA2 was 5′-CCAGAAGACAGGCCAACAU-3′.



Western Blot Assay

Protein was extracted from myocardium tissue or H9c2 cells. Here, 20 μg protein was separated by sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to 0.25-μm polyvinylidene difluoride (PVDF) membrane (Merck Millipore, Billerica, MA, United States). The membranes were incubated with primary antibodies overnight at 4°C. After being washed, the membranes were incubated with corresponding horseradish peroxidase (HRP)-coupled secondary antibodies. Blots were visualized by chemiluminescence reagents and were analyzed with ImageJ software.



Co-immunoprecipitaion

The formation of necrosome and ubiquitination of RIP1 were assessed by immunoprecipitation method. H9c2 cells were lysed in NP-40 (Bosterbio, CA, United States). Then, protein was incubated with 2 μg RIP1 antibody or IgG overnight and then was added with 15 μl protein A/G agarose (Santa Cruz Biotechnology, TX, United States) for 2 h. After being washed, the beads were added 20 μl loading buffer and boiled. Supernatants were subjected to SDS-PAGE and analyzed.



Immunohistochemical Staining

The sections were incubated with anti-4-HNE antibody overnight at 4°C (Abcam, ab46545, Cambridge, MA, United States) followed by being washed and stained with secondary antibodies. After that, 3,3′-diaminobenzidine (DAB) was used as chromogenic substrate. And the slices were counterstained with hematoxylin.



Reverse Transcription Quantitative Polymerase Chain Reaction

To measure the mRNA levels of RIP1 in the myocardium tissues, RNA was extracted by EASYspin plus RNA extraction kit (Aidlab, Beijing, China) according to the instructions. Extracted RNA then was reverse transcribed to cDNA using Prime Script RT Master Mix (TaKaRa, Shiga, Japan). The amplifications and measurements were performed on ABI 7500 quantitative polymerase chain reaction instrument (Applied Biosystems; Thermo Fisher Scientific, MA, United States). The 2–Δ Δ CT data of at least four independent experiments were recorded and analyzed.



Statistical Analysis

Data were expressed as the means ± SEM and were analyzed by two-sided unpaired Student’s t-test. For multiple treatments, data were analyzed by one-way analysis of variance (ANOVA), followed by Tukey’s multiple comparisons test. p < 0.05 was considered statistical significance. All data were analyzed using GraphPad Prism version 5.0.




RESULTS


Reperfusion Injury Induces Cell Necroptosis and Increases 4-Hydroxy-2-Nonenal Production in Mouse Hearts

Mice were subjected to 30 min ischemia followed by 4 h reperfusion to induce MI/R injury. EBD was used to indicate necrosis area, while viable cardiomyocytes were labeled by CaV3. As shown in Figures 1A,B, MI/R injury obviously induced myocardial necrosis. During cell necroptosis, activation of RIP1 and RIP3 is essential, and both CaMKII and MLKL are considered executors of cell necroptosis (Zhe-Wei et al., 2018). To determine whether cell necroptosis occurred during MI/R injury, these proteins were detected, and we found that RIP1, p-RIP1, RIP3, p-RIP3, MLKL, p-MLKL, and p-CaMKII were all upregulated in reperfusion-injured hearts (Figures 1C,D). To confirm the effect of reperfusion injury on cell necroptosis, H9c2 cells were exposed to H/R stimulation. In line with the results in vivo, RIP1, RIP3, and their phosphorylation were all upregulated in H/R-treated cells (Figures 1E,F).
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FIGURE 1. Reperfusion injury induces cell necroptosis and increases 4-hydroxy-2-non-enal (4-HNE) production in mouse hearts and H9c2 cells. (A,B) Representative photomicrographs and analysis of necrotic area (red) and viable cardiomyocytes (green) in the sections of mouse hearts (n = 6). Scale bar = 100 μm. (C,D) Representative Western blots and relative expression of receptor-interacting serine/threonine-protein kinase 1 (RIP1), p-RIP1, RIP3, p-RIP3, mixed lineage kinase domain-like pseudokinase (MLKL), p-MLKL, Ca2+/calmodulin-dependent protein kinase II (CaMKII), and p-CaMKII in mouse hearts (n = 6). (E,F) Representative immunoblots and relative expression of RIP1, p-RIP1, RIP3, and p-RIP3 in H9c2 cells under different reoxygenation times following hypoxia for 14 h (n = 5). (G,H) Protein expression and relative expression of 4-HNE adducts in mouse hearts (n = 6). (I,J) Representative immunohistochemical staining and analysis of mouse heart sections stained with anti-4-HNE antibodies (n = 7). Scale bar = 50 μm. (K,L) Protein expression of 4-HNE adducts in H9c2 cells under different reoxygenation times following hypoxia for 14 h (n = 5). *p < 0.05 vs. sham (control) group; **p < 0.01 vs. sham (control) group.


Since lipid peroxidation is markedly increased during MI/R injury, we then detected the change of 4-HNE and found that more 4-HNE was immunoblotted or immunochemically stained in MI/R-injured hearts (Figures 1G–J). Identically, 4-HNE was also increased in H/R-treated H9c2 cells (Figures 1K,L). Moreover, we detected 4-HNE in vivo and in vitro by Western blots and found that 4-HNE was not changed in ischemia (hypoxia) group (Supplementary Figures 1A,B).



Detoxifying 4-Hydroxy-2-Nonenal Protects Against Myocardial Ischemia/Reperfusion Injury by Reducing Necroptosis

As ALDH2 is the main detoxifying enzyme of 4-HNE (Kimura et al., 2019), to elucidate the relationship between 4-HNE and necroptosis, ALDH2-Tg mice (Supplementary Figures 2A,B) and WT controls were exposed to MI/R injury. Less 4-HNE was detected in I/R-injured hearts from ALDH2-Tg group as compared with I/R group (Figures 2A,B). Cardiac function after I/R injury was improved by overexpression of ALDH2, as indicated by LVEF and LVFS (Supplementary Figure 2C). The myocardial infarct size was limited in ALDH2-Tg group compared to the I/R group (Figures 2C,D). Lactate dehydrogenase (LDH) was also decreased in ALDH2-Tg group (Supplementary Figure 2D). EBD-CaV3 staining showed that necrotic area was significantly reduced in ALDH2-Tg group (Figures 2E,F). Moreover, MI/R-induced upregulation of RIP1, p-RIP1, p-RIP3, MLKL, p-MLKL, and p-CaMKII was prevented by ALDH2 overexpression (Figures 2G,H). Because the formation of necrosome is critical to the happening of necroptosis (Chen et al., 2019), RIP1 was immunoprecipitated to detect the formation of necrosome and found that the binding of RIP1 to RIP3 was reduced in ALDH2-Tg group (Supplementary Figures 2E,F). These results demonstrated that 4-HNE might be a regulator of cell necroptosis in MI/R.
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FIGURE 2. Detoxifying 4-hydroxy-2-non-enal protects against myocardial ischemia/reperfusion (MI/R) injury by reducing necroptosis. (A,B) Representative Western blots and relative expression of 4-HNE adducts in mouse hearts (n = 5). (C,D) Representative sections and statistical analysis of mouse hearts stained with Evans blue dye (EBD)/2,3,5-triphenyl tetrazolium chloride (TTC). White area stands for infarction area (IF); white and red area stands for area at risk (AAR) (n = 5). (E,F) Representative sections and analysis of heart sections stained with EBD and CaV3 (n = 6). Scale bar = 100 μm. (G,H) Representative immunoblots and relative expression of receptor-interacting serine/threonine-protein kinase 1 (RIP1), p-RIP1, RIP3, p-RIP3, mixed lineage kinase domain-like pseudokinase (MLKL), p-MLKL, Ca2+/CaMKII, and p-CaMKII in mouse hearts (n = 6). *p < 0.05 vs. sham group, **p < 0.01 vs. sham group; #p < 0.05 vs. I/R group, ##p < 0.01 vs. I/R group.




4-Hydroxy-2-Nonenal Induces Myocardial Necroptosis in Langendorff-Perfused Hearts

To explore the role of 4-HNE in cell necroptosis, the Langendorff-perfused mouse heart model was used. After being stabilized for 20 min, the hearts were perfused with 60 μM 4-HNE or vehicle for 1 h. 4-HNE adducts were significantly increased in 4-HNE-perfused hearts, as indicated by both Western blot and immunohistochemical staining (Figures 3A–D). The cardiac function was impaired by 4-HNE perfusion, as indicated by the decreased LVDP and dp/dt compared to baseline (Figure 3E). Importantly, the perfusion of 4-HNE increased RIP1, p-RIP1, p-RIP3, MLKL, p-MLKL, and p-CaMKII (Figures 3F,G). Furthermore, more RIP3 was co-immunoprecipitated with RIP1 in 4-HNE-perfused hearts (Figures 3H,I). These results provided support for the crucial role of 4-HNE in cardiomyocyte necroptosis.
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FIGURE 3. 4-Hydroxy-2-non-enal induces myocardial necroptosis in Langendorff-perfused hearts. (A,B) Representative immunohistochemical staining and analysis of 4-HNE expression in mouse hearts (n = 7). Scale bar = 50 μm. (C,D) Representative Western blots and relative expression of 4-HNE adducts in mouse hearts (n = 6). (E) Cardiac function was evaluated by left ventricular developed pressure (LVDP) and left ventricular pressure rising rate (dp/dt) compared to the baseline (n = 5). (F,G) Representative Western blots and relative expression of receptor-interacting serine/threonine-protein kinase 1 (RIP1), p-RIP1, RIP3, p-RIP3, MLKL, p-MLKL, Ca2+/CaMKII, p-CaMKII in mouse hearts (n = 6). (H,I) Co-immunoprecipitation using anti-RIP1 antibody indicating the combination between RIP1 and RIP3 (n = 3). *p < 0.05 vs. sham group, **p < 0.01 vs. sham group.




4-Hydroxy-2-Non-enal Induces Cell Necroptosis in H9c2 Cells

To confirm the effect of 4-HNE on necroptosis, H9c2 cells were pretreated with Z-VAD-FMK (the pan-caspase inhibitor and was used to inhibit apoptosis) and then were stimulated with 4-HNE. Necroptotic cells were measured using flow cytometry and were defined as Annexin V+/PI+ cells. 4-HNE promoted cell necroptosis (Figures 4A,B). Moreover, RIP1, p-RIP1, and p-RIP3 were all upregulated by 4-HNE in a time-dependent manner (Figures 4C,D). Meanwhile, RIP1, p-RIP1, p-RIP3, MLKL, p-MLKL, and p-CaMKII were also upregulated by 4-HNE in a dose-dependent manner (Figures 4E,F).
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FIGURE 4. 4-Hydroxy-2-non-enal induces cell necroptosis in H9c2 cells. (A,B) Necroptotic cells were determined using flow cytometry stained with Annexin V and propidium iodide (PI), and the cell necroptosis ratio was demonstrated as the percentage of Annexin V+/PI+ cells (n = 5). (C,D) Representative Western blots and relative expression of RIP1, p-RIP1, RIP3, and p-RIP3 under time gradients of 4-HNE treatment in H9c2 cells (n = 5). (E,F) Representative immunoblots and relative expression of RIP1, p-RIP1, RIP3, p-RIP3, MLKL, p-MLKL, Ca2+/CaMKII, and p-CaMKII in H9c2 cells treated with different concentrations of 4-HNE (n = 5). *p < 0.05 vs. control group, **p < 0.01 vs. control group.




Receptor-Interacting Serine/Threonine-Protein Kinase 1 Mediates the Effect of 4-Hydroxy-2-Nonenal on Cardiomyocyte Necroptosis

Receptor-interacting serine/threonine-protein kinase 1 is necessary for the regulation of RIP3 and the downstream pathways (Liu et al., 2019). To determine the critical role of RIP1 in the regulation of cardiomyocyte necroptosis by 4-HNE, the H9c2 cells were transfected with scramble or RIP1 siRNA (Figures 5A,B). The effect of 4-HNE (60 μM) on cell necroptosis was mitigated by knockdown of RIP1 (Figures 5C,D). Moreover, the 4-HNE-induced changes of p-RIP1, p-RIP3, MLKL, p-MLKL, and p-CaMKII were prevented by RIP1 deficiency (Figures 5E,F).
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FIGURE 5. Receptor-interacting serine/threonine-protein kinase 1 mediates the effect of 4-HNE on cardiomyocyte necroptosis. (A,B) Representative Western blots and relative expression of RIP1 in H9c2 cells treated with scrambled or RIP1-targeted siRNAs (n = 3). (C,D) Necroptotic cells were analyzed by Annexin V/PI staining using flow cytometry (n = 5). The necroptotic cells were indicated as Annexin V+/PI+ cells. (E,F) Representative immunoblots and relative expression of RIP1, p-RIP1, RIP3, p-RIP3, MLKL, p-MLKL, Ca2+/CaMKII, and p-CaMKII in different groups treated with scramble or RIP1 siRNA with or without 4-HNE stimulation in H9c2 cells (n = 5). *p < 0.05 vs. scramble group, **p < 0.01 vs. scramble group; #p < 0.05 vs. 4-HNE + scramble group, ##p < 0.01 vs. 4-HNE + scramble group.




4-Hydroxy-2-Nonenal Reduces the Ubiquitin-Dependent Degradation of Receptor-Interacting Serine/Threonine-Protein Kinase 1

To investigate how 4-HNE upregulates the protein level of RIP1, the protein expression and degradation of RIP1 were both examined. The mRNA level of RIP1 was not changed by 4-HNE stimulation (Figure 6A). To assess the protein degradation of RIP1, CHX was used to inhibit the gene transcription, and we found that less protein was degraded in 4-HNE group (Figures 6B,C). These results suggested that 4-HNE upregulated RIP1 via preventing the protein degradation. K-48-linked polyubiquitination is a common type of ubiquitination that is associated with the degradation of RIP1 by proteasome (Samant et al., 2018). To verify whether 4-HNE regulated RIP1 degradation by decreasing the ubiquitination of RIP1, the K-48-linked polyubiquitination of RIP1 was detected, and we found that less K-48 ubiquitin was co-immunoprecipitated with RIP1 after 4-HNE stimulation (Figures 6D,E). Furthermore, the process of protein ubiquitination is divided into the combination of substrate protein with ubiquitin ligases and the transfer of ubiquitin to the substrate protein (Komander, 2009). To figure out which process was regulated by 4-HNE, cIAP1, and cIAP2, the important direct E3 ubiquitin ligases of RIP1 (Wang et al., 2008), were coimmunoprecipitated with RIP1, and we found the binding of cIAP1 and cIAP2 to RIP1 was not changed by 4-HNE stimulation (Figures 6F,G). To further underlie the mechanism of reduced ubiquitination of RIP1 by 4-HNE, the carbonylation of RIP1 was examined, and more 4-HNE was co-immunoprecipitated with RIP1 (Figures 6H,I). Taken together, we speculate that 4-HNE might prevent the K48 polyubiquitination-dependent protein degradation of RIP1 by enhancing the carbonylation of RIP1.


[image: image]

FIGURE 6. 4-Hydroxy-2-non-enal reduces the ubiquitin-dependent degradation of RIP1. (A) RIP1 mRNA expression in H9c2 tested by quantitative real-time polymerase chain reaction (n = 5). (B,C) Protein expression of RIP1 in H9c2 cells treated with cycloheximide (CHX) and 4-HNE detected by Western blot (n = 5). (D,E) Co-immunoprecipitation using anti-RIP1 antibody showed the K48 ubiquitination of RIP1 (n = 3). (F,G) Co-immunoprecipitation using anti-RIP1 antibody to detect combination between RIP1 and cIAP1 or cIAP2 (n = 3). (H,I) Co-immunoprecipitation using anti-RIP1 antibody to detect the combination between RIP1 and 4-HNE (n = 3). *p < 0.05 vs. control group, **p < 0.01 vs. control group.





DISCUSSION

In this study, we found that 4-HNE played an important role in myocardial necroptosis during MI/R injury. 4-HNE induced cardiomyocyte necroptosis by increasing RIP1 and RIP3 and the phosphorylation of the two proteins. Subsequently, the increase of MLKL and the phosphorylation of MLKL and CaMKII also evidenced that 4-HNE promoted cell necroptosis. Further studies found that 4-HNE favored the stabilization of RIP1 by suppressing K48 polyubiquitination of RIP1, leading to less protein degradation (Figure 7).
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FIGURE 7. A model of the role of 4-HNE in regulating cardiomyocyte necroptosis during MI/R.


Myocardial ischemia reperfusion injury is characterized as the large burst of cardiomyocyte deaths (Whelan et al., 2010). Increasing evidence shows that necroptosis is the major type of programmed cell necrosis during MI/R. Preventing necroptosis was able to reduce myocardial infarct zone by nearly one third in animal MI/R models (Dmitriev et al., 2013; Zhang et al., 2014; Koudstaal et al., 2015).

4-Hydroxy-2-nonenal, an important product during oxidative stress, is abundantly produced during MI/R injury (Mali and Palaniyandi, 2014). 4-HNE regulates pathological processes through various ways. 4-HNE can bind to cysteine, histidine, and lysine amino residues by Michael reactions (Dubinina and Dadali, 2010). 4-HNE can also directly modify four DNA bases and then affect diverse biological processes (Zhong and Yin, 2015). Previous studies proved that 4-HNE regulated cell apoptosis or autophagy in different ways (Dodson et al., 2017; Yang et al., 2019). However, whether 4-HNE contributes to cell necroptosis was never reported. In the present study, we found that 4-HNE played an important role in cardiomyocyte necroptosis during MI/R injury or in the isolated perfused heart.

Necroptosis is usually initiated by the combination between pro-inflammatory factors and their corresponding receptors. The most well-studied pathway in cardiovascular diseases is tumor necrosis factor receptor 1 (TNFR1) signaling (Zhu and Sun, 2018). Once it is activated, RIP1, TNFR-associated death domain (TRADD), TNFR-associated factor (TRAF), and other factors are recruited to the intracellular part of TNFR1 to form necroptosis complex I. After the TNFR1 endocytosis, complex I shifts into complex II, which recruits and activates RIP3. MLKL and CaMKII are regarded as executors of necroptosis and activated by RIP3 (Galluzzi et al., 2017).

Receptor-interacting serine/threonine-protein kinase 1 has emerged as a vital upstream kinase that controls multiple cellular pathways involved in regulating cell death (Christofferson et al., 2014). RIP1 induces necroptosis by recruiting RIP3 and forming necrosome (Li et al., 2012). In this study, we found that increased RIP1 played a critical role in 4-HNE-induced cardiomyocyte necroptosis. RIP1 kinase is intricately regulated by ubiquitination, deubiquitination, and phosphorylation (Christofferson et al., 2014). Ubiquitination is a kind of post-translation modification during which ubiquitin protein is attached to substrate proteins. RIP1 can recruit E3 ligases such as cIAP1 and cIAP2, which mediate K11, K48, K63, and linear polyubiquitination of RIP1 (Witt and Vucic, 2017). K48-linked ubiquitin modifications of RIP1 favor the combination with proteasomes and result in degradation of RIP1, while K63-linked ubiquitin modifications of RIP1 promote the activation of nuclear factor (NF)-κB (Lu et al., 2013; Ofengeim and Yuan, 2013). In this study, we found that 4-HNE reduced the K48 polyubiquitination of RIP1. Additionally, 4-HNE mainly affects the conjugation of ubiquitin molecules to the RIP1 instead of engagement of E3 ligases, as indicated by Figures 6F,G. As shown in Supplementary Figure 3, the structure of RIP1 is composed of lysine, cysteine, and histidine; thus, it is possible that 4-HNE modifies RIP1 directly (Ofengeim and Yuan, 2013). Thus, we speculate that the carbonylation of RIP1 might affect the ubiquitin binding sites and limit the binding of K48-linked ubiquitin.

In summary, we demonstrated that elevated 4-HNE directly combined with RIP1, which contributed to the decreasing of ubiquitin-mediated RIP1 degradation, thus resulting in activating the necroptosis pathway and promoting the myocardium necroptosis.
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Endogenous SO2 Controls Cell Apoptosis: The State-of-the-Art
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SO2, previously known as the product of industrial waste, has recently been proven to be a novel gasotransmitter in the cardiovascular system. It is endogenously produced from the metabolism pathway of sulfur-containing amino acids in mammalians. Endogenous SO2 acts as an important controller in the regulation of many biological processes including cardiovascular physiological and pathophysiological events. Recently, the studies on the regulatory effect of endogenous SO2 on cell apoptosis and its pathophysiological significance have attracted great attention. Endogenous SO2 can regulate the apoptosis of vascular smooth muscle cells, endothelial cells, cardiomyocytes, neuron, alveolar macrophages, polymorphonuclear neutrophils and retinal photoreceptor cells, which might be involved in the pathogenesis of hypertension, pulmonary hypertension, myocardial injury, brain injury, acute lung injury, and retinal disease. Therefore, in the present study, we described the current findings on how endogenous SO2 is generated and metabolized, and we summarized its regulatory effects on cell apoptosis, underlying mechanisms, and pathophysiological relevance.
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INTRODUCTION

Previously, SO2 was recognized as a water-soluble, colorless, transparent exhaust gas and air pollutant with a sharp odor. High concentrations of SO2 in the environment could cause various degrees of damage to humans, animals, plants, and even microorganisms. However, it was discovered that SO2 can be endogenously produced in the mammalian metabolism of sulfur-containing amino acids (SAAs) (Stipanuk, 2004; Kimura, 2011). Many studies have shown that endogenous SO2 has the unique characteristics of continuous production, rapid diffusion, low molecular weight, and extensive action (Du et al., 2008a; Huang et al., 2016). More interestingly, it was found to play an important role in regulating cardiovascular function and structure under physiologic and pathophysiologic conditions (Du et al., 2008a; Huang et al., 2016). Therefore, we proposed that SO2 is a new cardiovascular gaseous signaling molecule. However, the molecular mechanisms underlying its biological action require further studies. It has been found recently that endogenous SO2 regulates cell apoptosis, and therefore contributes to the pathogenesis of hypertension, pulmonary hypertension, myocardial injury, brain injury, retinal disease, and acute lung injury (Zhao et al., 2008, 2013, 2019; Wang et al., 2011; Ma et al., 2012; Jin et al., 2013; Han et al., 2014; Du et al., 2018; Liu et al., 2018; Niu et al., 2018; Yang et al., 2018; Zhou et al., 2020). In this article, we described the generation and metabolism of endogenous SO2, and summarized the latest findings of the regulation of endogenous SO2 on cell apoptosis, its mechanisms, and pathophysiological significance.



GENERATION AND METABOLISM OF ENDOGENOUS SO2

SO2 can be produced endogenously through the biotransformation of SAAs in various mammal systems (Figure 1), such as the cardiovascular, respiratory, nervous, digestive, urinary, and immune systems. In the body, SAAs, such as methionine and cystine, are primarily metabolized to L-cysteine (L-Cys). L-Cys is a crucial precursor of endogenous SO2 (Singer and Kearney, 1956; Stipanuk, 2004; Du et al., 2008a; Kimura, 2011; Huang et al., 2016). It can be oxidized to produce L-cysteinesulfinate, and this process involves a key enzyme cysteine dioxygenase. Subsequently, the metabolism of L-cysteinesulfinate involves two pathways. In one pathway, L-cysteinesulfinate is converted into β-sulfinylpyruvate via the catalysis of aspartate aminotransferase (AAT), which is followed by spontaneous decomposition of β-sulfinylpyruvate into SO2 and pyruvic acid. In the other pathway, L-cysteinesulfinate is decarboxylated into hypotaurine and CO2 via cysteinesulfinate decarboxylase. Hypotaurine is subsequently oxidized to taurine. There is a competition between these two pathways for the reaction tendency of L-cysteinesulfinate, which is ultimately determined by the activities of AAT and cysteinesulfinate decarboxylase (Singer and Kearney, 1956; Griffith, 1983). Studies have indicated that 3′-phosphoadenosine-5′-phosphosulfate in activated neutrophils functions as an endogenous sulfate donor (Stipanuk, 2004).
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FIGURE 1. Production and metabolism of endogenous SO2 in mammals. L-Cys is metabolized through important enzymes including CDO, AAT, and CSD to generate endogenous SO2, pyruvic acid, and hypotaurine. Moreover, H2S, a product of the reaction catalyzed by CSE and CBS with L-Cys as substrate, can be metabolized to sulfite or SO2 via the catalyzation of sulfide oxidase, TST, and NADPH oxidase. Thirdly, PAPS in activated neutrophils is also an origin of sulfite. In mammals, SO2 can be hydrated to sulfite, then converted into sulfate by sulfite oxidase, and finally excreted in the urine in the kidney. AAT: aspartate aminotransferase; CBS, cystathionine β-synthase; CDO, cysteine dioxygenase; CSE, cystathionine γ-lyase; L-Cys, L-cysteine; NADPH, nicotinamide dinucleotide phosphate; PAPS, 3′-phosphoadenosine-5′-phosphosulfate; TST, thiosulfate sulfurtransferase.


Besides, hydrogen sulfide (H2S), another gaseous signaling molecule, metabolized from SAAs catalyzed by cystathionine γ-lyase or cystathionine β-synthase (Stipanuk, 2004; Kimura, 2011), can be transformed into SO2 or sulfite through the following two pathways: (1) H2S is oxidized directly to sulfite or SO2 through reduced nicotinamide adenine dinucleotide phosphate (NADPH) oxidase (Mitsuhashi et al., 2005). (2) H2S is firstly oxidized by sulfide oxidase into thiosulfate, and then the enzymes such as thiosulfate sulfurtransferase or glutathione-dependent thiosulfate reductase catalyze the transformation of thiosulfate to SO2 (Shapiro, 1977).

In mammals, SO2 can be hydrated to sulfite, and then converted into sulfate by sulfite oxidase, finally excreted in the urine in the kidney (Stipanuk, 2004; Huang et al., 2016). The half-life of SO2 was supposed to be about 5–10 min, represented by the fact that serum SO2 level decreased by 50% about 5–10 min after a bolus intravenous injection of SO2 donor (Du et al., 2008b). It is known that AAT has two isozymes: cytosol AAT1 and mitochondrial AAT2. Huang et al. found that the overexpression of AAT1 or AAT2 increased but the knockdown of AAT1 or AAT2 inhibited the endogenous SO2 production, suggesting that AAT1/2 is the main SO2-generating enzyme (Liu et al., 2014).

SO2 was detected in the headspace gas collected from a closed vial culturing porcine coronary arteries in 2003 by Balazy et al. (2003). Du et al. firstly found the SO2/AAT pathway in the cardiovascular tissues of rats in 2008 (Du et al., 2008a). The SO2 level in rat plasma was 15.54 ± 1.68 μmol/L while the SO2 concentration in the aorta, pulmonary artery, mesenteric artery, tail artery, and renal artery were 3.27 ± 0.21, 2.67 ± 0.17, 2.50 ± 0.20, and 2.23 ± 0.19 μmol/g protein, respectively. To date, SO2/AAT pathway has been found in almost all organs in mammals including vessels, heart, stomach, lung, liver, kidney, brain, retina, pancreas, and spleen, etc. (Luo et al., 2011; Du et al., 2018). It was found that the SO2 level was the highest in the stomach, followed by the ventricle, and the activity of AAT and the expression of AAT1 mRNA are the highest in the left ventricle, whereas the expression of the AAT1 protein is the highest in the right ventricle. Furthermore, the expression of AAT2 mRNA is the highest in the liver, whereas the expression of the AAT2 protein is the highest in the renal medullary membrane (Luo et al., 2011).



MECHANISMS BY WHICH SO2 REGULATES CELL APOPTOSIS AND THE SIGNIFICANCE

Apoptosis is the programmed cell death that occurs in multicellular organisms. Increasing evidence implies that endogenous SO2 participates in regulating cell apoptosis (Zhao et al., 2008, 2013, 2019; Wang et al., 2011; Ma et al., 2012; Jin et al., 2013; Han et al., 2014; Du et al., 2018; Liu et al., 2018; Niu et al., 2018; Yang et al., 2018; Zhou et al., 2020, Figure 2). Three main pathways associated with the regulation of SO2 on cell apoptosis have been revealed to date: (1) Extrinsic pathway (Wajant, 2002; Zhao et al., 2008): The combination of Fas ligand (FasL)/Fas causes the binding of the Fas-associated death domain proteins which activate caspase-8 precursor (caspase-10 in humans), initiate the cascade activation of caspase-3, caspase-6, and caspase-7 and then induce cell apoptosis. (2) Intrinsic pathway (Jin et al., 2013): The leakage of cytochrome c (Cytc) from impaired mitochondria to cytosol is the central event of the mitochondria-related intrinsic apoptosis pathway. Its preceding events include the deformation and swelling of mitochondria, the imbalance of apoptotic regulator B-cell lymphoma-2 (bcl-2)/bcl-2-associated X protein (bax), the destroy of mitochondrial membrane potential (MMP), and the opening of mitochondrial permeability transition pore (MPTP). The cytosol Cytc activates caspase-9 and caspase-3, finally induces cell apoptosis. (3) Endoplasmic reticulum stress (ERS)-related apoptosis (Wang et al., 2011): The overactivated ERS induces cell apoptosis via overexpressing C/EBP homologous protein (CHOP) and activating caspase-12.


[image: image]

FIGURE 2. The effect of endogenous SO2 on cell apoptosis. According to the clockwise direction, the SO2 target cells are shown beginning from vascular smooth muscle cells. In the cardiovascular system, endogenous SO2 promotes vascular smooth muscle cell apoptosis, inhibits vascular endothelial cell apoptosis, and inhibits/promotes cardiomyocyte apoptosis. In the nervous system, endogenous SO2 inhibits/promotes neuron apoptosis, and reduces the apoptosis of retinal photoreceptor cells. Regarding immune cells, SO2 promotes polymorphonuclear neutrophil apoptosis but inhibits macrophage apoptosis.



Endogenous SO2 Promotes Vascular Smooth Muscle Cell Apoptosis

As the main component cell of the vessel, the vascular smooth muscle cell (VSMC) apoptosis markedly affects vascular remodeling. Zhao et al. (2008) found that compared with the WKY rat, the plasma SO2 level and the proportion of apoptotic VSMC in media were downregulated in the spontaneously hypertensive rat (SHR). Correspondingly, the blood pressure and the ratio of aorta media to lumen radius were increased by 53.6 and 28.1% in the SHR rat, respectively. Furthermore, SO2 donor treatment recovered the decreased plasma SO2 content, promoted the VSMC apoptosis, decreased blood pressure, and alleviated the thickening aorta media in the SHR rat. Mechanistically, the expression of antiapoptotic factor bcl-2 was increased but the expression of proapoptotic factor Fas and caspase-3 was decreased in the aorta media in the rats of the SHR + SO2 group compared with those in the rats of the SHR group. These data suggested that SO2 might alleviate the vascular remodeling by promoting VSMC apoptosis, which involved the regulation of bcl-2, Fas, and caspase-3.

However, SO2 did not affect the apoptosis of VSMC with or without fetal bovine serum stimulation in vitro (Liu et al., 2014). The discrepant effects of SO2 on VMSC apoptosis might be associated with the different experimental conditions such as in vivo and in vitro. For example, VSMCs are directly challenged by cyclic mechanical stretch and hydrostatic pressure and indirectly affected by endothelial cell (EC)-transduced shear stress under in vivo circumstances (Qiu et al., 2013; Chen et al., 2021). The abovementioned biomechanical stresses are reported to control the VSMC apoptosis, proliferation, and other behaviors and only are partly mimicked in vivo.



Endogenous SO2 Inhibits Vascular Endothelial Cell Apoptosis

Vascular ECs constitute a huge divider separating the lumen and wall of the vessel, and therefore play a crucial role in maintaining the vascular function and microenvironment homeostasis. Especially, vascular EC apoptosis is a key process involved in the vascular physiological and pathophysiological regulation such as organ development, angiogenesis, vascular injury, and remodeling (Duan et al., 2021; Tisch and Ruiz de Al modóvar, 2021). During the development of hypoxic pulmonary artery structural remodeling, hypoxia-induced vascular EC apoptosis is a critical pathological change. Liu et al. explored the effect of SO2 on the human pulmonary artery endothelial cell (HPAEC) apoptosis based on cobalt chloride (CoCl2)-stimulated cell model (Liu et al., 2018). The endogenous SO2 production and AAT1 expression were down-regulated but the percentage of terminal deoxynucleotidyl transferase-mediated nick end labeling (TUNEL)-positive nuclei was increased in HPAECs of the vehicle + CoCl2 group as compared with those of the vehicle group. However, there was no difference in the endogenous SO2/AAT1 pathway and apoptosis of HPAECs between the AAT1 overexpression and AAT1 overexpression + CoCl2 groups, suggesting that the sufficient endogenous SO2 was a powerful antagonist to chemical hypoxia-induced HPAEC apoptosis. Furthermore, AAT1 overexpression prevented the downregulation of antiapoptotic factor bcl-2, and the activation of caspase-3 in the CoCl2-treated HPAECs. These data suggested that the endogenous SO2 might inhibit the hypoxia-induced HPAEC apoptosis by increasing bcl-2 expression, and inactivating caspase-3.



Endogenous SO2 Regulates Cardiomyocyte Apoptosis

Cardiomyocyte apoptosis is a keystone of cardiac pathological changes and is closely correlated with the development of heart failure, myocardial ischemia-reperfusion (I/R) injury and cardiomyopathy, etc. Endogenous SO2 was found to protect against the myocardial I/R, isopropylarterenol (ISO)-induced cardiac injury, sepsis-induced cardiac dysfunction, myocardial infarction, and diabetic cardiomyopathy, suggesting that cardiomyocyte might be an important target cell of endogenous SO2 (Liang et al., 2011; Wang et al., 2011, 2018; Chen et al., 2012; Jin et al., 2013; Zhao et al., 2013; Liu et al., 2017; Yang et al., 2018; Zhou et al., 2020).

SO2 preconditioning significantly reduced the size of the myocardial infarction and decreased the percentage of TUNEL-positive cells in the rats of myocardial I/R (Wang et al., 2011). The mechanisms by which SO2 preconditioning inhibited the cardiomyocyte apoptosis in the myocardial I/R might involve the following (Wang et al., 2011; Zhao et al., 2013): (1) SO2 preconditioning induced a moderate ERS, and then inhibited vigorous ERS-initiated cardiomyocyte apoptosis in the development of myocardial I/R injury. The above process was supported by the fact that SO2 induced early ERS markers glucose-regulated protein 78 (Grp78) expression and eukaryotic initiation factor 2α (eIF2α) phosphorylation, while myocardial I/R induced early and late ERS markers including Grp78 expression, eIF2α phosphorylation, CHOP expression and caspase-12 activation, which could be alleviated by SO2 preconditioning. (2) SO2 preconditioning inhibited the activation of caspase-9 and caspase-3 in the rats of the myocardial I/R group. Considering that caspase-9 activation subsequently follows the leakage of cytosol Cytc from injury mitochondria, the antiapoptotic effect of SO2 preconditioning might involve mitochondrial protection. (3) The inhibitor of PI3K/Akt the pathway blocked the SO2 preconditioning-inhibited caspase-3 activation, suggesting that the activation of the PI3K/Akt pathway might mediate the protective role of SO2 preconditioning.

The effect of endogenous SO2 on the ISO-induced cardiomyocyte apoptosis was examined targeting the mitochondrion (Liang et al., 2011; Jin et al., 2013). The SO2 level in the myocardial tissue was decreased but the proportion of apoptotic cells was increased in the rats of the ISO group compared with those of the control group. SO2 treatment restored the myocardial SO2 level and inhibited cardiomyocyte apoptosis. Then, the study further focused on the mitochondria. Firstly, the stereological analysis of the mitochondria showed that SO2 alleviated the cardiomyocytic mitochondria swelling and deformation, represented by the fact that SO2 treatment decreased the mitochondrial mean surface area, mean volume and volume density, and increased the mitochondrial numerical density and surface-to-volume ratio in the myocardial tissue of ISO-treated rats. Secondly, SO2 upregulated bcl-2 expression and downregulated bax expression, improved the impaired MMP, and reclosed the MPTP in rat myocardial tissues. Subsequently, SO2 blocked the leakage of Cytc from the mitochondria and inhibited the activation of cytosol caspase-9 and caspase-3. These data suggested that endogenous SO2 prevented ISO-induced cardiomyocytic apoptosis via maintaining the mitochondrial function and structure. Moreover, SO2 decreased the protein and mRNA levels of ERS markers Grp78, CHOP, and caspase-12 in the myocardial tissues of ISO-treated rats, suggesting that the over-activated ERS might also be involved in the inhibitory effect of SO2 on the ISO-induced cardiomyocytic apoptosis (Chen et al., 2012).

Similar to the ISO-induced myocardial injury, SO2 treatment inhibited cardiomyocytic apoptosis in the myocardial tissue of rats with cecal ligation and puncture (CLP), accompanied by an increase in the bcl-2 expression, and a decrease in the bax/bcl-2 ratio and caspase-3 activation (Yang et al., 2018). Moreover, SO2 decreased the level of inflammatory cytokines, inhibited TLR4 and NLRP3 expression, and reduced the inflammatory caspase-1 expression in the myocardial tissue of CLP rats and the LPS-treated primary neonatal rat cardiac ventricular myocytes (Yang et al., 2018), suggesting that NLRP3/caspase-1-mediated cell pyroptosis might also participate in the protective role of SO2 on the sepsis-induced cardiac dysfunction.

In some studies, SO2 promoted cardiomyocytic apoptosis in vitro and in vivo (Li et al., 2019). The data showed that the SO2 increased the proportion of apoptotic cells, activated caspase-9 and caspase-3, destroyed the MMP, reduced bcl-2 expression and the ratio of bcl-2/bax, and upregulated the expression of bax and p53, which could be blocked by antioxidant N-acetylcysteine. We speculated the following explanations for the different effects of SO2 on cardiomyocyte apoptosis. (1) The experimental reagents were different. Li et al. used sodium bisulfite solution and SO2 gas inhalation in vitro and in vivo, respectively, while a mixed solution of sodium sulfite and sodium bisulfite with a molar ratio of 3:1 was used in other studies. (2) The experimental conditions were different. Li et al. used untreated cardiomyocyte H9c2 cells and rats, while other studies were conducted on the different pathological cell and rat models.



Endogenous SO2 Regulates Neuronal Apoptosis

The relationship between endogenous SO2 and neuronal apoptosis in the neurological disease was investigated on the kainic acid (KA)-induced epilepsy, febrile seizure (FS), and transient global ischemia/reperfusion models (Han et al., 2014; Niu et al., 2018; Zare Mehrjerdi et al., 2018). The different effects of SO2 on neuronal apoptosis depended on the neurological disorders and SO2 donor concentrations.

In the KA-induced epileptic rats, plasma SO2 level and AAT activity were upregulated compared with those in control rats (Niu et al., 2018). However, an AAT inhibitor HDX treatment retarded the occurrence of hippocampal neuronal apoptosis in the KA-treated rats, represented by the fact that a significant hippocampal neuronal apoptosis was detected in the rats 72 h after treatment with KA, while it was not observed in the rats treated with KA + HDX until 7 days after the intervention. The results suggested that the upregulated endogenous SO2 might promote hippocampal neuronal apoptosis in the development of epilepsy-related brain injury. Furthermore, the KA-upregulated ERS markers Grp78 expression and phosphorylated PERK in the hippocampus could be inhibited by HDX, indicating that ERS might participate in the promotive effect of SO2 on hippocampal neuronal apoptosis.

The endogenous SO2/AAT pathway including SO2 content and AAT1/2 expressions was upregulated in the hippocampus in rats of recurrent FS, accompanied by an increase in the neuronal apoptosis and mossy fiber sprouting (MFS) in the hippocampus (Han et al., 2014). Furthermore, HDX treatment aggravated the increased neuronal apoptosis and MFS in recurrent FS rats, while the supplement of a low concentration of SO2 (1–10 μmol/kg) alleviated the above pathological change, suggesting that the upregulated endogenous SO2 might be a defensive mechanism for antagonizing the neuronal apoptosis in the development of recurrent FS. However, the supplement of a high concentration of SO2 donor (100 μmol/kg) worsened the neuronal apoptosis and MFS in recurrent FS rats, which reminded us to pay attention to the protective dose range of SO2.

A global brain I/R injury increased CA1 neuronal apoptosis in the rats undergoing the occlusion of both common carotid arteries, accompanied by an increase in malondialdehyde level, and a decrease in glutathione level and activity of superoxide dismutase in the CA1 region (Zare Mehrjerdi et al., 2018). Furthermore, SO2 donor treatment improved the learning and memory deficits in the rats with cerebral I/R injury, reduced CA1 neuronal apoptosis, decreased malondialdehyde level, and elevated GSH level and activity of superoxide dismutase in the CA1 region. These findings indicated that SO2 donor prevented brain ischemic injury by decreasing neuronal apoptosis and the underlying mechanisms might involve the anti-oxidative effect of SO2. However, the change of endogenous SO2/AAT pathway in the brain ischemic rats was not detected, which merits further studies for exploring the role of endogenous SO2 in the development of brain ischemic injury.



Endogenous SO2 Inhibits Retinal Photoreceptor Cell Apoptosis

Oxidative stress can induce apoptosis of retinal photoreceptor cells, which is the main pathological change of blinding retinal diseases (Wenzel et al., 2005). Du et al. found that apoptosis was significantly induced in the 661w mouse photoreceptor cells exposed to H2O2 compared with those without H2O2 exposure, demonstrated by an increase in the percentage of TUNEL positive cells and the ratio of cleaved-caspase3/caspase3 (Du et al., 2018). Simultaneously, endogenous SO2 production and AAT1 expression were decreased in the H2O2-treated 661w cells compared with control cells. HDX treatment mimicked the effects of H2O2 on 661w cells including an increase in the cell apoptosis and the downregulation of endogenous SO2/AAT pathway, indicating that the apoptosis of 661W cells caused by oxidative stress might be mediated by the downregulation of the endogenous SO2 pathway. However, the role of endogenous SO2 in the development of retinal photoreceptor cell apoptosis and its mechanisms require further studies.



Endogenous SO2 Promotes Polymorphonuclear Neutrophil Apoptosis

Lipopolysaccharide (LPS) was intratracheally instilled to induce acute lung injury (ALI) in adult male rats (Huang et al., 2009). The decrease in the apoptosis of polymorphonuclear neutrophils (PMNs) contribute to an increment of the number of PMN and a prolonged inflammatory reaction in the injured lung (Lee and Downey, 2001). LPS treatment reduced the SO2 level in the lung tissue and peripheral blood, while the treatment of SO2 donor alleviated the lung histopathological changes in the rats accompanied by a reduction of PMN number in the bronchoalveolar lavage fluid (Huang et al., 2009; Ma et al., 2012). Furthermore, SO2 promoted the apoptosis of PMN in the bronchoalveolar lavage fluid and peripheral blood in the ALI rats. Mechanistically, SO2 treatment upregulated the expression of bax, downregulated the expression of bcl-2, and elevated the level of activated caspase-3 in the peripheral PMN in the ALI rats. Therefore, it is believed that SO2 may antagonize ALI by promoting PMN apoptosis, in which the bax/bcl-2/caspase-3 pathway is involved.



Endogenous SO2 Inhibits Alveolar Macrophage Apoptosis

Many studies focused on the role of alveolar macrophage (AM) in the pathogenesis of ALI (Cheng et al., 2021). It was found that AM apoptosis was significantly increased in the ALI rat model induced by limb I/R injury, resulting in the delayed clearance of inflammatory PMN and the prolongation of ALI (Zhao et al., 2016). Zhao et al. found that SO2 donor prevented limb I/R-induced ALI in rats (Zhao et al., 2016). Furthermore, the primary AM was cultured with the plasma extracted from limb I/R to make the limb I/R-induced AM injury model (Zhao et al., 2019). Compared with the ALI group, the AM apoptosis was reduced in the AMs of the ALI + SO2 group, with an increase in bcl-2 expression, an improvement of the impaired MMP, the reclosing of MPTP and the decrease in caspase-3 expression. These data suggested that the SO2-inhibited AM apoptosis might be involved in the protective effect of SO2 on ALI and mitochondrion was the possible target of SO2.



CONCLUSION AND PERSPECTIVE

As a novel gaseous signaling molecule, endogenous SO2 was reported to play a variety of biological effects by regulating cell apoptosis. In summary, endogenous SO2 promoted VSMC apoptosis and inhibited vascular EC apoptosis to alleviate the vascular remodeling in hypertension and pulmonary hypertension. Endogenous SO2 suppressed the apoptosis of cardiomyocytes, contributing to the cardioprotective effect of SO2. In the nervous system, SO2 increased KA-induced hippocampal neuronal apoptosis to aggravate the epileptic brain damage, while SO2 reduced neuronal apoptosis to protect against the neuronal damage in the recurrent FS and global brain I/R injury. Moreover, the downregulation of endogenous SO2 was accompanied by the increase in the 661w retinal photoreceptor cell apoptosis, suggesting that endogenous SO2 might participate in the pathogenesis of blinding retinal disease. In the respiratory system, SO2 facilitated PMN apoptosis and inhibited AM apoptosis to protect against ALI. The abovementioned apoptosis-related studies proved that the abnormal endogenous SO2 was involved in the pathogenesis of many diseases such as cardiovascular disease, neurological disease, and respiratory disease, and then keeping endogenous SO2 in the normal range might be a new and meaningful therapeutic strategy of related diseases in the future.

However, there remain some issues to be taken into account in future studies: (1) The endogenous SO2 generation and its producing enzyme should be firstly detected in the animal and cell models to identify the role of endogenous SO2 in the pathogenesis of diseases. (2) The concentration and type of SO2 donors might affect the effect of SO2, which should be paid attention to in vitro and in vivo. (3) Since mitochondria and their related apoptosis pathways were reported to be involved in almost all the anti- or pro-apoptotic effects of endogenous SO2, the detailed target molecules, and mechanisms by which SO2 affects mitochondria merit expectation in the future. (4) A recent study showed useful findings that plasma SO2 as a practical biomarker could predict the occurrence of acute kidney injury in the patients staying in the surgical intensive care unit (Jiang et al., 2021). Therefore, as a biomarker, the level of SO2 in clinical samples might have translational potential in the diagnosis, treatment decision, and prognosis prediction of the diseases. (5) In the future, the SO2-released prodrug and AAT inhibitor in clinical application for apoptosis-related diseases are expected to further studies (Day et al., 2016; Wang and Wang, 2018; Huang et al., 2021).
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Iguratimod Alleviates Myocardial Ischemia/Reperfusion Injury Through Inhibiting Inflammatory Response Induced by Cardiac Fibroblast Pyroptosis via COX2/NLRP3 Signaling Pathway
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Background: NLRP3 inflammasome contributes a lot to sterile inflammatory response and pyroptosis in ischemia/reperfusion (I/R) injury. Cardiac fibroblasts (CFs) are regarded as semi-professional inflammatory cells and they exert an immunomodulatory role in heart. Iguratimod provides a protective role in several human diseases through exerting a powerful anti-inflammatory effect. However, it is still unclear whether iguratimod could alleviate myocardial I/R injury and whether inflammation triggered by NLRP3-related pyroptosis of CFs is involved in this process.

Methods: Transcriptomics analysis for GSE160516 dataset was conducted to explore the biological function of differentially expressed genes during myocardial I/R. In vivo, mice underwent ligation of left anterior descending coronary artery for 30 min followed by 24 h reperfusion. In vitro, primary CFs were subjected to hypoxia for 1 h followed by reoxygenation for 3 h (H/R). Iguratimod was used prior to I/R or H/R. Myocardial infarct area, serum level of cardiac troponin I (cTnI), pathology of myocardial tissue, cell viability, lactate dehydrogenase (LDH) release, and the expression levels of mRNA and protein for pyroptosis-related molecules were measured. Immunofluorescence was applied to determine the cellular localization of NLRP3 protein in cardiac tissue.

Results: During myocardial I/R, inflammatory response was found to be the most significantly enriched biological process, and nucleotide-binding oligomerization domain (NOD)-like receptor signaling was a crucial pathway in mediating cardiac inflammation. In our experiments, pretreatment with iguratimod significantly ameliorated I/R-induced myocardial injury and H/R-induced pyroptosis of CFs, as evidenced by reduced myocardial infarct area, serum cTnI level, and LDH release in supernatants, as well as improved pathology of cardiac tissue and cell viability. Immunofluorescence analysis showed that NLRP3 was mainly localized in CFs. Moreover, iguratimod inhibited the expression of pro-inflammatory cytokines and pyroptosis-related molecules, including NLRP3, cleaved caspase-1, and GSDMD-N.

Conclusion: Our results suggested that inflammatory response mediated by NOD-like receptor signaling is of vital importance in myocardial I/R injury. Iguratimod protected cardiomyocytes through reducing the cascade of inflammation in heart by inhibiting cardiac fibroblast pyroptosis via the COX2/NLRP3 signaling pathway.

Keywords: iguratimod, pyroptosis, inflammatory response, myocardial ischemia/reperfusion injury, cardiac fibroblasts, COX2, NLRP3


INTRODUCTION

Cardiovascular disease is a major cause of death and disability worldwide, among which ischemic heart disease represents a leading threat to human health (Ferraro et al., 2020). Despite that restoring blood perfusion rapidly is considered to be a chief treatment to limit the extent of myocardial infarction after cardiovascular events (Fröhlich et al., 2013; Hausenloy and Yellon, 2015), however, studies have proven that reperfusion triggered further cardiomyocyte death up to 50% of the overall infarcted location, which is defined as “myocardial ischemia/reperfusion (I/R) injury” (Yellon and Hausenloy, 2007). The pathophysiological mechanism of I/R injury is a rather complex process (Davidson et al., 2019; Heusch, 2020), of which inflammatory response is indicated to be a crucial factor in secondary myocardial damage (Eltzschig and Eckle, 2011; Frangogiannis, 2014). It is worthy of paying attention that cardiac fibroblasts (CFs), the most abundant non-cardiomyocytes in heart tissue, can sense danger signals released during cardiac injury or stress and participate in inducing the recruitment of immune cells, thus activating inflammatory response (Smolgovsky et al., 2021).

The nucleotide-binding oligomerization domain (NOD)-like receptor (NLR) is a kind of pattern recognition receptors, and its family members mainly participate in inflammasome formation, among which NLR with a pyrin domain 3 (NLRP3) inflammasome is the most extensively studied. It has been well established that NLRP3 inflammasome, an important signaling sensor platform containing NLRP3, apoptosis-associated speck-like protein containing a CARD (ASC) and caspase-1, is essential for pyroptosis (Nagata and Tanaka, 2017; Bedoui et al., 2020). Pyroptosis, a newly discovered process of pro-inflammatory programmed cell death, is featured by pore formation in the plasma membrane and extracellular release of pro-inflammatory factors. Inflammatory caspases, including caspase-1, caspase-4, and caspase-5, cleave gasdermin family member gasdermin D (GSDMD) into C-terminal and N-terminal, with the latter translocating to the inner leaflet of plasma membrane and mediating cell pyroptosis (Shi et al., 2015; Nagata and Tanaka, 2017). Previous researches have indicated the critical role of pyroptosis in cardiovascular diseases and concluded that excessive pyroptosis may have a detrimental effect on cardiomyocytes (Zhou et al., 2018; An et al., 2019; Shi et al., 2021). Results from animal experiments demonstrated that inhibition of caspase-1 or knockdown of ASC and NLRP3 could prevent myocardium injury (Kawaguchi et al., 2011; Sandanger et al., 2013; Audia et al., 2018). In addition, it was reported that NLRP3 inflammasome induced by myocardial I/R was mainly expressed in non-cardiomyocytes, such as fibroblasts, endothelial cells, and infiltrated leukocytes within the myocardium (Kawaguchi et al., 2011; Sandanger et al., 2013; Liu et al., 2014). Therefore, interventions in NLRP3-mediated pyroptosis of CFs may reduce inflammatory counterparts and further exert myocardial protection.

Iguratimod, an emerging antirheumatic drug, has been characterized with selectively inhibitory role in the activity and induction of COX2 (Tanaka et al., 1992, 1995). Recently, investigators studied the therapeutic effect of iguratimod on multiple disease models (Jiang et al., 2018; Li et al., 2018, 2019), and the results suggested that iguratimod improved these diseases by exerting strong anti-inflammatory effect. Moreover, it was reported that iguratimod could inhibit NLRP3 inflammasome (Hou et al., 2019). Results from another study showed that COX2 positively regulated the expression of NLRP3 and IL-1β in macrophages (Hua et al., 2015). Nonetheless, to the best of our knowledge, the biological effect of iguratimod on COX2/NLRP3 signaling pathway in myocardial I/R model still remains elusive.

Transcriptomics studies gene transcription and function through analyzing all RNA from tissues or cells. Recently, transcriptomics has been widely applied in human disease-related researches and it can reveal underlying molecular mechanisms comprehensively (Singhania et al., 2018; Montaner et al., 2020). GSE160516 dataset stores expression data from mouse heart tissue treated with I/R, which can show the gene expression alteration associated with the development of cardiac injury. Therefore, we carried out bioinformatics analysis for GSE160516 dataset to identify differentially expressed genes (DEGs) and their biological function.

Collectively, the present study aimed to provide theoretical basis for a comprehensive understanding of myocardial I/R injury from a perspective of transcriptomics and to investigate the role and underlying mechanism of iguratimod on I/R-induced cardiomyocyte injury. We hypothesized that iguratimod pretreatment could reduce inflammatory response in cardiac tissue and protect the myocardium, and these effects were mediated by downregulation of CF pyroptosis via suppressing the COX2/NLRP3 signaling pathway.



MATERIALS AND METHODS


Microarray Data and Identification of Differentially Expressed Genes

The myocardial I/R microarray dataset was downloaded from the Gene Expression Omnibus (GEO) database1 : GSE160516. There were four mouse heart tissues in the sham surgery group (sham), I/R for 6 h group (IR6h), I/R for 24 h group (IR24h), and I/R for 72 h group (IR72h), respectively. The gene expression data (GSE160516) were detected by the Affymetrix Clariom S Mouse Array platform (GPL23038). Boxplots and principal component analysis (PCA) were used to visualize the expression profiles of the four groups. GEO2R was utilized to identify DEGs in IR24h samples compared to sham samples, setting the thresholds of Benjamini-Hochberg (BH) method adjusted p-value <0.05 and | log2 (fold change)| ≥ 1 (| log2FC| ≥ 1) as the cutoff line. The visualization of the results was performed using the R software (version 4.0.4) and OmicShare tools2, presented as volcano plot, bar charts, and heatmap.



Gene Ontology and Pathway Enrichment Analysis

Gene Ontology (GO) analysis is mainly applied to carry out the biological function enrichment of the proteins encoded by DEGs. The Metascape online database3 was used to perform GO analysis, which contains three different terms for the molecular function, biological process, and cellular component categories (Zhou et al., 2019). Subsequently, the pathway enrichment analysis for the DEGs that were included in the most statistically significant GO term was conducted using the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways online tool4. The enrichment results of the GO term and KEGG pathway analysis were visualized by GraphPad Prism 8 software (GraphPad Software, San Diego, CA, United States). The process of analyzing data in GSE160516 dataset is shown in Figure 1A.
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FIGURE 1. Schematic diagram of the experimental design and major process in the present study. (A) Flow chart of processing data in GSE160516 dataset. (B) Experiment design 1 was performed to demonstrate the time course of changes in mRNA expression of COX2 and NLRP3 after myocardial reperfusion. (C) Experiment design 2 was conducted to investigate the therapeutic effect of Iguratimod pretreatment on myocardial injury induced by I/R and the underlying mechanism. (D,E) Experiment design 3 was carried out to explore the optimal concentration of iguratimod for mitigating H/R injury of primary cardiac fibroblasts. (F) Experiment design 4 assessed the implications of iguratimod on pyroptosis of cardiac fibroblasts in vitro H/R model. I/R, ischemia/reperfusion; H/R, hypoxia/reoxygenation.




Experiment Design in vivo and in vitro


Experiment Design 1: Changes of COX2 and NLRP3 Expression in Heart Tissue of Myocardial Ischemia/Reperfusion Mice Model

In order to determine the changes of COX2 and NLRP3 mRNA expression in heart tissue at various reperfusion time points, mice were randomly allocated into the following five groups: sham group (Sham), reperfusion 3 h group [I/R(3h)], reperfusion 6 h group [I/R(6h)], reperfusion 24 h group [I/R(24h)], and reperfusion 48 h group [I/R(48h)]. All mice were sacrificed at an indicated time point after myocardial reperfusion and the heart tissue below ligated position was collected for real-time quantitative PCR (RT-qPCR) to access mRNA expression levels of COX2 and NLRP3 (Figure 1B). The experimental data were statistically analyzed, and thus, we chose 24 h as the optimal reperfusion time.



Experiment Design 2: Therapeutic Effect of Iguratimod on Ischemia/Reperfusion-Induced Cardiomyocyte Injury and the Potential Molecular Mechanisms

Adult male C57BL/6 mice were divided into the following three groups: Sham group, I/R group, and Iguratimod pretreatment (T-614) + I/R group. Mice in T-614 + I/R group received intraperitoneal injection of iguratimod (Cat no. HY-17009; MedChemExpress, Monmouth Junction, NJ, United States) at a dose of 5 mg/kg 1 h before myocardial ischemia. Mice in another two groups were administrated with equal volume solvent of 5% DMSO intraperitoneally (Figure 1C).

After myocardial reperfusion for 24 h, mice were sacrificed for following experiments. The myocardial infarct and ischemia area were assessed by Evans blue and 2,3,5-triphenyl tetrazolium chloride (TTC) double staining. The concentration of cardiac troponin I (cTnI) in serum was measured by enzyme-linked immunosorbent assay (ELISA). Hematoxylin and eosin (HE) staining was used to observe the pathological morphology of cardiac tissue. The expression of myeloperoxidase (MPO) in heart was detected by immunohistochemistry (IHC) staining. The mRNA levels of COX2, NLRP3, and some inflammatory factors including IL-1β, IL-6, IL-18, and TNF-α were measured by RT-qPCR. Western blotting was adopted to detect relative expression levels of COX2, NLRP3, caspase-1, ASC, cleaved caspase-1, GSDMD-N, and IL-1β. Additionally, the cellular localization of NLRP3 in cardiac tissue was determined by immunofluorescence (IF) staining.



Experiment Design 3: The Optimal Concentration of Iguratimod for in vitro Experiments in Primary Cardiac Fibroblasts

Cardiac fibroblasts were incubated with iguratimod of different concentrations (0, 0.1, 1, 5, 10 μM, respectively) for 24 h at normal culture condition, to find the optimal concentration with no cytotoxicity (Figure 1D). CFs were then pretreated with iguratimod (0, 0.1, 1, and 5 μM, respectively) for 6 h, followed by LPS (100 ng/ml) incubation for 18 h, and were then subjected to hypoxia for 1 h and reoxygenation for 3 h (H/R) (Figure 1E). Cell counting kit-8 (CCK-8) and lactate dehydrogenase (LDH) release were applied to select the optimal concentration of iguratimod in vitro H/R model.



Experiment Design 4: Effect of Iguratimod on H/R-Induced Pyroptosis of Cardiac Fibroblasts and Expression of Pro-inflammatory Factors

Murine primary CFs were divided into three groups: Con group, H/R group, and iguratimod pretreatment (T) + H/R group. Cells in the Con group were incubated with 100 ng/ml of LPS for 18 h followed by normal medium culture for 4 h. CFs in the H/R group were treated with LPS for 18 h before H/R. The T + H/R group was pretreated with iguratimod of 5 μM for 6 h, followed by the same procedure of the H/R group. At the end of reoxygenation, cells of all groups were harvested for accessing the mRNA expressions of COX2, NLRP3, IL-1β, IL-6, IL-18, and TNF-α, and the protein levels of COX2, NLRP3, caspase-1, ASC, cleaved caspase-1, GSDMD-N, and IL-1β (Figure 1F).




Animals

Healthy adult male C57BL/6 mice (20–25 g weight) were purchased from Cavens Biogle (Suzhou) Model Animal Research Co., Ltd. (Animal license No. SCXK Jiang-su 2018-0002). All of the animals were housed in a specific room with controlled environmental condition (a normal 12 h light-dark cycle and constant temperature and humidity) and were fed with commercial food and water. The animal experimental procedures were carried out in line with the guide for the care and use of laboratory animals [National Institutes of Health (NIH), Bethesda, MD, United States] and also passed the review of the Institutional Animal Care and Use Committee of Soochow University (Suzhou, China).



Establishing Myocardial Ischemia/Reperfusion Model in vivo

Mice were anesthetized by intraperitoneal administration of 1% pentobarbital sodium at a dose of 50 mg/kg. They were ventilated with a rodent respirator (Shenzhen Ruiwode Life Technology Co., Ltd., China) after tracheal intubation. The thorax was opened along the left fourth intercostal space to expose the heart. A 6-0 suture thread with needle was tied into a slipknot to ligate the left anterior descending coronary artery (LAD) at 3 mm under the extension line of the lower edge of the left auricle of the heart. The mark of successful ischemia was cyanosis in left ventricular myocardium wall or ST-segment elevation on the electrocardiograph. Following 30-min ischemia, the ligation was removed to allow reperfusion of the occluded coronary artery and then the incision was sutured carefully. All the mice were returned to their cages after recovering from anesthesia and were given free access to food and water.



Isolation and Culture of Primary Cardiac Fibroblasts

Murine primary CFs were isolated from hearts of neonatal C57BL/6 mice (aged 1–3 days) with a differential adhesion method as previously described (Wu et al., 2016). In brief, hearts from neonatal mice were harvested promptly and chopped into small pieces under aseptic condition. To gain suspension of CFs, cardiac tissue was digested with 0.25% trypsin (Cat no. C0201; Beyotime, China) at 37°C followed by dissociation in collagenase type 2 (0.5 mg/ml; Cat no. V900892; Sigma, St. Louis, MO, United States). The cell suspension was filtered through a 200-μm cell strainer and then centrifuged at 1000 × g for 5 min. DMEM/F12 medium (Cat no. C11330500BT, Gibco; Invitrogen, Carlsbad, CA, United States) containing 10% fetal bovine serum (FBS), and 1% penicillin/streptomycin was added into the precipitation to resuspend the cells. After pre-culture for 70 min at 37°C, CFs were obtained by differential wall-adherence durations. Subsequently, the purity of primary CFs was confirmed by immunocytochemistry with an anti-vimentin monoclonal antibody (1:100, Cat no. 5741; CST, Danvers, MA, United States). CFs of passage 2, which were grown to 80% confluence in culture dishes, were used for vitro experiments.



Hypoxia/Reoxygenation Model in vitro

Primary CFs were treated with glucose-free DMEM (Cat no. PM150271; Procell, China) and pre-incubated in chamber filled with mixed gas (95% N2 and 5% CO2) at 37°C for 1 h. Subsequently, cells were cultured in complete medium with DMEM/F12 containing 10% FBS under normal atmosphere (95% air, 5% CO2) at 37°C for 3 h.



Evans Blue and 2,3,5-Triphenyl Tetrazolium Chloride Double-Staining

At an indicated time point after reperfusion, mice were anesthetized and the LAD was ligated again in situ; 1% Evans blue solution (Cat no. E2129; Sigma) was injected into the inferior vena cava, after which hearts were resected, washed with cold saline, and frozen at –80°C for 15 min. Frozen hearts were then transversely sectioned into slices with 2-mm thickness and incubated in phosphate buffer solution (pH = 7.4) containing 1% TTC (Cat no. T8877; Sigma) at 37°C for 30 min. Subsequently, the slices were fixed in 4% paraformaldehyde fix solution (Cat no. BL539A; Biosharp, China). An Image J software (National Institutes of Health) was used to calculate the infarct area (INF) and area at risk (AAR). The infarcted size of the heart was regarded as the percentage of INF/AAR.



Enzyme-Linked Immunosorbent Assay

The serum level of cTnI was determined as a biomarker of myocardial damage. In the present study, murine blood sample was drawn from the inferior vena cava and collected in tubes for serum isolation. The concentration of cTnI was measured by an ELISA kit (Cat no. CTNI-1-HS; Life Diagnostics, West Chester, PA, United States) according to the manufacturer’s instructions.



Hematoxylin and Eosin Staining

Hematoxylin and eosin staining was used to observe the histological structure of heart tissue. Briefly, paraformaldehyde-fixed and paraffin-embedded hearts were cut transversely into 5-μm-thick sections. After dewaxing with dimethylbenzene and dehydrating with graded ethanol series, the heart slices were stained with hematoxylin for 5 min and then alcohol- soluble eosin for 30 s. Finally, these sections were observed under a light microscope following sealing with neutral gum.



Immunohistochemistry Staining

For IHC, paraffin-embedded heart tissue sections were firstly deparaffinized and rehydrated. Subsequently, antigen was retrieved by heating samples in Tris-based buffer (pH = 9.0) to boil for 15 min. After three times of washing, the tissue slides were blocked with 5% BSA for 1 h and then incubated with primary antibody of myeloperoxidase (1:500, Cat no. ab208670; Abcam, Cambridge, MA, United States) at 4°C overnight in a humidified chamber. The following day, slices were incubated with appropriate HRP-conjugated secondary antibody (1:200, Cat no. ab6721; Abcam) for 1 h at 37°C. Positive staining could be visualized after using a DAB kit. At last, the representative images were further quantified for calculating the expression of MPO by using Image J software.



Western Blotting

After reperfusion for 24 h, cardiac tissues were harvested and homogenized in frozen RIPA lysis buffer (Cat no. P0013B; Beyotime) mixed with phenylmethylsulfonyl fluoride (Cat no. ST506; Beyotime). Then, the homogenate was centrifuged at 14,800 × g for 30 min, and the supernatant extracts were sucked out. The protein concentration was determined by BCA method. Equal amounts of total protein were loaded in each well and then separated by 10% sodium dodecyl sulfate–polyacrylamide gel electrophoresis. The protein was then transferred to a polyvinylidene difluoride (PVDF) membrane. Subsequently, the PVDF membrane was sealed with 5% non-fat milk in 1× Tris-buffered saline tween (TBST) buffer for 2 h followed by incubation with primary antibodies (Table 1) at 4°C overnight. After three times of washing, the PVDF membrane was incubated with corresponding horseradish peroxidase-labeled anti-rabbit or anti-mouse secondary antibodies (1:4000, Cat no. CW0102S, Cat no. CW0103S; CoWin Biosciences, China) at room temperature for 2 h. The immunoblot bands were visualized by means of an electrochemiluminescence kit (Tanon, China) and the intensity of the bands was measured using the Image J software. The final semi-quantitative results were presented as the ratios of targeted molecular intensity relative to that of β-tubulin.


TABLE 1. Antibodies applied in Western blotting.
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RNA Extraction and Real-Time Quantitative PCR

Total RNA of heart tissue was extracted using Trizol reagent (Cat no. 15596026; Thermo Fisher Scientific, Carlsbad, CA, United States) according to manufacturer’s instructions. Quality and purity of RNA were identified by UV spectrophotometry (NanoDrop 2000; Thermo Fisher Scientific) at 260 and 280 nm, respectively; 1 μg of total RNA was used to synthesize cDNA. The qPCR reaction mixture contained 5 μl of SYBR qPCR SuperMix (Cat no. E096-01A; Novoprotein, China), 1 μl of forward and reverse primers, 1 μl of cDNA, and 2 μl of RNase-free water. The qPCR cycling was programmed for 40 cycles followed by the construction of a melting curve. Using a single predominant peak as quality control, qPCR was applied to estimate the transcript levels of selected genes: COX2, NLRP3, IL-1β, IL-18, TNF-α, and IL-6 with β-tubulin as normalization of mRNA expression. Data were analyzed by using the 2–ΔΔCt method. Primer sequences of mice mRNA (Table 2) were synthesized by Shanghai Sangon Biotech Co., Ltd.


TABLE 2. Primer sequences used in quantitative polymerase chain reaction in this study.
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Immunofluorescence Staining

Hearts were resected and fixed in 4% paraformaldehyde for at least 1 day to prepare for immunofluorescence analysis. Thereafter, the specimens were soaked in gradient sucrose solutions in PBS to dehydrate and were processed into frozen sections. Representative sections from the ischemic region were permeabilized in 0.5% Triton X-100 for 15 min and sealed with 5% BSA for 1 h. Afterwards, the sections were incubated with the following primary antibodies at 4°C for 12 h: anti-COX2 (1:100, Cat no. ab15191; Abcam), anti-NLRP3 (1:100, Cat no. NBP2-12446; Novus, Littleton, CO, United States), anti-Vimentin (1:100, Cat no. 5741; CST) and anti-Smooth Muscle Actin (1:100, Cat no. sc-53142; Santa Cruz Biotechnology, Santa Cruz, CA, United States). Primary antibodies were detected by Alexa Fluor 488-conjugated goat anti-rabbit (1:500, Cat no. ab150077; Abcam), Alexa Fluor 568-conjugated goat anti-rabbit (1:500, Cat no. ab175471; Abcam), or Alexa Fluor 488-conjugated goat anti-mouse (1:500, Cat no. ab150113; Abcam) secondary antibodies, respectively, for 2 h at room temperature. Nuclei were identified with its marker of 4′,6-diamidino-2-phenylindole (DAPI) (Cat no. 62248; Thermo Fisher Scientific). Finally, the sections were observed with a fluorescence microscope.



Cell Counting Kit-8

Cell proliferation and cytotoxicity assay were measured using Cell Counting Kit-8 (CCK-8 kit) (Cat no. CK04; Dojindo, Japan). In brief, primary CFs were seeded in 96-well plates at a density of 10,000 cells/well and were pre-cultured for 24 h in a humid condition (5% CO2, 37°C). After corresponding processing, the supernatant in each well was supplemented with 10 μl of CCK-8 solution and then the mixture was incubated at 37°C for 3 h. A microplate reader was used to detect the absorbance at 450 nm.



Lactate Dehydrogenase Release in Supernatant

Primary CFs were seeded in 96-well plates at a density of 15,000 cells/well and were pre-incubated for 24 h. To measure LDH release, 60 μl of supernatant in each well of the plate was transferred to a new plate. According to manufacturer’s instructions, the homogeneous reaction solution containing 10 μl of lactic acid, 10 μl of diaphorase, and 10 μl of iodonitrotetrazolium (INT) was added into the supernatant and then this mixture was incubated at room temperature for 30 min in the dark. At last, the absorbance of each well was measured at 490 nm with a microplate reader.



Statistical Analysis

Data from the GSE160516 dataset were processed with the R software, online bioinformatic databases, and tools as mentioned before. The GraphPad Prism 8 software was applied to analyze experimental data. Continuous variables were presented as mean ± standard deviation (SD). Data between two groups with normal distribution were assessed using the two-sided unpaired Student t-test, and the differences among multiple groups were evaluated using ordinary one-way or two-way analysis of variance (ANOVA) followed by Tukey’s multiple comparisons test. In both cases, a p-value of less than 0.05 was considered statistically meaningful.




RESULTS


Inflammatory Response Mediated by Nucleotide-Binding Oligomerization Domain-Like Receptor Signaling Pathway Plays an Important Role in Myocardial Ischemia/Reperfusion Injury

The raw data in GSE160516 dataset were normalized and standardized (Supplementary Figure 1). The distribution of all samples was shown in the form of a two-dimensional scatter diagram with PCA (Supplementary Figure 2). The PCA plot also indicated that samples within each group were similar to each other and there were significant discriminations among four groups.

A total of 1860 DEGs (1240 upregulated genes and 620 downregulated genes) were identified in IR24h samples compared to sham samples (Figures 2A,B). The top 20 significant DEGs are listed in Supplementary Table 1. As shown in Figure 2C, the top 30 terms of GO enrichment analysis for DEGs were demonstrated as bar graphs, among which there were 26 items in the biological process group, three items in cellular component group, and one item in the molecular function group (more details shown in Supplementary Table 2). The result demonstrated that these DEGs were mainly enriched in leukocyte, cytokine, and cell migration-related processes. Among these GO terms, inflammatory response (GO:0006954) was the most significant enrichment process, with 176 DEGs included (gene list shown in Supplementary Table 3). The enriched top 20 KEGG pathways for these 176 DEGs were demonstrated in Figure 2D (details shown in Supplementary Table 4), among which there were 19 genes enriched in NOD-like receptor signaling pathway.
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FIGURE 2. Inflammatory response mediated by NOD-like receptor signaling pathway plays an important role in myocardial I/R injury. (A) Volcano plot for DEGs between IR24h samples and sham samples. Red dots and green dots respectively represent up-regulated and down-regulated genes in IR24h samples compared to sham samples (adjusted p-value < 0.05 and | log2FC| ≥ 1). Black dots indicate the genes without significant expression difference between the two groups (adjusted p-value ≥ 0.05 or | log2FC| <1). (B) The number of up-regulated and down-regulated genes in IR24h samples compared to sham samples. (C) Heatmap of GO analysis enriched terms colored by p-value. GO functional enrichment analysis classified the DEGs into three functional groups: molecular function group, biological process group, and cellular component group. (D) KEGG pathway analysis for the DEGs enriched in GO:0006954. NOD-like receptor signaling pathway is marked with red color. DEGs, differentially expressed genes; log2FC, log2 (fold change); GO, Gene ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes.




COX2 and Molecules Associated With Pyroptosis Were Both Upregulated After Myocardial Ischemia/Reperfusion

As shown in box plots (Figures 3A,B), the transcriptional expression of COX2 and NLRP3 in cardiac tissue changed dynamically with the reperfusion time, showing a trend of increasing first and then decreasing. To be specific, COX2 expression reached the peak at 6 h after myocardial reperfusion, and the expression peak of NLRP3 was at 24 h. The heatmap demonstrated that the expression levels of COX2, NLRP3, Caspase-1, IL-1β, IL-6, GSDMD, and IL-18 gene were all upregulated in IR24h samples (Figure 3C). Subsequently, we successfully established the mice model of myocardial I/R, which was identified by an elevation of ST segment on electrocardiograph (Figure 3D). qPCR results further confirmed similar expression trends of COX2 and NLRP3 in left ventricular myocardium after reperfusion (Figures 3E,F). Based on these findings, 24 h after myocardial reperfusion was selected as the optimal time point in subsequent in vivo experiments.
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FIGURE 3. COX2 and molecules associated with pyroptosis were both up-regulated after myocardial I/R. (A,B) Transcriptional expression values of COX2 and NLRP3 in sham samples and I/R samples of GSE160516 dataset. n = 4. (C) Expression heatmap of COX2, NLRP3, caspase-1, IL-1β, IL-6, GSDMD, and IL-18 in sham samples and IR24h samples. Each column represents a sample and each row represents expression profile of a specific gene. The color scale demonstrates the relative gene expression level in certain grid: green and red indicate the low and high expression values of the gene, respectively. (D) Representative electrocardiograph before and after ligation of LAD in vivo model of myocardial I/R. (E,F) Changes in mRNA expression levels of COX2 and NLRP3 after myocardial reperfusion. n = 5. Data are expressed as the mean ± SD; **p < 0.01 versus sham group or Sham group;  ##p < 0.01 versus IR6h group or I/R(6h) group; &p < 0.05, &&p < 0.01 versus IR24h group or I/R(24h) group. I/R, ischemia/reperfusion; LAD, left anterior descending coronary artery.




Iguratimod Ameliorated Myocardial Injury and Infiltration of Inflammatory Cells After Ischemia/Reperfusion

As shown in the Evans blue and TTC double stained heart sections, the AAR/LV ratio and IA/AAR ratio both increased significantly in I/R group and T-614 + I/R group compared with the Sham group. While there was no difference of AAR/LV ratio between the I/R group and T-614 + I/R group, the ratio of IA/AAR decreased significantly in the latter group, indicating that iguratimod pretreatment limited the infarct size after myocardial I/R (Figures 4A,B). The concentration of cTnI in serum was elevated after I/R and was reduced by iguratimod pretreatment (Figure 4C). HE staining showed that mice in the Sham group had clear and intact heart tissue structure, and the cardiomyocytes were arranged in order (Figure 4D). Nevertheless, the hearts from the I/R group were characterized with unclear tissue structure, swollen cardiomyocytes, disrupted myofibrils, and inflammatory cell infiltration. In the T-614 + I/R group, iguratimod ameliorated the above-mentioned morphological damage, with milder myofibril fracture and inflammatory cell infiltration. The result of IHC staining demonstrated that the MPO-positive stained area in the T-614 +I/R group was smaller than that in the I/R group, which indicated less neutrophil infiltration and mitigated inflammatory response (Figures 4E,F).
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FIGURE 4. Iguratimod ameliorated myocardial injury and infiltration of inflammatory cells after I/R. (A) Representative images of Evans blue and TTC double-stained heart sections. (B) Comparison of AAR/LV ratio and IA/AAR ratio among the three groups based on the results of A. n = 5. (C) The level of cTnI in serum determined by ELISA. n = 5. (D) Representative HE staining pictures of hearts from mice in three groups. Scale bar = 50 μm. (E) Representative immunohistochemistry staining images of MPO in cardiac tissue. Scale bar of the first row = 50 μm and scale bar of the second row = 20 μm. (F) Comparison of the MPO positive stained area among the three groups. n = 4. Data are expressed as mean ± SD; **p < 0.01 versus Sham group;  ##p < 0.01 versus I/R group. I/R, ischemia/reperfusion; AAR, area at risk; LV, left ventricle; IA, infarct area; cTnI, cardiac troponin I; MPO, myeloperoxidase.




The Alleviated Myocardial Ischemia/Reperfusion Injury in Iguratimod Pre-treated Mice Was Associated With Inhibition of Pyroptosis and Inflammatory Response Mediated by COX2/NLRP3 Signaling Pathway

As shown in Figures 5A–F, cardiac tissue from I/R group exhibited obviously increased mRNA levels of COX2, NLRP3, IL-1β, IL-18, IL-6, and TNF-α in comparison to the Sham group. When mice were pre-treated with iguratimod before being subjected to myocardial ischemia, the mRNA levels of the above-mentioned molecules all reduced significantly. Moreover, results of the Western blotting analysis demonstrated that iguratimod pretreatment rendered a remarkable decline in the protein expression of COX2, NLRP3, caspase-1, cleaved caspase-1, GSDMD-N, and IL-1β, which were induced by I/R dramatically (Figures 5G–M). However, in the protein level of ASC, there was a lack of significant difference between the I/R group and T-614 + I/R group, though showing a trend of decrease after iguratimod pretreatment (Figure 5N). In addition, pictures of immunofluorescence staining showed lower expression of COX2 and NLRP3 in left the ventricular myocardium tissue within the T-614 + I/R group, when compared with the I/R group (Figures 5O,P). Taken together, these findings indicated that iguratimod attenuated pyroptosis and inflammatory response triggered by I/R through the inhibition of COX2/NLRP3 pathway.
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FIGURE 5. Pyroptosis and inflammatory response mediated by COX2/NLRP3 signaling pathway were suppressed by iguratimod. (A–F) Relative mRNA expression levels of COX2, NLRP3, IL-1β, IL-18, IL-6, and TNF-α among Sham, I/R and T-614 + I/R group. n = 4. (G) Representative Western blotting luminogram of COX2, NLRP3, caspase-1, ASC, cleaved caspase-1, GSDMD-N, and IL-1β of the three groups. (H–N) Protein semiquantification standardized by β-Tubulin. n = 5. (O,P) Representative immunofluorescence staining pictures of COX2 and NLRP3 in left ventricular myocardium from hearts of different mice. Scale bar = 50 μm. Data are expressed as mean ± SD;*p < 0.05, **p < 0.01 versus Sham group;  #p < 0.05, ##p < 0.01 versus I/R group. I/R, ischemia/reperfusion.




Iguratimod Attenuated Cell Injury of Primary Cardiac Fibroblasts Exposed to H/R Condition

The results of double immunofluorescence staining showed that there was more colocalization of NLRP3-positive cells with vimentin-positive cells in the left ventricular myocardium tissue after myocardial I/R (Figure 6A). Considering that vimentin was a special cytoskeleton protein of fibroblasts, we concluded that upregulated NLRP3 was expressed mainly in CFs instead of cardiomyocytes. Thereafter, primary CFs were isolated from mice aged 1–3 days to directly explore the effect of iguratimod on CFs exposed to H/R. The representative images of primary CFs, which were identified by immunofluorescence staining of vimentin, are presented in Figure 6B. The purity of primary CFs used in in vitro experiments was up to 93.3% (Figure 6C). As shown in Supplementary Figures 3A,B, iguratimod had no detrimental effect on CFs when its concentration ranged from 0 to 5 μM, as indicated by normal cell viability and low LDH release in the supernatants. Additionally, 100 ng/ml LPS did not cause injury to CFs (Supplementary Figures 4A,B). Therefore, LPS was used in simulated I/R experiments in vitro for priming of NLRP3 inflammasome. It can be seen from Figures 6D,E that H/R induced severe injury of CFs, as evidenced by decreased cell viability and elevated LDH release. Interestingly, compared with the H/R group, pretreatment with iguratimod increased cell viability only at a high concentration of 5 μM (Figure 6D), while it significantly decreased LDH release at concentration of both 1 and 5 μM (Figure 6E). Therefore, 5 μM of iguratimod was applied for the following experiments in vitro.
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FIGURE 6. Iguratimod attenuated cell injury of primary CFs exposed to H/R condition. (A) Double-immunofluorescence staining with antibodies against NLRP3 (red) and vimentin (green) or α-SMA (green) for left ventricular myocardium tissue. Scale bar = 50 μm. (B) Representative images of primary CFs isolated from hearts of neonatal mice. Scale bar of the first row = 50 μm and scale bar of the second row = 5 μm. (C) The purity of primary CFs in the present study. (D) Cell viability of primary CFs in Con, H/R and Iguratimod (0.1, 1, 5 μM, respectively) pretreatment + H/R group. n = 5. (E) Percentage of LDH release in cell culture supernatants among the five groups. n = 6. Data are expressed as mean ± SD; **p < 0.01 versus Con group;  #p < 0.05, ##p < 0.01 versus H/R group; $$p < 0.01 versus T5 + H/R group. CFs, cardiac fibroblasts; H/R, hypoxia/reoxygenation; α-SMA, α-smooth muscle actin; LDH: lactate dehydrogenase.




Iguratimod Ameliorated Pyroptosis and the Expression of Pro-inflammatory Cytokines of Cardiac Fibroblasts Subjected to H/R Through Inhibiting the COX2/NLRP3 Signaling Pathway

As shown in Figures 7A–F, H/R greatly elevated the mRNA levels of COX2, NLRP3, IL-1β, IL-18, IL-6, and TNF-α in primary CFs. However, the transcriptional levels of these genes were all downregulated by iguratimod of 5 μM. Similarly, the protein expression levels of COX2, NLRP3, caspase-1, ASC, cleaved caspase-1, GSDMD-N, and IL-1β were all significantly decreased in the T + H/R group in comparison with the H/R group (Figures 7G–N). Conclusively, the above results suggested that H/R greatly promoted pyroptosis of primary CFs, whereas pretreatment with Iguratimod remarkably mitigated pyroptosis and subsequent release of initial inflammatory mediators, as indicated by reduced expression of cell pyroptosis biomarker, GSDMD-N, and pro-inflammatory cytokines.
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FIGURE 7. Iguratimod ameliorated pyroptosis and the expression of pro-inflammatory cytokines of CFs subjected to H/R through inhibiting the COX2/NLRP3 signaling pathway. (A–F) Relative mRNA expression levels of COX2, NLRP3, IL-1β, IL-18, IL-6, and TNF-α among Con, H/R and T + H/R group. n = 4. (G) Representative Western blotting luminogram of COX2, NLRP3, caspase-1, ASC, cleaved caspase-1, GSDMD-N, and IL-1β of the three groups. (H–N) Protein semiquantification standardized by β-Tubulin. n = 5. Data are expressed as mean ± SD; *p < 0.05, **p < 0.01 versus Con group; ##p < 0.01 versus H/R group. CFs, cardiac fibroblasts; H/R, hypoxia/reoxygenation.





DISCUSSION

The present study found that DEGs mainly participated in inflammatory response during myocardial I/R, and NOD-like receptor signaling pathway played a crucial role in mediating inflammation of cardiac tissue. Pretreatment with iguratimod significantly ameliorated excessive cardiac inflammation and cardiomyocytes injury induced by I/R. Moreover, iguratimod decreased the expression of COX2, NLRP3 inflammasome, and pro-inflammatory factors in both in vivo and in vitro experiments, indicating that the cardioprotective effect of iguratimod was partly mediated through inhibiting CF pyroptosis-triggered inflammatory response via COX2/NLRP3 signaling pathway (Figure 8).
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FIGURE 8. Schematic diagram of this study: the primary mechanism of Iguratimod pretreatment ameliorating myocardial ischemia/reperfusion injury. Specifically, the expression of COX2 in cardiac fibroblasts was elevated after cardiac I/R, leading to the upregulation and activation of NLRP3 inflammasome. Activated caspase-1 cut GSDMD into GSDMD-N, which further executed pyroptosis. Additionally, pro-IL-1β and pro-IL-18 were also cleaved by activated caspase-1 and subsequently their mature forms were released into extracellular region and triggered amounts of inflammatory cells infiltration in the cardiac tissue, causing inflammatory reperfusion injury. Iguratimod reduced inflammatory cytokines secretion and cardiac inflammation response through inhibiting pyroptosis of cardiac fibroblasts via acting on COX2/NLRP3 signaling pathway, eventually improving myocardial I/R injury. I/R, ischemia/reperfusion.


Myocardial I/R often causes irreversible changes in cardiac structure and function, as well as injury and death of cardiomyocytes, which involve in many complex pathological processes, including inflammatory response (Zuurbier et al., 2019), oxidative stress (Bugger and Pfeil, 2020), intracellular calcium overload (Wang et al., 2020), etc. Prior studies demonstrated that aseptic inflammation induced by myocardial ischemia was one of the important factors increasing myocardial infarct size (Mezzaroma et al., 2011; Frangogiannis, 2014). Consistently, the present study showed that DEGs during myocardial I/R were mainly involved in immune and inflammation-related biological processes, such as inflammatory response, leukocyte migration, regulation of cytokine production, positive regulation of cell migration, etc. I/R alters the balance between anti-inflammatory and pro-inflammatory cytokines, and the latter exacerbate inflammatory response and ischemic injury (Toldo et al., 2018). Specifically, subpopulations of blood-derived cells are delivered to the ischemic area with the help of pro-inflammatory molecules, and then they closely adhere to viable cardiomyocytes, release destructive enzymes into the environment, produce ROS and cause cytotoxic effect, thus extending I/R injury (Frangogiannis, 2014; Gunata and Parlakpinar, 2021).

Pyroptosis is one of the highly pro-inflammatory lytic forms of programmed cell death, which is featured by permeabilization of the plasma membrane, cell swelling, and release of pro-inflammatory factors (Shi et al., 2021). It is well accepted that cleaved caspase-1, the functional performer of activated NLRP3 inflammasome, cleaves GSDMD into C-terminal and N-terminal, and the latter mediates cell pyroptosis (Nagata and Tanaka, 2017; Bedoui et al., 2020). Moreover, cleaved caspase-1 also cuts inactive pro-IL-1β and pro-IL-18 to mature IL-1β and IL-18. Therefore, NLRP3 inflammasome, GSDMD, IL-1β, and IL-18 are all recognized as pyroptosis-related molecules (Zhang et al., 2020; Mo et al., 2021; Nie et al., 2021). These two interleukins, which are released to extracellular space through GSDMD-N pore in the cell membrane, are the upstream of the inflammation and can act as important signal amplifiers to induce the secretion of additional cytokines, chemokines, and adhesion molecules, thus triggering the inflammatory cascade and eventually causing cell damage (Venkatachalam et al., 2009; Eltzschig and Eckle, 2011; Kim et al., 2013). Similarly, we found that NLRP3-mediated pyroptosis signaling was differentially expressed and enriched in inflammatory response process during myocardial I/R through bioinformatics analysis.

In in vivo experiments, the up-regulation of pyroptosis-related molecules was observed in the left ventricular myocardium tissue, indicating that I/R triggered cell pyroptosis. Double immunofluorescence staining of cardiac tissue sections showed that I/R-induced NLRP3 had more co-localization with vimentin, the specific cytoskeleton of fibroblasts. This result was consistent with previous studies, which concluded that inflammasome-related genes trigged by myocardial I/R, including NLRP3, IL-1β, and IL-18, were expressed mainly in cardiac fibroblasts and microvascular endothelial cells, instead of cardiomyocytes (Kawaguchi et al., 2011; Sandanger et al., 2013). Activation of NLRP3 inflammasome in non-cardiomyocytes did not directly lead to the loss of contractile structure but caused cardiac dysfunction indirectly by amplifying the inflammatory response through IL-1β and IL-18 (Kawaguchi et al., 2011). According to a recent study, fibroblasts can sense the danger signals released during cardiac injury or stress and participate in inducing the recruitment of immune cells to activate and maintain the inflammatory response (Smolgovsky et al., 2021). In view of the increasing focus on the immune role of CFs, we further investigated the effect of H/R on CFs in in vitro experiments, and the results demonstrated that H/R induced pyroptosis of primary CFs, confirmed by rupture of cell membrane (as assessed by LDH release) and enhanced expression of pyroptosis-related molecules. Taken together, NLRP3-mediated pyroptosis of CFs may cause injury to myocardium through triggering excessive inflammation.

Iguratimod, a novel drug commonly used in antirheumatic diseases, had been reported to possess therapeutic effect on colitis (Jiang et al., 2018), multiple sclerosis (Li et al., 2018), tumor, and neurodegenerative diseases in animal models (Li et al., 2019) due to its powerful anti-inflammatory ability. Likewise, our research was the first to explore the effect of iguratimod on myocardial I/R injury, and the results demonstrated that iguratimod reduced the myocardial infarct size, cTnI level in serum, and pathological changes of cardiac tissue, indicating its cardioprotective role. Moreover, iguratimod also suppressed the inflammatory response in heart, confirmed by decreased neutrophil infiltration and expression of inflammatory cytokines. Recently, investigators had revealed the inhibitory effect of iguratimod on NLRP3 inflammasome in mice model of acute pancreatitis (Hou et al., 2019). Similarly, in our study, the molecular expressions of NLRP3, caspase-1, cleaved caspase-1, GSDMD-N, and IL-1β were all decreased after iguratimod pretreatment in in vivo and in vitro experiments. Although the expression level of ASC protein in cardiac tissue was not dramatically reduced by iguratimod, it remarkably fell off in CFs exposed to H/R in in vitro experiments. This result suggested the specific effect of iguratimod on inflammasome in non-cardiomyocytes. Therefore, the cardioprotective role of iguratimod was closely associated with suppressing NLRP3 inflammasome-mediated pyroptosis of CFs.

It has been well-established that up-regulation of COX2 is clearly related to the pathogenesis of many inflammatory processes, and therapeutic treatment targeting COX2 is commonly recommended for inflammatory diseases (Bagi et al., 2006; Redondo et al., 2011; Díaz-Muñoz et al., 2012). Hua et al. (2015) reported for the first time that silencing COX2 gene or using COX2 inhibitors both reduced the expression and activation of NLRP3 inflammasome and downstream cytokines and ameliorated caspase-1-dependent cell apoptosis. Subsequently, results from other studies also supported the theory that COX2 was involved in the activation of NLRP3 inflammasome (Daniels et al., 2016; Lu et al., 2017; Hou et al., 2019). In this study, data from microarray dataset and in vivo experiment demonstrated that the transcriptional expression peak of COX2 gene was a little earlier than that of NLRP3 gene after myocardial I/R. Additionally, we found consistent changes in the expression of COX2 and NLRP3 with and without iguratimod pretreatment, indicating the potential regulatory role of COX2 for NLRP3 inflammasome in myocardial I/R. Evidence from previous literature has demonstrated that iguratimod is a highly selective inhibitor of COX2, with inhibition of its gene expression and enzyme activity (Tanaka et al., 1995). In pancreatitis model, the down-regulated expression of COX2 and NLRP3 was observed after preconditioning with iguratimod (Hou et al., 2019). Likewise, our experiments showed that I/R-induced COX2 expression was significantly decreased by iguratimod pretreatment, suggesting that the potential target of iguratimod in alleviating myocardial I/R injury could be COX2.

To sum up, the present study revealed the important role of inflammatory response in I/R-induced myocardial injury and the cardioprotective effect of iguratimod, which mitigated inflammation-mediated myocardium injury through inhibiting pyroptosis of cardiac fibroblasts via down-regulation of COX2/NLRP3 signaling pathway. These findings might provide important insights into the potential therapeutic role of iguratimod in myocardial I/R injury.

However, there were also limitations in the present study. Firstly, the secretion levels of inflammatory factors in cellular culture supernatants, such as IL-1β and IL-18, were not detected with ELISA, which could directly illustrate the inflammatory microenvironment generated by pyroptosis of CFs and better demonstrate the initial immune role of CFs in the inflammatory cascade after I/R. Secondly, we did not transfect the CFs with overexpression plasmid of COX2. Therefore, there was insufficient evidence to further elucidate that iguratimod exerted an inhibitory role on NLRP3 through acting on COX2. Finally, although neonatal primary cells have been widely used in the study of cardiovascular disease, there may be difference between neonatal and adult primary cells. In the future, further researches are required to clarify other underlying mechanisms in the cardioprotective effect of iguratimod.
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Endothelial Dec1-PPARγ Axis Impairs Proliferation and Apoptosis Homeostasis Under Hypoxia in Pulmonary Arterial Hypertension
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Background: The hypoxia-induced pro-proliferative and anti-apoptotic characteristics of pulmonary arterial endothelial cells (PAECs) play critical roles in pulmonary vascular remodeling and contribute to hypoxic pulmonary arterial hypertension (PAH) pathogenesis. However, the mechanism underlying this hypoxic disease has not been fully elucidated.

Methods: Bioinformatics was adopted to screen out the key hypoxia-related genes in PAH. Gain- and loss-function assays were then performed to test the identified hypoxic pathways in vitro. Human PAECs were cultured under hypoxic (3% O2) or normoxic (21% O2) conditions. Hypoxia-induced changes in apoptosis and proliferation were determined by flow cytometry and Ki-67 immunofluorescence staining, respectively. Survival of the hypoxic cells was estimated by cell counting kit-8 assay. Expression alterations of the target hypoxia-related genes, cell cycle regulators, and apoptosis factors were investigated by Western blot.

Results: According to the Gene Expression Omnibus dataset (GSE84538), differentiated embryo chondrocyte expressed gene 1-peroxisome proliferative-activated receptor-γ (Dec1-PPARγ) axis was defined as a key hypoxia-related signaling in PAH. A negative correlation was observed between Dec1 and PPARγ expression in patients with hypoxic PAH. In vitro observations revealed an increased proliferation and a decreased apoptosis in PAECs under hypoxia. Furthermore, hypoxic PAECs exhibited remarkable upregulation of Dec1 and downregulation of PPARγ. Dec1 was confirmed to be crucial for the imbalance of proliferation and apoptosis in hypoxic PAECs. Furthermore, the pro-surviving effect of hypoxic Dec1 was mediated through PPARγ inhibition.

Conclusion: For the first time, Dec1-PPARγ axis was identified as a key determinant hypoxia-modifying signaling that is necessary for the imbalance between proliferation and apoptosis of PAECs. These novel endothelial signal transduction events may offer new diagnostic and therapeutic options for patients with hypoxic PAH.

Keywords: hypoxia, differentiated embryo-chondrocyte expressed gene 1 (Dec1), peroxisome proliferative activated receptor-γ (PPARγ), proliferation, apoptosis, pulmonary arterial hypertension


INTRODUCTION

As a complex, progressive, and lethal disease, pulmonary arterial hypertension (PAH) is characterized by the increased muscularity of pulmonary arteries (PAs), resistance to blood flow, irreversible right ventricular (RV) failure, and premature death (Humbert et al., 2018). Although its precise etiology is poorly understood, hypoxia has been identified as an important contributor to PAH (Stenmark et al., 2006). According to the Sixth World Symposium on Pulmonary Hypertension, PAH can be divided into five clinical groups. Hypoxic pulmonary hypertension (HPH) belongs to the third group and highly prevails in a wide range of hypoxia-associated diseases, such as chronic obstructive pulmonary diseases, obstructive sleep apnea (OSA), and high-altitude illness (Simonneau et al., 2014). The morbidity and mortality of PAH increase dramatically with OSA severity (Adir et al., 2021). This interaction can be explained by the hypoxia-induced endothelial dysfunction, which is critical in vascular remodeling and vasoconstriction (Sehgal and Mukhopadhyay, 2007; Houten, 2015).

Intermittent hypoxia, the physiological hallmark of OSA, increases oxidative stress in endothelial cells, which in turn results in endothelial dysfunction and remodeling (Bauters et al., 2016; Benjafield et al., 2019). The transcriptional factor peroxisome proliferative-activated receptor-γ (PPARγ) links these pathologies in vascular disease conditions and functions as a crucial mediator of the hypoxic response (Montaigne et al., 2021). As a ligand-activated nuclear hormone receptor, PPARγ can be stimulated in response to structurally diverse ligands and execute anti-inflammatory and antioxidant effects in many tissues to modulate cell differentiation, growth, inflammation, apoptosis, and angiogenesis (Polikandriotis et al., 2005). Insufficient PPARγ signaling is essential for PAH pathogenesis (Hansmann et al., 2008; Guignabert et al., 2009; Nisbet et al., 2010; Alastalo et al., 2011; Calvier et al., 2019), although the mechanisms have not been fully understood. PPARγ protein is highly expressed in the pulmonary vascular endothelium of normal individuals but is substantially decreased in the lungs and distal PAs of patients with PAH (Guignabert et al., 2009). PPARγ expression is also reduced in PASMCs and PAECs isolated from the PAs of HPH mice (Alastalo et al., 2011; Calvier et al., 2019). Mice with inducible deletion of PPARγ either in PAECs or PASMCs develop PAH (Hansmann et al., 2008). Pharmacological restoration of PPARγ with either pioglitazone or troglitazone shows therapeutic effects in preclinical animal models (Nisbet et al., 2010). The mechanism on how PPARγ is repressed under hypoxia in HPH must be explored.

In this study, the differentially expressed genes (DEGs) between PAH and normal control tissues were examined from the Gene Expression Omnibus (GEO) dataset (GSE84538), and the hypoxia-related DEGs for PAH were estimated. The differentiated embryo–chondrocyte-expressed gene 1 (Dec1), a hypoxia-induced transcriptional factor, was significantly upregulated in PAH. The protein–protein interaction (PPI) network was further established through the shared DEGs, and a Dec1-PPARγ interaction was found in PAH. Given that Dec1 is a hypoxia-regulated transcriptional factor and is involved in cell survival vs. death, the Dec1-PPARγ axis might be responsible for the proliferation promotion and apoptosis resistance of PAECs in hypoxic PAH.



MATERIALS AND METHODS


Ethics

All experiments were approved by the Ethics Committee of Shandong Provincial Hospital Affiliated to Shandong First Medical University. Written informed consent was obtained from all the participants.



Bioinformatic Analysis of Hypoxia-Related Differentially Expressed Genes in Patients With Pulmonary Arterial Hypertension

RNA-seq expression data of patients with PAH and the corresponding control subjects were extracted from the GEO database (GSE84538). These data were accessed by high throughput sequencing RNA from pulmonary arteries. The raw expression profiles were normalized in Deseq2 in the Affy installation package of R software, and the DEGs were screened out by the following selection criteria: p < 0.05 and |log2 fold change (FC)| > 1 (Rawal et al., 2021). Volcano plot and heatmaps were used to visualize the DEGs by using the R packages of ggplot2 (v3.3.0) and pheatmap, respectively (Wickham, 2009). The PPI networks were generated in Cytoscape (3.7.2) by the Search Tool for the Retrieval of Interacting Genes/Proteins database (StringDB1) protein query (Szklarczyk et al., 2019). Red and blue nodes represented the up and downregulated genes, respectively. GO functional enrichment analysis was performed by the R package “clusterProfiler,” and the top 20 of the most significant entries were obtained with a threshold of a p-value set at 0.05 (Yu et al., 2012).



Enzyme-Linked Immunosorbent Assay

Peripheral venous blood was collected from patients suffering from OSA with or without PAH, then centrifuged for 10 min at 3,000 rpm, and stored in frozen aliquots at −80°C. Human-specific commercial ELISA assays were applied to evaluate the serum concentrations of Dec1 (Shuangying Biological Technology Co., Ltd., Shanghai, China) and PPARγ (X-Y Biotechnology, Shanghai, China) in accordance with the instructions of the manufacturer. Absorbance was measured at 450 nm using a microtiter plate reader. Experiments were repeated three times.



Cell Culture

Human normal PAECs (hnPAECs) were purchased from Lonza (Basel, Switzerland) and cultured for three to six passages prior to use in the medium (EBM-2) provided by the manufacturers. PAH-PAECs were harvested from the explanted lung tissues of patients with PAH, and healthy-PAECs were obtained from the unused lungs of healthy donors. The isolated healthy- and PAH-PAECs were purified using CD31 antibody by the magnetic cell-sorting system (Miltenyi Biotec, Bergisch Gladbach, Germany) in accordance with the instructions of the manufacturer (Comhair et al., 2012). Cultured PAECs were placed in a standard normoxia incubator (21% O2, 5% CO2, 37°C) or a hypoxic incubator (3% O2, 5% CO2, 37°C). The hnPAECs were preconditioned with normoxia (pNor-PAECs) or hypoxia (pHyp-PAECs) for 1 week to observe the effect of hypoxia on the phenotype conversions of PAECs. In a separate experiment, the hnPAECs were treated with concentrations of various oxidative or inflammatory PAH stimuli (serum deprivation, H2O2 for 100 μM, TGF-β for 20 ng/ml, and IL-6 for 50 ng/ml) for 6, 12, and 24 h in vitro.



Construction and Transduction of Recombinant Lentiviral Vectors

Plasmids with Dec1 overexpression (Ov-Dec1), PPARγ overexpression (Ov- PPARγ), and empty control vectors (Ov-Ctrl) were generated as previously described (Li et al., 2016). Plasmids with the short-hairpin RNA of Dec1 (Sh-Dec1, sequence: 5′-GGACTCTTCCTTAATTGCGCC-3′) and nontargeting plasmids (Sh-Ctrl) were generated and recombined into the psi-LVRU6MP vectors in accordance with the instructions of the manufacturer (GeneCopoeia, Rockville, MD, United States). The plasmids were transfected by Lipofectamine 2000 following the instructions of the manufacturer (Thermo Fisher Scientific, San Jose, CA, United States).



Cell Counting Kit 8 Assessment and Flow Cytometry

Cell survival was measured by the CCK8 in accordance with the recommended instructions of the manufacturer (APExBIO, Houston, TX, United States), and cell apoptosis was detected by flow cytometry. After transfection or treatment with hypoxia for the indicated times, the PAECs were collected and double-stained with Annexin V-FITC and propidium iodide by using Annexin V-FITC Apoptosis Detection Kit I (Biosciences Pharmingen, CA, United States) following the instructions of the manufacturer. Apoptosis was measured and analyzed by a FACScan system (Becton Dickinson, Heidelberg, Germany). The cells with Annexin V-FITC positive and PI negative were considered as early apoptosis, and those with Annexin V-FITC positive and PI positive were considered as late apoptosis or necrosis. These experiments were repeated three times.



Ki-67 Immunofluorescence Staining

Ki-67 immunofluorescence staining was performed using the labeled streptavidin–biotin method to evaluate the proliferation of PAECs. After being washed three times with phosphate buffer saline (PBS), the PAECs were sequentially fixed in 4% paraformaldehyde at 4°C for 20 min, permeabilized with 0.2% Triton X-100 in PBS for 5 min, and blocked with 3% bovine serum albumin in PBS for 1 h at room temperature. The cells were then incubated with the Ki-67 primary antibodies (1:500 dilution, Abcam, Cambridge, MA, United States) at 4°C overnight, and then stained with goat anti-rabbit IgG antibody (1:500, Thermo Fisher Scientific, Alexa Fluor 488) at 37°C for 1 h. Finally, nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI; 1:500, Abcam). The Ki-67 immunostaining of PAECs were detected by a fluorescence microscope (Zeiss, Heidenheim, Germany). The percentage of Ki-67-positive cells was indicated as the proliferation rate of PAECs. Measurements were repeated three times.



Quantitative Real-Time Polymerase Chain Reaction

Total RNA of PAECs was extracted in accordance with the instructions of the Trizol reagent (Invitrogen), and reverse transcription was performed using reverse transcriptase (Thermo Fisher Scientific, Inc.) as reported previously (Zhao et al., 2017). The primers were designed and obtained from Sangon Biotech Co. (Shanghai, China) as follows: Dec1, forward primer 5′-GAAAGGATCGGCGCAATTAA-3′, reverse primer 5′-CATCATCCGAAAGCTGCATC-3′; and β-actin, forward primer 5′-TGGCACCACACCTTCTACAA-3′, reverse primer 5′-GCAGCTCGTAGCTCTTCTCC-3′. The relative level of mRNA was calculated by the 2–ΔΔCT method (Teng et al., 2012). Fold change of the relative mRNA expression was evaluated as the average fold change of the hypoxic PAECs compared with that of the normoxic PAECs. Measurements were repeated three times.



Western Blot

Proteins were extracted from human pulmonary artery tissues or PAECs and lysed in RIPA lysis buffer (RIPA, Beyotime, China) in accordance with the instructions of the manufacturer. Protein concentrations were evaluated using the BCA assay based on the albumin standard. The primary antibodies were used as follows: Dec1 and PPARγ (Abcam, United States, dilution: 1/1,000, for both), Cyclin B1 and Cyclin D1 (Sigma, United States, dilution 1/1,000, for both), Bax (Cell Signaling Technology, United States, dilution: 1/1,000), Bcl-2 (Sigma, United States, dilution 1/1,000), cleaved caspase 3, and β-actin (Santa Cruz, United States, dilution 1/1,000, for both). Detailed information of Western blot was described previously (Li et al., 2020). β-actin was used as a loading control. Fold change of protein expression was evaluated as average fold change for the ratio of targeting genes/β-actin in treated samples compared with that in the controls. Measurements were repeated three times.



Statistical Analysis

All data were presented as mean ± SEM and independently repeated three times. SPSS 13.0 software (SPSS, Chicago, IL, United States) was applied for statistical analysis. GraphPad Prism 6 (GraphPad Software) was used to draw charts. Student’s t-test was used for data comparison with the two groups. One-way or two-way ANOVA was performed for multiple comparisons. A value of p < 0.05 was considered to be statistically significant.



RESULTS


Identification and Validation of Differentiated Embryo-Chondrocyte-Expressed Gene 1-Peroxisome Proliferative-Activated Receptor-γ Axis by Bioinformatic Analysis in Patients With Pulmonary Arterial Hypertension

Gene expression data in eight lung tissue samples (four patients with PAH and four healthy control subjects) were extracted from the GEO (GSE84538) database. Deseq2 analysis identified 756 DEGs, including 446 upregulated (represented in red) and 310 downregulated genes (represented in blue) between the PAH and normal control samples (Figure 1A). With the use of STRING, the PPI network revealed 890 edges and 385 nodes in these DEGs (Figure 1B). These screened DEGs with all known hypoxia-related genes were overlapped to determine which DEGs have important functions in HPH. As shown in Figure 1C, five hypoxia-related genes showed differential expression in PAH. Among them, BHLHE40 (also named Dec1) and placental growth factor (PGF) were upregulated, whereas ENO1 (enolase 1), glycogen branching enzyme 1 (GBE1), and glycogen synthase 1 (GYS1) were downregulated. The volcano plot represented all the DEGs with statistical significance (upregulated and downregulated genes represented in red and blue, respectively) and indicated the prominently upregulated BHLHE40 in PAH (Figure 1D).
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FIGURE 1. The differentiated embryo-chondrocyte expressed gene 1-peroxisome proliferative activated receptor-γ (Dec1-PPARγ) axis is dysregulated in patients with PAH. (A) The heatmap of differentially expressed genes (DEGs) in patients with pulmonary arterial hypertension (PAH) from the GSE84538 database. (B) The protein-protein interactions (PPI) network of the DEGs. Black and green arrows indicate BHLHE40 (also named Dec1) and PPARγ, respectively. (C) The heatmap of the differentially expressed hypoxia-related genes in patients with PAH from the GSE84538 database. (D) The volcano plot showed the DEGs (upregulated in red and downregulated in blue) in patients with PAH from the GSE84538 database. (E,F) The PPI networks based on BHLHE40 (arrowed as black) and PPARγ (arrowed as green), respectively. (G,H) Plasma protein levels of Dec1 (G) and PPARγ (H) were determined by Enzyme-linked immunosorbent assay (ELISA) in obstructive sleep apnea (OSA) patients with or without PAH. One-way ANOVA tests were applied for statistical analysis. (I) Spearman’s correlation analysis was performed to evaluate the correlations between Dec1 and PPARγ expressions in OSA patients combined with PAH. (J) The top 20 entries of the GO enrichment analysis of the gene set. ∗∗∗p < 0.001.


As the most robust hypoxia-related DEGs in PAH (Figures 1B,C), BHLHE40 was selected as a target gene for further study. The PPI network based on the DEGs showed a potential connection between BHLHE40 and PPARγ, a well-known mediator of PAH and a core DEG in the PPI network (as schematically highlighted by a black or green arrow, Figure 1B). This connection was also observed in the PPI network based on BHLHE40 and PPARγ (as schematically highlighted by a black or green arrow, Figures 1E,F). All these results indicated that the dysregulation of Dec1-PPARγ axis might play major roles in PAH development. However, the expression levels of Dec1 and PPARγ in HPH were still unclear. Therefore, the expression status of Dec1 and PPARγ in OSA patients with or without PAH (n = 20 for both groups) was further determined by ELISA. Compared with that in the healthy OSA group, Dec1 was significantly increased (445.8 ± 38.92 vs. 133.7 ± 12.71, p < 0.001, Figure 1G), and PPARγ was decreased (146.3 ± 13.22 vs. 261.3 ± 16.97, p < 0.001, Figure 1H) in OSA patients with PAH. A negative correlation was found between Dec1 and PPARγ (r = −0.5830, p = 0.0070, Figure 1I). The negative transcriptional regulating effect of Dec1 on PPARγ has been previously reported. The potential molecular biological role of the Dec1–PPARγ axis was further uncovered by GO enrichment analysis (Figure 1J). These data indicated a close relationship between the Dec1–PPARγ axis and the progression of OSA-associated PAH.



Pulmonary Arterial Hypertension Disrupts the Differentiated Embryo–Chondrocyte-Expressed Gene 1-Peroxisome Proliferative-Activated Receptor-γ Axis in Pulmonary Arterial Endothelial Cells

The expression of Dec1-PPARγ axis in human distal pulmonary arteries (PAs) was measured in individuals with or without PAH (control group, n = 4; PAH group, n = 4) for further understanding. Compared with the PAs in patients without PAH (used as control), Dec1 expression was significantly upregulated (>threefold increase, p < 0.01), and PPARγ expression was downregulated in the PAs of patients with PAH (Figure 2A, >fivefold decrease, p < 0.001). The protein levels of the Dec1–PPARγ axis were further examined in isolated PAECs from patients with or without PAH (n = 4 per group). A similar expression trend of the Dec1–PPARγ axis was found in the isolated PAECs. As shown in Figure 2B, the protein levels of Dec1 were significantly increased (>sixfold increase, <0.001), whereas those of PPARγ were decreased in PAH-PAECs compared with those in the control-PAECs (>fivefold decrease, p < 0.001). These results suggest that PAH exhibits disrupted expression of the Dec1-PPARγ axis.
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FIGURE 2. Dec1 is upregulated and PPARγ is downregulated in PAH. (A) Expression levels of Dec1 and PPARγ were determined by western blot in pulmonary arteries from PAH (n = 4) and healthy control patients (n = 4). (B) Human pulmonary arterial endothelial cells (PAECs) were isolated from PAH and healthy control patients (n = 4 per group), and western blot was performed to determine expressions of the Dec1–PPARγ axis. (C–F) Human normal PAECs (hnPAECs) were treated with serum deprivation (C), 100 μM H2O2 (D), 20 ng/ml TGF-β1 (E), and 50 ng/ml IL-6 (F) in vitro. Expression levels of Dec1 and PPARγ in PAECs were determined by western blot (left part) at the indicated times. One-way ANOVA test was applied for statistical analysis (right part). Data are represented as mean ± SEM. Experiments were repeated for three independent times. ∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001.


The hnPAECs were cultured and treated with different PAH stimuli in vitro to further determine whether the disrupted expression of the Dec1-PPARγ axis is restricted to the presence of PAH. These stimuli promote PAH via oxidative stress and inflammation (Steiner et al., 2009; Wang et al., 2019; Reyes-Palomares et al., 2020). Consistent with the results for distal PAs and PAECs from patients with PAH, Dec1 was elevated, but PPARγ was declined in a time-dependent manner when the cells were treated with serum deprivation (Figure 2C), H2O2 (Figure 2D), TGF-β1 (Figure 2E), and IL-6 (Figure 2F). These findings indicate that the Dec1–PPARγ axis can also be disrupted by the PAH stimuli in vitro and may play critical roles in PAH progression.



Differentiated Embryo–Chondrocyte-Expressed Gene 1 Modulates the Survival of Pulmonary Arterial Endothelial Cells Under Hypoxia

Differentiated embryo-chondrocyte expressed gene 1 is dysregulated by hypoxia-driven responses and plays important roles in cell death and survival (Park and Park, 2012; Sato et al., 2016; Jia et al., 2018; Nakashima et al., 2018; Le et al., 2019). Therefore, the hnPAECs were treated with hypoxia. The results showed that the mRNA and protein levels of Dec1 were gradually increased in the hnPAECs with the extent of hypoxia (Figures 3A,B). However, the protein levels of PPARγ showed the opposite trend (Figure 3B). These results suggested that the Dec1–PPARγ axis was also reprogrammed by hypoxia in PAECs.
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FIGURE 3. Effect of Dec1 on PAECs survival under hypoxia. (A,B) Human normal PAECs (hnPAECs) were treated with 3% O2 for 0, 24, 48, and 96 h and then performed real-time polymerase chain reaction (RT-PCR) or Western blot to determine the mRNA and protein levels of the target genes, respectively. (A) mRNA expression levels of Dec1. (B) Protein expression levels of Dec1 and PPARγ. One-way ANOVA test was applied for statistical analysis. (C–F) After 12 h of transient transfection, cells were treated with 3% O2 for 6, 12, 24, and 48 h and monitored the cell viability vs. time by the cell counting kit 8 (CCK-8) assay. Cells were plotted cell viability at the indicated times. (C) Healthy- and PAH–PAECs with no transfections. (D) PAH–PAECs transfected with Dec1-shRNA (Sh-Dec1) or the scrambled RNA (Sh-Ctrl) plasmids. (E) hnPAECs transfected with Dec1 overexpression (Ov-Dec1) or the empty control (Ov-Ctrl) plasmids. (F) hnPAECs transfected with Dec1–shRNA (Sh-Dec1) or the scrambled RNA (Sh-Ctrl) plasmids. Two-way ANOVA test was applied for statistical analysis. Data are represented as mean ± SEM. Experiments were repeated for three independent times. ∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001.


The question of how PAECs can overcome hypoxia to survive has been extensively investigated. In this work, whether the dysregulated Dec1–PPARγ axis contributes to the cell survival under hypoxia in PAECs was further explored. Cell survival was determined by the CCK-8 assay. As shown in Figure 3C, over 75% of the isolated PAH-PAECs survived comparing with the healthy-PAECs (60%) under hypoxia. These results showed that the PAH–PAECs have a significant pro-surviving ability in hypoxia environment. The transfected PAH–PAECs with Dec1–shRNA were studied to further illustrate whether Dec1 is essential for the survival of PAH–PAECs under hypoxia. The results showed that the survival rate of these cells (PAH–PAECs + Sh-Dec1) declined 25% compared with that of the controlled cells (PAH–PAECs + Sh-Dec1, Figure 3D). Therefore, Dec1 is responsible for the pro-surviving phenotype of PAH–PAECs under hypoxia. Dec1 was overexpressed or silenced in hnPAECs to further specify the role of Dec1 in this pro-surviving phenotype. The results showed the hnPAECs with Dec1 overexpression (hnPAECs + Ov-Dec1) under hypoxia showed an increase survival of up to 20% compared with the hnPAECs transfected with empty vectors (hnPAECs + Ov-Ctrl, Figure 3E). However, under half of the hnPAECs with deletion of Dec1 (hnPAECs + Sh-Dec1) survived compared with the controlled hnPAECs (65%, hnPAECs + Sh-Ctrl, Figure 3F) under hypoxia. All these data showed that Dec1 conferred to the ability of PAECs to survive under hypoxia.



Hypoxia Recapitulates the Pro-proliferative and Anti-apoptotic Phenotypes of Pulmonary Arterial Endothelial Cells

The imbalance between proliferation and apoptosis, which is considered as the PAH phenotype of PAECs, is a major hallmark of the surviving PAECs in PAH development. Therefore, the effects and mechanisms of hypoxia on proliferation and apoptosis of PAECs were investigated. Isolated healthy- or PAH–PAECs were treated with hypoxia (3% O2) for 24 h, and their proliferation and apoptosis were determined by Ki-67 immunofluorescence staining and flow cytometry, respectively. Under hypoxia, the proliferation rate was higher in PAH-PAECs (46.45 ± 3.32) than in the healthy-PAECs (29.50 ± 3.57, p < 0.05, Figure 4A). Furthermore, the expression levels of proliferative factors, such as cyclin B1 and cyclin D1, were significantly upregulated in the PAH–PAECs compared with that in the healthy-PAECs (Figure 4B). By contrast, the apoptosis rate was lower in the PAH-PAECs than in the healthy-PAECs under hypoxia (7.22 ± 0.31 vs. 21.08 ± 0.80, p < 0.001, Figure 4C). The apoptotic indicators of Bax/Bcl-2 ratio and cleaved caspase-3 were significantly declined in the PAH-PAECs compared with that in the healthy-PAECs (Figure 4D). These data indicated a pro-proliferation and anti-apoptosis phenotypes of PAH-PAECs in hypoxic environments.
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FIGURE 4. Effect of hypoxia on phenotypes of PAECs. Isolated healthy- or PAH–PAECs were treated with hypoxia (3% O2) for 24 h. Human normal PAECs (hnPAECs) were preconditioned with normoxia (21% O2, pNor-PAECs) or hypoxia (3% O2, pHyp-PAECs) for 1 week. Then these cells were assessed proliferation and apoptosis by immunofluorescence staining of Ki-67 and flow cytometry under hypoxia (3% O2), respectively. In proliferation assay, Ki-67 positive cells (red) with nuclear DAPI counterstain (blue) indicated the proliferating cells. In apoptosis map, cells were divided into four subpopulations: necrotic cells (Q1: annexin V FITC–/PI+), late apoptotic cells (Q2: annexin V FITC+/PI+), live cells (Q3: annexin V FITC–/PI–), and early apoptotic cells (Q4: annexin V FITC+/PI–). The proliferative (Cyclin B1 and Cyclin D1) and apoptotic factors (Bax, Bcl-2, and cleaved-caspase 3) were detected by Western blot. (A) Immunofluorescence staining of Ki-67 (left part, scale bars = 50 μm) and the proliferation rate (right part). (B) Expressions of Cyclin B1 and Cyclin D1. (C) Flow cytometry (left part) and the apoptosis rate (right part). (D) Expressions of Bax, Bcl-2, and cleaved caspase 3. (E) Immunofluorescence staining of Ki-67 (left part, scale bars = 50 μm) and the proliferation rate (right part). (F) Expressions of Cyclin B1 and Cyclin D1. (G) Flow cytometry (left part) and the apoptosis rate (right part). (H) Expressions of Bax, Bcl-2, and cleaved caspase 3. One-way ANOVA test was applied for statistical analysis. Data are represented as mean ± SEM. Experiments were repeated for three independent times. ∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001.


The hnPAECs were preconditioned under normoxia or hypoxia for 1 week to fully understand the influence of hypoxia in PAH progression. Compared with the normoxia-preconditioned PAECs (pNor-PAECs), the hypoxia-preconditioned PAECs (pHyp-PAECs) showed a significantly increased proliferation rate (38.05 ± 3.32 vs. 17.21 ± 3.57, p < 0.05, Figure 4E) but a decreased apoptosis rate (9.43 ± 0.68 vs. 20.01 ± 0.98, p < 0.001, Figure 4G) when cultured under hypoxia environment. In parallel with these data, the proliferative factors (Cyclin B1 and Cyclin D1) increased, but the apoptotic indicators (Bax/Bcl-2 ratio and cleaved caspase-3) decreased in the pHyp-PAECs compared with that of the pNor-PAECs (Figures 4F,H). Therefore, pHyp-PAECs had a PAH-like phenotype that exhibited a pro-proliferative and anti-apoptotic characteristic under hypoxia. These results were similar to those observed in PAH-PAECs and suggested that hypoxia environment promotes the pro-proliferative and anti-apoptotic phenotypes of PAECs.



Differentiated Embryo–Chondrocyte-Expressed Gene 1 Is Essential for the Hypoxia-Induced Pulmonary Arterial Hypertension Phenotypes of Pulmonary Arterial Endothelial Cells

Differentiated embryo-chondrocyte expressed gene 1 plays an important role in cell proliferation and apoptosis under various oxidative stress and inflammatory stimuli (Seino et al., 2015; Jia et al., 2018; Ming et al., 2018; Le et al., 2019). Therefore, the effects of Dec1 on proliferation and apoptosis of PAECs under hypoxia were examined. As shown in Figure 5A, the pHyp-PAECs were characterized by an increased proliferation rate compared with the pNor-PAECs (51.46 ± 1.89 vs. 12.44 ± 1.31, p < 0.01). The pHyp-PAECs with Dec1 knockdown (Sh-Dec1 + pHyp-PAECs) showed a lower proliferation rate than the corresponding control cells (Sh-Ctrl + pHyp-PAECs, 31.43 ± 3.36, p < 0.05) under hypoxia. Similarly, the expression levels of Cyclin B1 and Cyclin D1 were also upregulated by hypoxia but attenuated by Dec1 silencing (Figures 5B,C). In addition, a decrease in the apoptosis rate was also found in the pHyp-PAECs compared with that of the pNor-PAECs (12.54 ± 0.23 vs. 25.13 ± 1.65, p < 0.05). However, the apoptosis rate was reversed in pHyp-PAECs with Dec1 knockdown compared with that of corresponding control cells under hypoxia (12.54 ± 0.23 vs. 16.18 ± 0.34, p < 0.001, Figure 5D). In parallel, the decreased apoptotic indicators (Bax/Bcl-2 ratio and cleaved caspase-3) induced by the preconditioned hypoxia was also restored by Dec1 knockdown in PAECs (Figures 5E,F). Further comparison was conducted on the expression levels of the proliferative and apoptotic factors between Sh-Ctrl + pNor-PAECs and Sh-Dec1 + pHyp-PAECs groups. Cyclin D1, Bax/Bcl-2 ratio and cleaved caspase-3, but not Cyclin B1, showed significant expression (Figures 5B,C,E,F). These results indicated that knockout of Dec1 under hypoxia rescued the expression of Cyclin B1 normal to the greatest extent. Therefore, hypoxia induces the proliferation promotion and apoptosis resistance of PAECs, a PAH-like phenotype, which is regulated by Dec1.
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FIGURE 5. Hypoxia promotes the PAH phenotypes of PAECs by induction of Dec1. Human normal PAECs (hnPAECs) were transfected with Dec1–shRNA (Sh-Dec1) or scrambled RNA (Sh-Ctrl) and then preconditioned with normoxia (21% O2, pNor-PAECs) or hypoxia (3% O2, pHyp-PAECs) for 1 week. Next, these cells were assessed proliferation and apoptosis by immunofluorescence staining of Ki-67 and flow cytometry under hypoxia (3% O2), respectively. In proliferation assay, Ki-67-positive cells (red) with nuclear DAPI counterstain (blue) indicated the proliferating cells. In apoptosis map, cells were divided into four subpopulations: necrotic cells (Q1: annexin V FITC–/PI+), late apoptotic cells (Q2: annexin V FITC+/PI+), live cells (Q3: annexin V FITC–/PI–), and early apoptotic cells (Q4: annexin V FITC+/PI–). The proliferative (Cyclin B1 and Cyclin D1) and apoptotic factors (Bax, Bcl-2 and cleaved-caspase 3) were also detected by western blot. (A) Immunofluorescence staining of Ki-67 (left part, scale bars = 50 μm) and the proliferation rate (right part). (B,C) The expressions of Cyclin B1 (B) and Cyclin D1 (C). (D) Flow cytometry (left part) and the apoptosis rate (right part). (E,F) The expressions of Bax, Bcl-2 (E), and cleaved caspase 3 (F). One-way ANOVA test was applied for statistical analysis. Data are represented as mean ± SEM. Experiments were repeated for three independent times. ∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001.




Differentiated Embryo–Chondrocyte-Expressed Gene 1 Promotes the Pulmonary Arterial Hypertension Phenotype of Human Pulmonary Arterial Endothelial Cells via Inhibition of Peroxisome Proliferative-Activated Receptor-γ

Peroxisome proliferative activated receptor-γ, which was downregulated in experimental PAH models and clinical patients with PAH, has been widely proven as a protective factor for PAH (Crossno et al., 2007; Hansmann et al., 2007, 2008; Guignabert et al., 2009; Alastalo et al., 2011; Gong et al., 2011; Calvier et al., 2017, 2019). PPARγ expression in hnPAECs was detected by gain- and loss-function assays to understand whether hypoxia-induced downregulation of PPARγ, at least partially, is associated with Dec1. As shown in Figure 6A, PPARγ was significantly downregulated by hypoxia but partially restored by Dec1 deletion. Under normoxia, the protein level of PPARγ was also decreased in Dec1-overexpressing hnPAECs compared with that in the corresponding control PAECs (Figure 6B), suggesting that PPARγ suppression was a direct result of Dec1 upregulation. These results confirmed that PPARγ expression is negatively regulated by Dec1 under hypoxia.
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FIGURE 6. Dec1 promotes the PAH phenotypes of PAECs by inhibition of PPARγ. (A) Human normal PAECs (hnPAECs) were transfected with Dec1 Sh-RNA (Sh-Dec1) or the scrambled control (Sh-Ctrl) plasmids and then treated with normoxia (21% O2) or hypoxia (3% O2) for 24 h. Protein levels of Dec1 and PPARγ were detected by Western blot in the indicated cells. (B) hnPAECs were transfected with Dec1 overexpression (Ov-Dec1) or the empty control (Ov-Ctrl) plasmids and treated with normoxia (21% O2) for 24 h. Protein levels of Dec1 and PPARγ were detected by western blot in the indicated cells. (C,D) Human normal PAECs (hnPAECs) were transfected with Ov-Ctrl, Ov-Dec1, Ov-Dec1 + Ov-Ctrl, and Ov-Dec1 + Ov-PPARγ plasmids and treated with normoxia (21% O2) for 24 h. Then these cells were assessed proliferation and apoptosis by immunofluorescence staining of Ki-67 (C, scale bars = 50 μm) and flow cytometry (D), respectively. In proliferation assay, Ki-67-positive cells (red) with nuclear DAPI counterstain (blue) indicated the proliferating cells. In apoptosis map, cells were divided into four subpopulations: necrotic cells (Q1: annexin V FITC–/PI+), late apoptotic cells (Q2: annexin V FITC+/PI+), live cells (Q3: annexin V FITC–/PI–), and early apoptotic cells (Q4: annexin V FITC+/PI–). One-way ANOVA test was applied for statistical analysis. Data are represented as mean ± SEM. Experiments were repeated for three independent times. ∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001.


The hnPAECs were co-transfected with Dec1 and PPARγ overexpressing vectors and treated under normoxia to further clarify whether Dec1 upregulation alone is responsible for the PAH phenotype of PAECs. PAECs transfected with empty vectors was as control (Ov-Ctrl PAECs). Compared with that in Ov-Ctrl PAECs, Dec1 overexpression significantly increased the proliferation rate (59.26 ± 4.77 vs. 25.13 ± 2.17, p < 0.01, Figure 6C) and decreased the apoptosis rate of hnPAECs (8.040 ± 0.08 vs. 32.88 ± 0.30, p < 0.001, Figure 6D) under hypoxia. Furthermore, the proliferation rate of hnPAECs with Dec1 overexpression (Ov-Dec1 + Ov-Ctrl) was higher than that of the hnPAECs with co-overexpression of Dec1 and PPARγ (Ov-Dec1 Ov- PPARγ, 47.63 ± 4.16 vs. 19.51 ± 4.39, p < 0.01, Figure 6C). However, the apoptosis rate of hnPAECs with Dec1 overexpression (Ov-Dec1 + Ov-Ctrl) was significantly lower than that of the hnPAECs with co-overexpression of Dec1 and PPARγ (14.40 ± 0.51 vs. 20.67 ± 0.72, p < 0.01, Figure 6D). These results indicated that the increased proliferation rate and the decreased apoptosis rate induced by Dec1 overexpression were at least partially attributed to PPARγ downregulation.



DISCUSSION

Hypoxia and hypoxia-related pathways contribute to the vascular remodeling of PAH, which is characterized by the phenotype conversions of endothelial proliferation and apoptosis. Under hypoxic environment, the hallmark of OSA, reprogram occurs for hypoxia-responsive genes causing the survival of hyper-proliferative and anti-apoptotic PAECs and the structural changes of PAs. Although the dysfunctions of PPARγ signaling are closely correlated with PAH progression (Hansmann et al., 2008; Alastalo et al., 2011; Gong et al., 2011; Calvier et al., 2017, 2019), the underlying mechanisms by which hypoxia-responsive genes dysregulate PPARγ to trigger the endothelial phenotypic conversions have remained elusive. In this study, bioinformatic analysis revealed that the Dec1-PPARγ axis was reprogrammed in PAH. Further evidence confirmed that Dec1 was the missing link among the hypoxic environment, PPARγ dysfunctions, and endothelial phenotypic abnormalities.

Despite the underlying mechanisms are not entirely understood, OSA has been well-known as an important risk factor for PAH, which is closely relevant to the hypoxia-induced PA remodeling. The hypoxia-associated genes were screened in the public PAH database to fully explore the role of hypoxic signaling in HPH. The first hint provided by our bioinformatic studies showed a possible connection between the Dec1-PPARγ axis and PAH. In view of the dysregulation of the Dec1-PPARγ axis in PAH database (Figures 1C,D), we asked whether this hypoxic signaling was also reprogrammed in HPH. It is well established that hypoxic reprogramming induced by HIF-1α initiates intracellular signaling cascades leading to vascular remodeling, such as Notch, NF-κB, AKT, and PPARγ signaling, which play critical roles in PAH (Gong et al., 2011). As expected, we observed an increased Dec1 expression and decreased PPARγ expression in plasma of the OSA patients with PAH compared with OSA patients without PAH. This change was in a negative correlation (Figure 1I), suggesting that hypoxic Dec1 would be involved in downregulating of PPARγ. To the best of our knowledge, this is the first study demonstrating a role of the Dec1-PPARγ axis in the pulmonary vasculature of HPH.

A close relationship was found between hypoxia and the insufficient PPARγ signaling in the pathogenesis of PAH, although the mechanism is still unclear. This concept is supported by that genetic mutations or stimuli of PPARγ regulates development of PAH both in vivo and in vitro (Hansmann et al., 2008; Gong et al., 2011; Calvier et al., 2017, 2019). Several studies observed the spontaneous PAH developing in mice with conditional deletion of PPARγ in PASMCs and PAECs (Hansmann et al., 2008; Guignabert et al., 2009). Other experiments demonstrated that activation of PPARγ ligands by rosiglitazone attenuated pulmonary hypertension via suppressing oxidative, insulin resistance, and proliferative signals in mouse models treated with chronic hypoxia or apoE knockout mice fed a high-fat diet (Crossno et al., 2007; Hansmann et al., 2007; Nisbet et al., 2010). More recent investigations tried to provide the possible mechanism of how hypoxia downregulated the PPARγ expression (Gong et al., 2011; Yao et al., 2021). For example, Kaizheng et al. showed that hypoxia-induced downregulation of PPARγ expression is TGF-β-dependent through increasing Smad2/3/4 and HDAC1 binding at the transcriptional level (Gong et al., 2011). In the present study, we found that insufficient PPARγ signaling is dependent on the induction of Dec1 under hypoxia. These findings are very appealing as it provides an initial insight into the mechanism of which genes with oxygen availability exert a major effect in hypoxic endothelial dysfunctions.

The effects and mechanisms of Dec1 on regulation of PPARγ have been elaborated (Figure 7; Cho et al., 2009; Park and Park, 2012; Noshiro et al., 2018). First, Dec1 occupies the specific region of PPARγ promoter and negatively regulates PPARγ expression by interacting with CCAAT/Enhancer Binding Protein β (C/EBPβ) (Park and Park, 2012). Second, as a transcriptional regulator, Dec1 directly binds to the E-boxes or Sp1 sites of the target genes, therefore suppressing and promoting their transcriptions, respectively (Kato et al., 2014). Dec1 transcriptionally represses RXRα, which is a crucial heterodimer partner of PPARγ, via binding to the E-boxes of RXRα promoter (Cho et al., 2009; Noshiro et al., 2018). Third, peroxisome proliferator-activated receptor-γ coactivator-1α (PGC-1α) is also a key regulator of oxidative metabolism and mitochondrial function in PAH and hypoxia-induced repression of PGC-1α plays a critical role in PAH development (Ye et al., 2016). Dec1 could also directly target the E-box of the PGC-1α core promoter and transcriptionally represses PGC-1α (Hsiao et al., 2009; LaGory et al., 2015). Consistent with these studies, we found that PPARγ expression was not only significantly downregulated by induction of Dec1 but also obviously upregulated via silencing of Dec1 in PAECs (Figures 6A,B). Notably, we found that hypoxia-induced downregulation of PPARγ could be restored by inhibition of Dec1 (Figure 6A), which indicated that Dec1 was essential for the PPARγ deficiency under hypoxia.
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FIGURE 7. Schema of the signaling pathways leading to disruption of Dec1-PPARγ axis in PAECs in response to hypoxia.


Although Dec1 is well known as an oncogene in tumors (Nakamura et al., 2008; Feige et al., 2011; Sato et al., 2016; Jia et al., 2018), the present study also adds to a growing body of molecular evidence linking Dec1 to hypoxia-associated diseases (Nishiyama et al., 2012; Wu et al., 2017; Huang et al., 2018; Nakashima et al., 2018; Le et al., 2019). For example, Hue et al. previously reported that Dec1 expression was significantly upregulated in human cardiac hypertrophy and myocardial infarction, while Dec1 deficiency suppressed cardiac perivascular fibrosis and attenuated expressions of p21, TGF-β1, pSmad3, and TNF-α in transverse aortic constriction treated mouse models (Le et al., 2019). Although the potential mechanism remained to be specified, this study provided key findings regarding Dec1 in transverse aortic constriction induced by hypoxia, inflammation, and fibrosis in cardiovascular diseases. In addition, Ayumu et al. demonstrated that Dec1-deficient mice showed decreased blood pressure in vivo, and mechanistically, Dec1 suppressed activity of the Na+/K+-ATPase by transcriptional repression of Atp1b1 (Prabhakar et al., 2020). It is worth noting that this study also provided indirect evidence that Dec1 might have an important impact on regulating the contraction of pulmonary artery vascular smooth muscle and led to PAH. Owing to the critical roles of hypoxia in blood pressure, it is likely that besides PAH, hypoxic Dec1 may be involved in hypoxic hypertension. Along with these findings, we described Dec1 upregulation to be a key mediator regulating proliferation and apoptosis of PAECs via inhibition of PPARγ under hypoxia conditions. All these findings provided therapeutic interest that hypoxia enhanced Dec1 signaling, which in turn induced genetic reprogramming and promoted development of cardiovascular diseases.

The balance of pro-apoptotic and anti-apoptotic factors regulates cell death and survival. The anti-apoptotic effect of Dec1 has been observed under various environmental stimuli in cell lines and animal models, specifically in the field of tumor (Seino et al., 2015; Li et al., 2016; Sato et al., 2016; Jia et al., 2018). However, the role of Dec1 in endothelial apoptosis under hypoxia is poorly understood. For the first time, this work revealed the anti-apoptotic role of Dec1 in hypoxic PAECs by negatively regulating PPARγ expression. Hypoxia reduced number of apoptotic PAECs, which was restored by Dec1 knockdown (Figure 5D). Emerging evidence suggested that the Bax/Bcl-2 ratio and cleaved caspase 3 expression contribute to cell viability to apoptotic stimuli. Changes in the Bax/Bcl-2 ratio and cleaved caspase 3 expression were found in Dec1-overexpressed or silenced PAECs (Figures 5E,F), indicating the crucial role of Dec1 in the apoptotic sensitivity of endothelial cells under hypoxia. A recent study also revealed that Dec1 transcriptionally upregulates Survivin, a family member of the “anti-apoptotic factors,” and facilitates the survival of gastric cancer cells under hypoxia (Jia et al., 2018). Xin et al. described Dec1 as a prosurvival factor because it upregulates clusterin, a cytoprotective protein that guards against genotoxic stresses to reduce DNA damage-induced apoptotic response (Ming et al., 2018). Therefore, Dec1 might be one of the key anti-apoptotic factors in hypoxic reprogramming during PAH development.

In addition to apoptosis resistance, the increased proliferation of vascular cells contributes to the progressive remodeling of pulmonary arteries and the formation of PAH (Kim et al., 2010). Recent evidence indicates that PPARγ dysfunction plays a crucial role in the excessive PASMC proliferation of hypoxic and other types of PAH (Ameshima et al., 2003; Kim et al., 2010; Xu et al., 2017), and further reveals the effect of PPARγ on anti-proliferation (Hansmann et al., 2008; Calvier et al., 2017, 2019). For instance, the TGF-β1-promoted VSMC proliferation is PPARγ dependent; on the one hand, PPARγ deletion activates TGF-β1 signaling, and on the other hand, TGF-β1 suppresses PPARγ by inducing miR-130a/301b (Calvier et al., 2017). However, the upstream mediators that downregulate PPARγ are yet to be defined. Hypoxia increases Dec1 (Wykoff et al., 2000) but decreases PPARγ (Kim et al., 2010), a transcriptional target of Dec1 (Park and Park, 2012). Therefore, Dec1-induced PPARγ repression might be important in HPH pathogenesis. As shown in Figures 2, 3, PPARγ expression was significantly decreased by Dec1 overexpression in PAH-PAECs and hypoxia-treated PAECs but was enhanced by Dec1 knockdown (Figures 6A,B). These data clarified the hypothesis that hypoxic Dec1 facilitates PAH by inhibiting PPARγ.

Hypoxia is a well-known trigger of vascular remodeling, and PPARγ deficiency is a crucial contributor in PAH development. This study presents the missing link between hypoxia-responsive genes and insufficient PPARγ signaling in PAH pathogenesis. The findings further reveal a causative role of Dec1-PPARγ axis in the imbalance of endothelial proliferation and apoptosis under hypoxia. From the clinical point of view, the Dec1-PPARγ axis might be a novel therapeutic strategy for PAH, especially in HPH.
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Heart failure caused by cardiac fibrosis has become a major challenge of public health worldwide. Cardiomyocyte programmed cell death (PCD) and activation of fibroblasts are crucial pathological features, both of which are associated with aberrant Ca2+ influx. Transient receptor potential cation channel subfamily M member 7 (TRPM7), the major Ca2+ permeable channel, plays a regulatory role in cardiac fibrosis. In this study, we sought to explore the mechanistic details for sacubitril, a component of sacubitril/valsartan, in treating cardiac fibrosis. We demonstrated that sacubitril/valsartan could effectively ameliorate cardiac dysfunction and reduce cardiac fibrosis induced by isoprotereno (ISO) in vivo. We further investigated the anti-fibrotic effect of sacubitril in fibroblasts. LBQ657, the metabolite of sacubitril, could significantly attenuate transforming growth factor-β 1 (TGF-β1) induced cardiac fibrosis by blocking TRPM7 channel, rather than suppressing its protein expression. In addition, LBQ657 reduced hypoxia-induced cardiomyocyte PCD via suppression of Ca2+ influx regulated by TRPM7. These findings suggested that sacubitril ameliorated cardiac fibrosis by acting on both fibroblasts and cardiomyocytes through inhibiting TRPM7 channel.
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INTRODUCTION

Heart failure (HF), as a secondary disease of various cardiovascular diseases (CVDs), is the leading cause of death worldwide. Its prevalence is projected to continuously increase, with aging of the population (Virani et al., 2021). The American Heart Association (AHA) data predicts that from 2012 to 2030, the prevalence of HF will increase by 46%, and the total percentage will increase from 2.42% in 2012 to 2.97% in 2030 (Virani et al., 2020). Current therapeutic strategies for patients mainly focus on stimulating contractility and reducing vasoconstriction (Burke et al., 2019). Cardiomyocyte loss through programmed cell death (PCD), including apoptosis, necrosis and autophagy-dependent cell death, play important roles in the pathogenesis of heart failure (Del Re and Amgalan, 2019). The progression of HF is commonly accompanied by development of cardiac fibrosis (von Lueder et al., 2015). Pathological stimuli such as oxidative stress and inflammation mediate the differentiation of cardiac fibroblasts (CFs) into myofibroblasts, which synthesize and deposit excessive extracellular matrix protein (ECM), initiating cardiac fibrosis (Tallquist, 2020; Wei et al., 2020). Fibrosis is a form of scarring that increases muscular tissue rigidity and decreases cardiac contractility. Currently, there is no effective treatment to block or reverse the development of fibrosis. The resulting abnormal cardiac conduction and stiffening of the ventricular walls severely damage the patients’ cardiac function, which may further cause abnormalities in other tissues and organs, and eventually death (Schimmel et al., 2020).

LCZ696 (sacubitril/valsartan) is recommended for the management of HF patients according to current guidelines (Yandrapalli et al., 2018). LCZ696 is the first-in-class Angiotensin Receptor Neprilysin Inhibitor (ARNi); it is a 1:1 combination of the angiotensin receptor blocker (ARB) valsartan and the neprilysin inhibitor (NEPi) prodrug sacubitril (Gu et al., 2010). Many experimental and clinical studies have suggested that the dual action of LCZ696 represents a major therapeutic advance in the management of HF (McMurray et al., 2014; Ishii et al., 2017; Yandrapalli et al., 2018; Burke et al., 2019). A potential direct anti-fibrotic role for valsartan has been established (von Lueder et al., 2015). NEPi sustains biologically active natriuretic peptides (NPs), that has been demonstrated to have beneficial effects on heart failure (Song et al., 2015). LBQ657 is a metabolite of sacubitril. It has the effect of inhibiting neprilysin, which degrades the natriuretic peptides and many other vasoactive peptides (Hubers and Brown, 2016). Effects of stand-alone LBQ657 on cardiac fibrosis have not been examined.

Ca2+ is a critical second messenger for the activation of cell signaling pathways involved in myocardial fibrosis and subsequent heart failure (Falcón et al., 2019). Abnormal endoplasmic reticulum and mitochondria cause intracellular free Ca2+ imbalance, which can trigger heart failure and atrial fibrillation, leading to morbidity and mortality of cardiac diseases (Dridi et al., 2020; Meyer and Doroudgar, 2020). Understanding the molecular basis of Ca2+-permeable channels is crucial for elucidating the mechanisms of abnormal cardiac function. Many studies have shown that transient receptor potential cation channel subfamily M (TRPM) channels participate in cardiac development and diseases (Wu et al., 2019; Simard and Magaud, 2020). TRPM member 7 (TRPM7) is a bifunctional protein with kinase structure and ion channel structure, which is responsible for Ca2+ influx (Yue et al., 2011; Duan et al., 2018). The important regulatory role of TRPM7 in cardiac hypertrophy, fibrosis and conduction disorders has been demonstrated sufficiently (Falcón et al., 2019). Our previous data confirmed that TRPM7 channel regulated hypoxia-induced myocardial fibrosis (Lu et al., 2017). Moreover, TRPM7 is broadly expressed and involved in many physiological and pathological processes such as cell proliferation and differentiation, cell death and transmembrane transport (Trapani and Wolf, 2020). Compelling evidences have demonstrated the pivotal roles of Ca2+ entry through TRPM7 in cardiac function and pathology (Du et al., 2010; Yu et al., 2014). Therefore, TRPM7 is becoming as a promising target to attenuate pathological cardiac fibrosis.

Herein reports direct evidence for anti-fibrotic function of sacubitril. We find sacubitril/valsartan has a better therapeutic effect on alleviating ISO-induced cardiac fibrosis and protecting against cardiac dysfunction in vivo, compared with valsartan alone. We further illustrate that LBQ657, the metabolite of sacubitril, ameliorates cardiac fibrosis through decreasing fibroblasts activation and reducing cardiomyocytes necrosis. The protective effect of LBQ657 against cardiac fibrosis is attributed to its impact on TRPM7-mediated Ca2+ entry by blocking TRPM7 channel. Taken together, the results of this study shed light on potential mechanism of sacubitril efficacy in heart fibrosis with reduced Ca2+ influx via acting on TRPM7 function.



MATERIALS AND METHODS


Animal Experiment and Histological Examination

All animal experiments were carried out in accordance with the Guidelines of Animals Experiments from Ethical Committee for Animal Research of China Pharmaceutical University. Adult male Sprague–Dawley (SD) rats (weight 220–250 g) were purchased from the Model Animal Research Center of Nanjing University. The rats were raised under pathogen-free conditions, under the 12 light-dark cycle, 25 ± 2°C condition and free to water and food. Isoprotereno (ISO) (Sigma-Aldrich, United States) was used for cardiac fibrosis modeling. The rats were randomized into control group, ISO group, ISO + valsartan group and ISO + sacubitril/valsartan group. Valsartan was purchased from Changzhou Siyao Pharm, China; and sacubitril/valsartan was purchased from Novatis Pharma, Schweiz AG. Rats in control group were subcutaneously injected with saline, while the other three groups were subcutaneously injected with ISO (7.5 mg/kg/day) for 14 days. From the 6th day to the 14th day, the rats in control group and ISO group were given saline by gavage (0.01 mL/g body weight), the rats in ISO + valsartan group were given valsartan by gavage (0.01 mL/g body weight, dissolved in 0.5% CMC-Na solution), and the rats in ISO + sacubitril/valsartan group were given sacubitril valsartan by gavage (0.01 mL/g body weight, dissolved in 0.5% CMC-Na solution). On the 15th day, rats were anesthetized with 2% isoflurane and kept on a 37°C heated platform. The chest hairs were removed using depilatory cream and acoustic coupling gel was applied to the thorax, then echocardiogram tests were performed using small animal ultrasound imaging system vevo3000 (VisualSonics, Canada). The cardiac function related indicators, including cardiac output, ejection fraction, fractional shortening, and stroke volume, were analyzed through the echocardiogram results. Then all rats were sacrificed and heart tissues were taken for follow-up analysis. The left ventricular apexes were resected and divided into two parts: one part was fixed in 10% formalin solution and then subjected to Masson trichrome staining to observe the histological changes, while the other part was frozen at −80°C for subsequent detection of mRNA and protein.



Cell Culture

Mouse embryonic fibroblast (MEF) and rat embryonic cardiomyocyte cell line H9C2 were cultured in DMEM (Gibco, United States) containing 10% FBS (Gibco, United States), 100 U/mL penicillin and 100 μg/mL streptomycin (Gibco, United States). Cells were digested with 0.25% trypsin-EDTA (Gibco, United States) and subcultured for subsequent experiments when grew to 90% confluence.



Small Interfering RNA Transfection

Si-TRPM7 and si-NC were synthesized by GenePharm (Shanghai, China). MEF were seeded in 12-well cell culture plate (NEST, China) and transfected with small interfering RNAs (siRNAs) using LipofectamineTM 3000 Transfection Reagent (ThermoFisher, United States) in serum-free Opti-MEM medium (Gibco, United States). The cells were transfected for 8 h and then cultured in DMEM containing 10% FBS, 100 U/mL penicillin and 100 μg/mL streptomycin. The sequences of si-TRPM7 are as following:


si-TRPM7 sense 5′-GCGCUUUCCUUAUCCUCUUTT-3′;

si-TRPM7 antisense 5′-AAGAGGAUAAGGAAAGCGCTT-3′.





Quantitative Reverse Transcription-Polymerase Chain Reaction

Total RNA of cells or tissues was extracted with Trizol (Invitrogen, United States) according to the manufacturer’s instructions, then reverse transcription was performed using a reverse transcription kit (Vazyme, China). The quantification of gene transcripts was performed by real-time PCR using SYBR Green PCR mix (Vazyme, China). All values were normalized to the level of 18S mRNA. The primers used were listed below:


18S sense CGAACGTCTGCCCTATCAACT;

18S antisense CAGACTTGCCCTCCAATGGATCCTCGTT;

Rat-Mmp9 sense CAGAGCGTTACTCGCTTGGA;

Rat-Mmp9 antisense GGTTGTGGAAACTCACACGC;

Mouse-Mmp9 sense GTCCAGACCAAGGGTACAGC;

Mouse-Mmp9 antisense ATACAGCGGGTACATGAGCG;

Rat-α-Sma sense ACCATCGGGAATGAACGCTT;

Rat-α-Sma antisense CTGTCAGCAATGCCTGGGTA;

Mouse-α-Sma sense AGCCATCTTTCATTGGGATGG;

Mouse-α-Sma antisense CCCCTGACAGGACGTTGTTA;

Rat-Trpm7 sense TGTTGCCGGATTGGTTACGA;

Rat-Trpm7 antisense CTCGTGGAGGTACAGGAACG.





Western Blot

Cell protein was extracted by sonication and tissue protein was extracted by grinding. After centrifugation at 12,000 rpm for 15 min, the supernatant was collected for subsequent western blot analysis. Protein samples were boiled for 5 min, electrophoresed in SDS polyacrylamide gel, and then transferred onto PVDF membranes (Bio-Rad, United States). The blots were blocked with 5% skimmed milk in Tris-buffered saline solution-Tween 0.1% (TBST) (Sigma-Aldrich, United States) for 2 h at room temperature and probed with primary antibodies overnight at 4°C. The blots were washed four times with TBST for 8 min each time and incubated for 1 h at room temperature with the HRP-conjugated secondary antibodies (dilution 1:10,000; Sigma-Aldrich, United States), then developed with chemiluminescence (Vazyme, China). MMP9 antibody (10375-2-AP) was purchased from Proteintech, China, dilution 1:1,000; α-SMA (ab32575) and MLKL (ab243142) antibodies were purchased from Abcam, United States, dilution 1:1,000; TRPM7 antibody (BM5443) was purchased from Boster, China, dilution 1:200; LC3B (3868S), caspase3 (14220S) and cleaved caspase3 (9664S) were purchased from Cell Signaling Technology, United States, dilution 1:1,000; RIPK1 (AF7877), RIPK3 (AF7942) and phospho-MLKL (Ser358) (AF7420) antibodies were purchased from Affinity, China, dilution 1:1,000. The densitometry of protein bands was quantified using ImageJ software. All values were normalized to the level of β-actin.



Molecular Docking of TRPM7 Ligands

The crystal structure of TRPM7 (PDB ID: 5ZX5) (Duan et al., 2018) was retrieved from the RCSB Protein Data Bank. The protein structure was prepared for Glide docking calculations using the Protein Preparation Wizard utility. Water molecules were removed and the structure was treated and prepared by employing a protein preparation panel in the Schrödinger enterprise to magnify H-bond interactions. Structures of investigated compound (NEPi and Diprotic acid ARB) were built recruiting MAESTRO (Friesner et al., 2004) build panel and subsequently energy minimization by LigPrep module employing the OPLS2005 forcefield. Ionizable compounds were converted to their most probable charged forms at pH 7.0 ± 2.0 and explicit hydrogen atoms were added. The grid file for TRPM7 was generated by the Glide Grid Generation wizard in Schrödinger determining the co-crystallized ligands as the center point. Van der Waals scaling factor of the non-polar atoms was adjusted to 1.0 to enhance flexibility. The other parameters were fixed as defaults. The top conformations of investigated compounds were ranked by the corresponding values of docking score.



Isolation of Neonatal Rat Cardiac Fibroblasts

Hearts from the neonatal rats (1–3 days) were rapidly removed and washed in D-hanks solution and minced into 1 mm3 pieces, then shake in 0.1% trypsin and 0.1% collagenase type II for several times to digest. The fully digested cell suspension was centrifuged and resuspended in Dulbecco’s modified eagle’s medium (DMEM) (Life Technologies, United States) containing 10% FBS, 100 U/mL penicillin and 100 μg/mL streptomycin, and incubated in a humidified atmosphere of 5% CO2 at 37°C for 2 h. After removing non-adhered cells, the attached cells were cultured and inherited, the second or third generations were used in our experiments.



Whole Cell Patch Clamp

The third passage of neonatal rat cardiac fibroblasts was used in our experiments. TRPM7-like current was recorded by whole cell patch clamp at room temperature. The pipette solution contained (in mM) CsCl 145, NaCl 8, HEPES 10, EGTA 10, and CsOH was used to adjust to pH7.2. The bath solution contained (in mM) NaCl 145, KCl 5, HEPES 10, glucose10 and CaCl2 2, and NaOH was used to adjust to pH7.4. With a holding potential at 0 mV, TRPM7 current was recorded under the voltage stimulation from −100 mV to + 120 mV in 400 ms.



Hypoxia Treatment Procedure

H9C2 were divided into normoxic group, hypoxia group, hypoxia + BAPTA-AM group and hypoxia + LBQ657 group. BAPTA-AM and LBQ657 were purchased from MedChemExpress, China and Sigma-Aldrich, United States, respectively. Cells were seeded in 6-well cell culture plate (NEST, China) at a density of 5 × 105 per well. 8 h later, cells were treated with BAPTA-AM or LBQ657 for 8 h and then moved to a hypoxia environment by incubating into three-gas incubator (93% N2, 5% CO2 and 2% O2) for 24 h to achieve, while the control groups were kept in normoxic incubator. All cell pellets were collected and total protein were extracted for western blot test.



Confocal Microscopy

H9C2 were loaded with the Ca2+ fluorescent dye, Fluo-4-AM (Invitrogen, United States) at 37°C for 1 h incubation, then washed by PBS solution and incubated at 37°C for 30 min. Cells were fixed by 4% paraformaldehyde and screened in 488 nm excitation light using Laser scanning confocal microscope LSM800 (Zeiss, Germany). The fluorescence ratio was analyzed using Image J software.



Statistical Analysis

Statistical analysis was performed using GraphPad Prism 6.0. The results were expressed as mean ± SD for experiments conducted at least in triplicates. Unpaired t test was used for comparison between two groups, and One-way ANOVA was used for three or more groups, and P < 0.05 was considered to be significantly different.



RESULTS


Sacubitril/Valsartan Effectively Protected Cardiac Function and Ameliorated Cardiac Fibrosis Induced by ISO in Rats

The rats were subcutaneous injected ISO to induce cardiac fibrosis and treated with normal saline, valsartan or sacubitril/valsartan, respectively (Figure 1A). Valsartan, a drug used for clinical treatment of heart failure, was used as positive control (Suematsu et al., 2016). The valsartan group and the sacubitril/valsartan group had lower heart weight to body weight ratio (Figure 1B). Echocardiogram showed that the cardiac output, ejection fraction, fractional shortening and stroke volume of ISO-induced rats were significantly increased after valsartan and sacubitril/valsartan treatment (Figures 1C,D). Especially, sacubitril/valsartan ameliorated stroke volume more efficiently than valsartan. Additionally, the valsartan group and the sacubitril/valsartan group had smaller area of fibrosis (Figure 1E) compared to non-treatment control group. These results indicate that sacubitril/valsartan effectively protected cardiac dysfunction in ISO-stimulated rats (P < 0.01 compared with control group).
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FIGURE 1. Sacubitril/valsartan effectively protected cardiac function and ameliorated cardiac fibrosis induced by ISO in rats. (A) The flow chart of the cardiac fibrosis model and drug treatment in animal experiment. (B) Heart to body weight ratio of rats in the control group, the ISO group, the valsartan group and the sacubitril/valsartan group. (C) On the 15th day of the experiment, the heart function of rats was measured by echocardiography. (D) Cardiac output, ejection fraction, fractional shortening and stroke volume were analyzed and calculated according to the results of echocardiography. (E) Masson trichrome staining of heart tissue sections of rats. Scale bar = 200 μm. (F) mRNA expression levels of Mmp9 and α-Sma in the left ventricular apexes of rats. (G) Protein levels of MMP9 and α-SMA in the left ventricular apexes of rats. The data presented are mean ± SD. n = 5/group. 18S RNA was used as the internal reference gene and β-actin was used as the internal reference protein for normalization and statistical analysis. ∗∗∗P < 0.001, ∗∗P < 0.01, and ∗P < 0.05.


Matrix metalloproteinase 9 (MMP9) is a biomarker associated with collagen degradation to cause heart failure (Zile et al., 2019). Alpha-smooth muscle actin (α-SMA) is an activation marker of fibrotic pathways in fibroblast differentiation (Jing et al., 2017). Accordingly, quantitative reverse transcription-polymerase chain reaction (qRT-PCR) was used to analyze the expression of these cardiac fibrosis related genes in the left ventricular apexes. We found that ISO induced a notable increase in Mmp9 and α-Sma mRNA expression levels, while sacubitril/valsartan or valsartan treatment diminished the effect (Figure 1F). The protein expression levels of MMP9 and α-SMA detected by western blotting analysis showed a similar trend (Figure 1G). Moreover, sacubitril/valsartan significantly decreased α-Sma mRNA expression compared with valsartan. Taken together, the above results suggest that sacubitril/valsartan effectively ameliorated ISO induced cardiac fibrosis and improved cardiac function in vivo, superior to valsartan therapy alone. This indicates a potential anti-fibrotic function of sacubitril.



LBQ657 Significantly Extenuated TGF-β1 Induced Cardiac Fibroblast Activation in vitro

Transforming growth factor-β 1 (TGF-β1) is considered as a typical stimulus to mediate the differentiation of cardiac fibroblasts into myofibroblasts to acquire a fibrotic phenotype (Porter and Turner, 2009). To further examine the effect of sacubitril on cardiac fibrosis, we used TGF-β1 (10 ng/mL) to stimulate MEF for 24 h to induce a profibrotic phenotype. LBQ657, the metabolite of sacubitril, was used to treat MEF cells at a concentration of 50 μM prior to TGF-β1 stimulation. We found both the mRNA and protein expression of MMP9 and α-SMA was dramatically up-regulated by TGF-β1 stimulation, but this was prevented by LBQ657 pre-treatment (P < 0.01 comparison with the TGF-β1 group), indicating LBQ657 potently inhibited fibroblast activation in vitro (Figures 2A,B).
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FIGURE 2. LBQ657 significantly extenuated TGF-β1 induced cardiac fibroblast activation in MEF. (A) mRNA expression of Mmp9 and α-Sma in control MEF, MEF treated with TGF-β1 and MEF treated with LBQ657 + TGF-β1. (B) Protein levels of MMP9 and α-SMA in the rats. (C) The efficiency of the siRNA used to reduce the mRNA expression of TRPM7 in MEF. (D) mRNA expression of Trpm7, Mmp9 and α-Sma in MEF treated with TGF-β1, MEF transfected with si-TRPM7 and treated with TGF-β1, MEF treated with LBQ657 + TGF-β1. (E) Protein levels of TRPM7, MMP9 and α-SMA in the rats. The data presented are mean ± SD. Each group contained the results of three independent repeated trials. 18S RNA was used as the internal reference gene and β-actin was used as the internal reference protein for normalization and statistical analysis. ∗∗∗∗P < 0.0001, ∗∗∗P < 0.001, and ∗∗P < 0.01.


Because the previous reports suggested a close relationship between TRPM7 and cardiac fibrosis (Du et al., 2010; Wei et al., 2020), we further investigated the changes of TRPM7 expression in TGF-β1 induced cardiac fibrosis. We designed and selected a pair of TRPM7 siRNA with the best interference effect for follow-up experiments. The TRPM7 mRNA levels were reduced by 74% (Figure 2C). MEF were subjected to si-TRPM7 transfection and LBQ657 (50 μM) treatment, respectively, before TGF-β1 stimulation. The qRT-PCR and western blotting analysis indicated that si-TRPM7 suppressed the expression of TRPM7, but LBQ657 pre-treatment did not show discernible effects on TRPM7 protein expression in TGF-β1 treated MEF (Figures 2E,F). Meanwhile, both si-TRPM7 and LBQ657 reduced the expression of MMP9 and α-SMA induced by TGF-β1 (Figures 2D,E). These results suggest that LBQ657 attenuated TGF-β1-induced cardiac fibroblast activation without reducing the expression levels of TRPM7.



LBQ657 Protected Against Fibrosis by Blocking TRPM7 Channel

The inhibition of cardiac fibroblast activation by LBQ657 was not associated with reduced TRPM7 mRNA and protein levels, ruling out the possibility that LBQ657 functions by regulating TRPM7 channel current. Molecular docking was used to determine the interaction between TRPM7 (PDB ID: 5ZX5) and sacubitril/valsartan. Compound NEPi and Diprotic acid ARB of sacubitril/valsartan docked to the active site of TRPM7 with a free energy of −6.20 kcal/mol and −10.12 kcal/mol, respectively. This indicated that both sacubitril and valsartan docked to TRPM7 protein. The docking structure suggested that LBQ657, as the NEPi, occupied a similar position in TRPM7 compared with natural cholesterol hemisuccinateon ligand (Figure 3A).
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FIGURE 3. LBQ657 protected against fibrosis by blocking TRPM7 channel. (A) The virtual binding mode of NEPi and natural cholesterol hemisuccinateon ligand (as control) on TRPM7. NEPi (red) and cholesterol hemisuccinate (gray) are shown as a stick model. (B) Current amplitude of TRPM7-like current recorded in neonatal rat cardiac fibroblasts in control cell (black), LBQ657-10 μM treated cell (blue) and LBQ657-50 μM treated cell (red). (C) mRNA expression of Mmp9 and α-Sma in MEF treated with TGF-β1, MEF treated with 2-APB + TGF-β1, and MEF treated with LBQ657 + TGF-β1. (D) Protein levels of MMP9 and α-SMA in the rats. The data presented are mean ± SD. Each group contained the results of three independent repeated trials. 18S RNA was used as the internal reference gene and β-actin was used as the internal reference protein for normalization and statistical analysis. ∗∗∗∗P < 0.0001, ∗∗∗P < 0.001, and ∗∗P < 0.01.


Aimed to validate the blocking of TRPM7 channel by LBQ657, TRPM7-like current was recorded by whole cell patch-clamp in neonatal rat cardiac fibroblasts. We observed that the current of TRPM7 channel was decreased by LBQ657 treatment in a clear dose-dependent manner (Figure 3B), strongly implying its direct influence on the channel function. And then we used 2-aminoethoxydiphenyl borate (2-APB), an inhibitor of TRPM7 channel, as a positive control to explore the anti-fibrotic effect of LBQ657 (Chokshi et al., 2012). As shown in Figures 3C,D, 2-APB (100 μM) indeed caused dramatic reduction of the MMP9 and α-SMA expression by ∼50%, so did LBQ657, in TGF-β1 stimulated MEF cells. We concluded from this set of experiments that the LBQ657 extenuated cardiac fibroblast activation through inhibiting the function of TRPM7 channel, rather than suppressing the expression of TRPM7.



LBQ657 Reduced Hypoxia-Induced Necrosis by Inhibiting TRPM7-Mediated Ca2+ Influx in Cardiomyocytes

The causal importance of hypoxia in cardiac fibrosis has been strongly supported by literature. Hypoxia occurs in myocardial infarction and causes large-scale loss of cardiomyocytes, which is the most common trigger of cardiac fibrosis. Cardiomyocyte death induces inflammatory responses, promoting the activation of fibroblasts into myofibroblasts, leading to cardiac fibrosis (Kong et al., 2014; Kumar and Choi, 2015). TRPM7 channel is mainly concentrated in myocardium during embryonic development and is indispensable for cardiac automaticity of cardiomyocytes (Sah et al., 2013). Therefore, we detected that TRPM7 was abundantly expressed in cardiomyocytes, approximately 1.5-fold greater than that in fibroblasts (Figure 4A). And then we measured the intracellular calcium concentration in H9C2 under hypoxia stimulation. The Figure 4B showed that Ca2+ influx was dramatically increased by hypoxia, but significantly deceased after LBQ657 treatment. These results demonstrated that LBQ657 inhibited Ca2+ entry though TRPM7 channel in cardiomyocytes.


[image: image]

FIGURE 4. LBQ657 reduced hypoxia-induced necrosis by inhibiting TRPM7-mediated Ca2+ influx in cardiomyocytes. (A) Comparison of TRPM7 protein levels in MEF and H9C2 cells. (B) Fluorescence intensity of Fluo-4-AM fluorescent dye in 488 nm excitation light of normoxic H9C2, hypoxic H9C2 and hypoxic H9C2 pre-treated with LBQ657. (C) Protein levels of caspase3, cleaved caspase3, LC3B-I and LC3B-II in hypoxic H9C2 and hypoxic H9C2 pre-treated with LBQ657. (D) Protein levels of RIPK1/RIPK3/MLKL/p-MLKL in hypoxic H9C2 and hypoxic H9C2 pre-treated with LBQ657. (E) Protein levels of RIPK1/RIPK3/MLKL/p-MLKL in normoxic H9C2 and normoxic H9C2 treated with LBQ657. (F) Protein levels of RIPK1/RIPK3/MLKL/p-MLKL in hypoxic H9C2 and hypoxic H9C2 pre-treated with BAPTA-AM. The data presented are mean ± SD. Each group contained the results of three independent repeated trials. β-actin was used as the internal reference protein for normalization and statistical analysis. ∗∗∗∗P < 0.0001, ∗∗∗P < 0.001, ∗∗P < 0.01, and ∗P < 0.05.


While some studies had previously shown that activation of TRPM7 channels and produced Ca2+ overload significantly contributes to cell death (Wei et al., 2007; Cai et al., 2014), it was still to be determined whether LBQ657 attenuates cardiomyocyte PCD by TRPM7 mediated Ca2+ influx. We first studied the effect of LBQ657 on hypoxia-induced cardiomyocyte PCD. As shown in Figure 4C, there were no significant changes on the protein expression level of caspase3, cleaved caspase3, LC3B-I and LC3B-II in hypoxia-stimulated H9C2 pre-treated with LBQ657, suggesting that LBQ657 was incapable of regulating cardiomyocyte apoptosis or autophagy in hypoxic environment. The investigation of cell necrosis related proteins RIPK1/RIPK3/MLKL/p-MLKL expression in hypoxia-induced H9C2 under LBQ657 pre-treatment indicated the expression level of detected proteins declined to 70% or less compared with that in the hypoxia group (Figure 4D). We further found LBQ657 did not cause obvious changes in the expression level of RIPK1/RIPK3/MLKL/p-MLKL in normoxia cardiomyocytes (Figure 4E). Next, BAPTA-AM (5 μM) was used to chelate the intracellular calcium and caused down-regulated expression of RIPK1/RIPK3 in hypoxia-treated cardiomyocytes, but MLKL and p-MLKL protein expression were not notably altered (Figure 4F). These results suggested that the reduction of cardiomyocyte necrosis was closely associated with calcium influx. The cardiomyocyte necrosis was significantly reduced accompanied with decrease of TRPM7-mediated Ca2+ influx. Based on the above results, we conclude that LBQ657 could ameliorated cardiomyocyte necrosis induced by hypoxia via inhibiting TRPM7-mediated Ca2+ influx.



DISCUSSION

As one of the leading causes of deaths, HF places a tremendous burden to the healthcare systems of countries worldwide. LCZ696 (sacubitril/valsartan) represents a promising therapeutic drug in the treatment of CVD, particularly HF. LCZ696 can reduce cardiac fibrosis and hypertrophy to lower the risk of cardiovascular events in HF and attenuate cardiac remodeling and dysfunction after myocardial infarction (MI) (von Lueder et al., 2015; Ishii et al., 2017). In addition, LCZ696 reduces fibrosis and inflammation in chronic kidney disease (Jing et al., 2017), ameliorates cardiac function in diabetic mice (Suematsu et al., 2016), and improves clinical prognosis in patients with heart failure with reduced ejection fraction (HFrEF) (Cunningham et al., 2020). Since its development and commercialization, many studies have assessed its pathophysiological effects, as well as pharmacokinetics and pharmacodynamics (Ayalasomayajula et al., 2017; Hsiao et al., 2018; Zile et al., 2019). However, relatively few studies have deciphered the underlying mechanism involved in its anti-fibrotic effect. Our present study has shown that LBQ657 (active form of sacubitril) protected against cardiac fibrosis, probably due to the suppression of TRPM7 function in both cardiac fibroblasts and cardiomyocytes (Figure 5).
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FIGURE 5. Schematic showing that sacubitril ameliorates cardiac fibrosis through inhibiting TRPM7-mediated Ca2+ influx in cardiac fibroblasts and cardiomyocytes. This study demonstrated that sacubitril metabolite LBQ657 could relieve the fibrotic response of fibroblasts and reduce cardiomyocyte PCD by blocking TRPM7 channel, thereby ameliorating cardiac fibrosis.


Published reports have shown that valsartan, the angiotensin receptor blocker component of LCZ696, inhibited the renin-angiotensin-aldosterone system to exert anti-fibrotic function (Lin et al., 2016). In addition, accumulating evidence also suggested that LCZ696 was more effective than valsartan alone in inhibiting fibrosis (Suematsu et al., 2016; Jing et al., 2017). However, the mechanism of anti-fibrosis by LBQ657, the neprilysin inhibitor component of LCZ696, is elusive. von Lueder et al. (2015) suggested that LBQ657 inhibited post-MI hypertrophy but not fibrosis. While Yandrapalli et al. (2017) revealed that augmenting the NPS inhibited the progression of HF. In this study, the anti-fibrotic effect of LBQ657 leads to the attenuation of ISO-dependent fibrosis, the inhibition of TGF-β1-induced fibroblast activation, and reduction of hypoxia-induced cardiomyocyte PCD. Based on above observations, we speculate that LBQ657 synergizes with valsartan in inhibiting cardiac fibrosis.

The “chanzyme” TRPM7 contains both an ion channel and an α-kinase, which might be the molecular basis of the major divalent cation permeable channel in cardiac function and pathology (Falcón et al., 2019). In human atrial fibrillation, Ca2+ entry through TRPM7 channel plays a pivotal role in TGF-β1-elicited fibrogenesis in atrial fibroblasts (Du et al., 2010). While former attention was made to the altered expression of TRPM7 and the development of cardiac fibrosis (Xu et al., 2015), our current study indicated that LBQ657 administration improved cardiac function and attenuated the molecular markers (MMP9 and α-SMA) of fibrosis in fibroblasts by suppressing TRPM7 channel Ca2+ influx rather than by decreasing TRPM7 mRNA and protein levels. Ca2+ permeation may also account for the mechanism of TRPM7’s action in cardiac dysfunction.

The term programmed cell death is applied broadly to refer to a number of cell death programs, including apoptosis, regulated necrosis, ferroptosis, pyroptosis, parthanatos, entotic cell death, lysosome-dependent cell death, autophagy-dependent cell death, and immunogenic cell death (Del Re and Amgalan, 2019; Bedoui et al., 2020; Khan et al., 2021). Autophagy is a process of cellular self-degradation for keeping the intracellular homeostasis (Bhardwaj et al., 2020). Although increased autophagy protects against various pathological factors in cardiomyocytes, the mistakenly degradation of essential cellular components by excessive autophagy exacerbates myocardial injury (Luo et al., 2021). Apoptosis is an intrinsic cell death program caused by diverse factors. There is a significant association between improved cardiac function and prevention of cardiomyocyte apoptosis in human HF (Li et al., 2021). The role for regulated forms of cardiomyocyte necrosis is critical in both myocardial infarction and heart failure. Cardiac Ca2+ overload has been proved to induce cardiomyocyte necrosis, heart failure, and premature death (Del Re and Amgalan, 2019). Previously, a systems biology approach has revealed that sacubitril attenuated cardiomyocyte cell death by inhibiting PTEN (Iborra-Egea et al., 2017). TRPM7-mediated Ca2+ influx was identified as a crucial mechanism of tumor necrosis factor (TNF)-induced necroptosis (Cai et al., 2014) and neuronal death during transient brain ischemia (Wei et al., 2007). Indeed, we show here that regulation of TRPM7-mediated Ca2+ influx by LBQ657 contributed to the reduction of hypoxia-induced cardiomyocyte necrosis, rather than apoptosis or autophagy. The protective effect of LBQ657 against cardiovascular fibrosis is demonstrated to be achieved at least partially through Ca2+-sensitive PCD.

Taken together, our study sheds a new light in understanding the mechanisms by which sacubitril attenuates cardiac fibrosis, and has important guiding significance for clinical treatment. LBQ657, an active metabolite of sacubitril, inhibits cardiac fibrosis by acting on both cardiac fibroblasts and cardiomyocytes; and TRPM7 channel is the target of LBQ657 in these cells. As a major advance in the treatment of CVDs, sacubitril/valsartan should be evaluated as a direct anti-fibrotic therapy, better than valsartan. Importantly, our work identifies LBQ657 is a pharmacological compound that inhibits the TRPM7 channel function for the first time. This will open a door to develop LBQ657 as a new modulator to unravel TRPM7 channel vs. kinase function in cellular physiology and pathophysiology, and as a new therapy for various cardiovascular diseases.
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GSDMD Mediates LPS-Induced Septic Myocardial Dysfunction by Regulating ROS-dependent NLRP3 Inflammasome Activation
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Myocardial dysfunction is a serious consequence of sepsis and contributes to high mortality. Currently, the molecular mechanism of myocardial dysfunction induced by sepsis remains unclear. In the present study, we investigated the role of gasdermin D (GSDMD) in cardiac dysfunction in septic mice and the underlying mechanism. C57BL/6 wild-type (WT) mice and age-matched Gsdmd-knockout (Gsdmd-/-) mice were intraperitoneally injected with lipopolysaccharide (LPS) (10 mg/kg) to mimic sepsis. The results showed that GSDMD-NT, the functional fragment of GSDMD, was upregulated in the heart tissue of septic WT mice induced by LPS, which was accompanied by decreased cardiac function and myocardial injury, as shown by decreased ejection fraction (EF) and fractional shortening (FS) and increased cardiac troponin I (cTnI), creatine kinase isoenzymes MB (CK-MB), and lactate dehydrogenase (LDH). Gsdmd-/- mice exhibited protection against LPS-induced myocardial dysfunction and had a higher survival rate. Gsdmd deficiency attenuated LPS-induced myocardial injury and cell death. Gsdmd deficiency prevented LPS-induced the increase of interleukin-1β (IL-1β) and tumor necrosis factor-α (TNF-α) in serum, as well as IL-1β and TNF-α mRNA levels in myocardium. In addition, LPS-mediated inflammatory cell infiltration into the myocardium was ameliorated and activation of NF-κB signaling pathway and the NOD-like receptor protein 3 (NLPR3) inflammasome were suppressed in Gsdmd-/- mice. Further research showed that in the myocardium of LPS-induced septic mice, GSDMD-NT enrichment in mitochondria led to mitochondrial dysfunction and reactive oxygen species (ROS) overproduction, which further regulated the activation of the NLRP3 inflammasome. In summary, our data suggest that GSDMD plays a vital role in the pathophysiology of LPS-induced myocardial dysfunction and may be a crucial target for the prevention and treatment of sepsis-induced myocardial dysfunction.
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INTRODUCTION
Myocardial dysfunction is a serious complication of sepsis. It has been reported that 20–60% of patients with sepsis develop myocardial dysfunction (Charpentier et al., 2004; Vieillard-Baron et al., 2008). Patients exhibiting cardiac dysfunction have high mortality rates (Jeong et al., 2018). However, the molecular mechanisms of septic myocardial dysfunction remain unclear, and treatment for the disease is mainly supportive without any particularly effective therapies.
Currently, multiple mechanisms are thought to be participated in the pathogenesis of myocardial dysfunction in sepsis, including persistent inflammatory response, mitochondrial dysfunction, oxidative stress injury, autonomic nervous system dysregulation, and apoptosis (Cimolai et al., 2015; Essandoh et al., 2015; Neri et al., 2016). Among these mechanisms, excessive inflammation is an important one. During the inflammatory response, lots of inflammatory cytokines are produced. Tumor necrosis factor-α (TNF-α) and Interleukin-1β (IL-1β) are primary players in the hierarchy of proinflammatory mediator cascades (Loppnow et al., 1998). These inflammatory cytokines disturb energy metabolism, destroy β-adrenergic signaling, stimulate excess production of nitric oxide, and imbalance calcium homeostasis, leading to myocardial dysfunction (Zhong et al., 1997; Rudiger & Singer, 2007; Alves-Filho et al., 2008; de Montmollin et al., 2009; Smeding et al., 2012; Drosatos et al., 2015).
Pyroptosis is a type of death associated with inflammation, which can defense against microbial infection and induce excessive inflammatory response (Miao et al., 2010; Aachoui et al., 2013; Liang et al., 2016). Accumulating evidence has suggested that pyroptosis is involved in the pathophysiology of sepsis and cardiovascular diseases (Jia et al., 2019; Li et al., 2019). Gasdermin D (GSDMD) has been considered to be the critical mediator of pyroptosis (Kayagaki et al., 2015; Shi et al., 2015). In a stable state, GSDMD exists in an inactive form. When specific danger signals occur, GSDMD is cleaved into an N-terminal fragment (GSDMD-NT) and a C-terminal fragment (GSDMD-CT) (Agard et al., 2010). GSDMD-NT gradually transfers to the cell membrane and oligomerizes to form pores, destroying the integrity of the cell membrane and inducing cellular injury and inflammatory cytokine release (Ding et al., 2016). It has been reported that Gsdmd−/− mice are resistant to lethal doses of lipopolysaccharide (LPS) in animal models, and inflammatory and IL-Iβ secretion are inhibited in bone marrow-derived macrophages from Gsdmd−/− mice after LPS stimulation (Kayagaki et al., 2015). Chemical inhibition of GSDMD could reduce cellular injury and improve survival in septic mice (Rathkey et al., 2018). Evidence also demonstrates that GSDMD-mediated pyroptosis is involved in sepsis-associated acute kidney injury (AKI) and lung injury (Cheng et al., 2017; Ye Z. et al., 2019). However, the role of GSDMD in sepsis-induced cardiac dysfunction remains unknown. Therefore, in the present study, we investigated the effect of GSDMD in LPS-induced cardiac dysfunction and the underlying mechanisms, aiming to find a feasible target for the treatment of sepsis-induced myocardial dysfunction.
MATERIALS AND METHODS
Animals
All experimental procedures were approved by the Laboratory Animal Ethics Committee and Laboratory Animal Centre of Wenzhou Medical University (No. wydw 2019–0477). Male Gsdmd-knockout (Gsdmd −/−) mice and age- and weight-matched C57BL/6 mice, 8 weeks old (22 ± 2 g), were obtained from GemPharmatech Co., Ltd. The animals were housed in the Animal Center of Wenzhou Medical University under temperature-controlled (25°C) and specific pathogen-free conditions. Mice had free access to water and food. A sepsis-induced myocardial dysfunction mouse model was established by intraperitoneal injection of LPS (10 mg/kg, from Escherichia coli O111:B4, Sigma-Aldrich). Mice in the control group received an equal volume of sterile saline. The 12 h time point for LPS treatment was chosen for the experiment based on the results that cardiac function and myocardial injury were most serious, accompanied by increased expression of GSDMD-NT in heart tissue induced by LPS at 12 h. Mice were randomly divided into four groups after adaptation to the environment: the wild-type (WT) control group, Gsdmd-/- control group, WT mice subjected to intraperitoneal LPS injection (WT-LPS group), and Gsdmd-/- mice subjected to intraperitoneal LPS injection (Gsdmd−/−-LPS group). Each group included eight mice (n = 8). After 12 h, cardiac function was detected. Then mice were sacrificed, and serum and heart tissues were collected.
For survival analysis, Gsdmd −/− mice and WT mice (n = 10) were intraperitoneally injected with LPS to mimic septic myocardial dysfunction. After LPS administration, Mice were observed for 7 days and the survival rate was calculated based on the surviving mice number.
Echocardiography
The cardiac function of mice was measured by a preclinical ultrasound system (Vevo 3100, FUJIFILM Visual Sonics, Canada) after anesthetization with inhaled isoflurane. The left ventricular end systolic inner diameter (LVIDS) and left ventricular end diastolic inner diameter (LVIDD) were measured from the M-mode view. Then, ejection fraction (EF) and fractional shortening (FS) were calculated and analyzed.
Serum Biochemical Analysis
Serum samples from each group were carefully collected and stored at −80°C for subsequent analyses. The serum levels of cardiac troponin I (cTnI) (Xitang Biotechnology, Shanghai, China), creatine kinase isoenzyme MB (CK-MB) (Jiancheng Bioengineering Institute, Nanjing, China), and lactate dehydrogenase (LDH) (BC0685, Solarbio, Beijing, China) were tested by using commercial kits according to the manufacturer’s instructions.
Cell Culture and Treatments
H9c2 cardiomyocytes were purchased from the Shanghai Institute of Biochemistry and Cell Biology (Shanghai, China). Primary cardiomyocytes were isolated from the left ventricle of neonatal Sprague-Dawley (SD) rats as described previously (Ye B. et al., 2019). Cardiomyocytes were cultured in Dulbecco’s modified Eagle’s medium (DMEM, Thermo Fisher Scientific, United States) consisting of 10% fetal bovine serum (FBS, Thermo Fisher Scientific) and 1% penicillin-streptomycin (Thermo Fisher Scientific), and were maintained in a humidified environment with 5% CO2 at 37°C. After achieving 80∼90% confluence, cardiomyocytes were treated with LPS (10 μg/ml) for 6 h for priming (Zhang W. et al., 2017; Li et al., 2019), followed by nigericin (10 μM) for 1 h to establish the myocardial injury model. Cells in the control group were incubated with the same amounts of corresponding solvents.
In order to explore the role of GSDMD, Gsdmd gene silencing in cell was achieved by transfecting cells with small interfering RNA (siRNA) (5′- GTC​AAG​TCT​AGG​CCA​GAA​A -3′ for Gsdmd) using Lipofectamine 2000 (Invitrogen, Carlsbad, California). After 6 h, the medium was replaced with fresh DMEM containing 10% FBS, and the cells were incubated for 36 h. The effect of knockdown was verified by Western blotting. To confirm the role of the NOD-like receptor protein 3 (NLRP3) inflammasome, cells were treated with NLRP3 inhibitor (MCC950, Selleck Chemicals, Houston, TX) or caspase-1 inhibitor (Belnacasan, VX-765, Selleck Chemicals) or reactive oxygen species (ROS) scavenger, N-acetyl-L-cysteine (NAC) (Beyotime, Shanghai, China) for 1 h before LPS and nigericin treatment to mimic myocardial injury.
Cell Viability Assay
After various treatments, cell viability and death were detected by using the cell counting kit (CCK-8) (C0038, Beyotime, Shanghai, China) and LDH cytotoxicity assay kit (C0016, Beyotime, Shanghai, China) according to the specifications provided by the manufacturer.
Real-Time Quantitative Polymerase Chain Reaction
Total RNA was isolated from heart tissue using TRIzol reagent (Thermo Fisher Scientific) and reverse transcribed to cDNA by PrimeScript RT reagent kits (Thermo Fisher Scientific) according to the manufacturer’s instructions. Quantitative PCR was run in an Applied Biosystems 7,300 system (United States) machine using SYBR Green reagent kits (TaKaRa, Tokyo, Japan). Relative mRNA expression of the target genes was normalized to β-actin, and data were analyzed based on the ΔΔCt method. The primers are presented in Table 1.
TABLE 1 | Primers for reverse transcription-quantitative polymerase chain reaction.
[image: Table 1]Western Blot Analysis
Proteins extracted from heart tissue and cardiomyocytes. Protein concentration was detected by the BCA Protein assay kit (PC0020, Solarbio, Beijing, China). Equal amounts of protein were added and separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to a PVDF membrane. The membranes were then blocked with 5% fat-free milk solution at room temperature for 1 h. Then, the membranes were incubated with primary antibodies against GSDMD (1:1,000, ab219800, Abcam), NLRP3 (1:1,000, ab263899, Abcam), caspase-1 (1:200, sc-56036, Santa Cruz Biotechnology), NF-κB P65 (1:1,000, #8242, Cell Signaling Technology), phosphorylated P65 (p-P65) (1:1,000, #3033, Cell Signaling Technology) and GAPDH (1:1,000, #5174, Cell Signaling Technology) at 4°C overnight, followed by secondary antibody for 1 h at room temperature. After washing three times, enhanced chemiluminescence (ECL) reagent was added to the membrane. The signal was detected using an ECL system.
Histological Analysis
Heart tissue was immobilized in 4% paraformaldehyde at room temperature for 24 h. After embedded in paraffin, heart samples were cut into 5 μm sections. Subsequently, the slices were stained with hematoxylin and eosin (HE) (G1120, Solarbio, Beijing, China) according to the manufacturer’s specifications. The slices prepared for immunohistochemistry were deparaffinized and rehydrated, incubated in citrate buffer (0.01 M, pH 6.0) in a pressure cooker for 10 min after water boiling, and then cooled to room temperature for antigen retrieval. Subsequently, the slices were incubated with 3% hydrogen peroxide for 10 min and blocked with 5% bovine serum albumin (BSA) (A8020, Solarbio, Beijing, China) for 30 min at room temperature. After that, sections were incubated with anti-CD68-antibody (1:50, ab955, Abcam) at 4°C overnight, followed by secondary antibody for 1 h at room temperature. Finally, the sections were treated with diaminobenzidine for histochemical visualization. Images were observed under a microscope (Olympus Corporation, Tokyo, Japan).
TdT-Mediated DUTP Nick End Labeling Assay
Cell death in heart sections was assessed by the TUNEL assay (Roche, Indianapolis, IN) according to the manufacturer’s instructions. Positive staining was measured by a microscopy (Olympus Corporation, Tokyo, Japan).
Myeloperoxidase Activity Analysis
Heart tissues were homogenized and centrifuged, and the supernatant was collected. MPO activity was evaluated using a commercial kit (Jiancheng Bioengineering Institute, Nanjing, China) according to the instructions of the manufacturer.
Enzyme-Linked Immunosorbent Assay
The levels of IL-1β in serum and cell supernatants, as well as TNF-α in serum, were detected by using ELISA kits (Xitang Biotechnology, Shanghai, China) after various treatments, according to the instructions provided by the manufacturer.
Mitochondrial Membrane Potential Detection
MMP of cardiomyocytes was evaluated by the JC-1 fluorescence probe kit (C2006, Beyotime, Shanghai, China) according to the instructions of the manufacturer. Briefly, after the various treatments, cells were incubated with JC-1 (10 μg/ml) for 20 min at 37°C. Fluorescence was observed under a fluorescence microscope (Olympus Corporation, Tokyo, Japan). At high MMP, JC-1 accumulated in the mitochondrial matrix, forming polymers (J-aggregates), which yielded a red fluorescent light. At low MMP, JC-1 was unable to aggregate in the mitochondrial matrix, appearing as a monomer form. These monomers emitted a green fluorescent light. The change in fluorescence emission from red to green, indicating MMP depolarization.
Adenosine Triphosphate Determination
Cells were lysed and centrifuged at 12,000 g for 5 min after various treatments. And the supernatants were collected to detect ATP level using an ATP assay kit (S0026, Beyotime, Shanghai, China) according the instructions provided by the manufacturer.
Reactive Oxygen Species Activity Measurement
The intracellular level of ROS was measured by a dichloro-dihydro-luorescein diacetate (DCFH-DA) assay kit (S0033S, Beyotime, Shanghai, China). Cardiomyocytes were treated with DCFH-DA in the dark for 20 min at 37°C. After washing three times, images were examined using a fluorescence microscope (Olympus Corporation, Tokyo, Japan).
Malondialdehyde Concentration and Superoxide Dismutase Activity Detection
Heart tissues were homogenized and centrifuged, and the supernatant was collected. The corresponding kits (S0131S and S0103, Beyotime, Shanghai, China) were used to detect the concentration of MDA and activity of SOD, according to the instructions of the manufacturer.
Statistical Analysis
All experiments were randomized and blinded. Data were shown as the mean ± standard deviation (SD) from three independent experiments. SPSS 21.0 software was used to analyze the data. The comparisons among different groups were analyzed by one-way analysis of variance (ANOVA) followed by the LSD test. p < 0.05 was considered statistically significant.
RESULTS
Gasdermin D N-Terminal Was Upregulated in the Heart Tissue of Septic Mice Induced by Lipopolysaccharide
A sepsis-induced myocardial dysfunction mouse model was established by intraperitoneal injection of LPS. Transthoracic echocardiography and myocardial injury biomarkers cTnI, CK-MB and LDH were evaluated to assess cardiac dysfunction and myocardial injury. The results showed that cardiac function was significantly decreased by LPS, as shown by decreased EF and FS, especially at 12 h (Figures 1A–C). The concentrations of cTnI, CK-MB and LDH were significantly increased in the mice following LPS treatment compared with the control group (Figures 1D–F). In addition, HE staining showed that myocardial cells were swollen, myocardial fibers were irregularly arranged, and some myocardial fibers were broken and dissolved as LPS processing time was prolonged (Figure 1G). Meanwhile, the protein expression of GSDMD and its functional fragment GSDMD-NT in heart tissue were detected. The results exhibited that GSDMD-NT was markedly increased in the myocardium after treatment with LPS (Figure 1H). These findings indicate that GSDMD plays a role in septic myocardial dysfunction induced by LPS.
[image: Figure 1]FIGURE 1 | GSDMD-NT was upregulated in the heart tissue of septic mice induced by LPS. (A) Representative echocardiography of mice from each group. (B, C) Myocardial function parameters, ejection fraction (EF) and fractional shortening (FS) of mice from each group were assessed by echocardiography (n = 6). (D–F) The levels of cardiac troponin I (cTnI), creatine kinase isoenzymes MB (CK-MB) and lactate dehydrogenase (LDH) in serum from each group (n = 6). (G) Representative HE images of heart tissue from each group (magnification × 400). (H) Expressions of GSDMD and GSDMD-NT protein in heart tissue were measured by Western blotting analysis. The results were normalized to the expression of GAPDH (n = 6). Data are expressed as the mean ± standard deviation (SD). **p < 0.01, ***p < 0.001. ns: nonsignificance.
Gasdermin D Deficiency Improved the Survival Rate and Attenuated Myocardial Injury and Dysfunction in Lipopolysaccharide-Induced Septic Mice
To confirm our conjecture, Gsdmd-/- mice were used in subsequent experiments. Gsdmd−/− and WT mice, which were age-matched, were treated with or without LPS. The 7-days survival rate of mice treated with LPS was observed. The results displayed that the 7-days survival rate of WT mice after LPS injection was 50%, while no death occurred in Gsdmd−/− mice (Figure 2A). Compared with that of the WT group, the survival rate of Gsdmd−/− mice after intraperitoneal injection of LPS was significantly improved (p<0.05). Further research showed that Gsdmd knockout ameliorated cardiac EF and FS decline induced by LPS (both p<0.001, Figures 2B–D). The serum levels of cTnI, CK-MB, and LDH, biomarkers of myocardial injury, were detected. As shown in Figures 2E–G, LPS markedly increased the serum levels of cTnI, CK-MB, and LDH in WT mice (all p<0.001), while these indicators were significantly decreased in Gsdmd-/- mice treated with LPS (all p<0.001). There was no significant difference between the WT control group and the Gsdmd−/− control group (Figures 2B–F). In addition, HE staining and TUNEL staining of heart tissue were performed. The results showed that myocardial cells in the WT group following LPS treatment were disordered and swollen, myocardial muscle fibers were arranged irregularly, and cardiomyocyte death was increased, while these pathological changes were reversed in Gsdmd-/- mice (Figures 3H,I). All these results demonstrated that Gsdmd-/- mice were more resistant to LPS-induced myocardial injury than WT mice.
[image: Figure 2]FIGURE 2 | Gsdmd deficiency improved the survival rate and attenuated myocardial injury and dysfunction in septic mice induced by LPS. (A) Survival rate of the WT-LPS group and Gsdmd−/−-LPS group (n = 10). (B) Representative echocardiography of mice from each group. (C, D) Myocardial function parameters, EF and FS of mice from each group were measured by echocardiography (n = 8). (E–G) The levels of cTnI, CK-MB, and LDH in serum from each group (n = 8). (H) Representative HE images of heart tissue from each group (magnification × 400). (I) Representative TUNEL images of heart tissue from each group (magnification × 400) and quantitative data of positive cells from randomly selected five fields are shown on the right (n = 5). Data are expressed as the mean ± SD. *p < 0.05, ***p < 0.001.
[image: Figure 3]FIGURE 3 | Gsdmd deficiency attenuated inflammatory cytokine secretion, cardiac inflammation, and activation of the NF-κB signaling pathway induced by LPS. (A,B) The levels of Interleukin-1β (IL-1β) and Tumor necrosis factor-α (TNF-α) in serum from each group were detected by ELISA (n = 8). (C,D) The mRNA levels of IL-1β and TNF-α in heart tissue from each group were detected by PCR. The results were normalized to the expression of β-actin (n = 8). (E) Representative CD68 immunohistochemistry images of heart tissue from each group (magnification × 400). Arrow heads indicate positive staining. (F) MPO activity in heart tissue from each group (n = 5). (G,H) Expressions of NF-κB P65 and phosphorylated P65 protein in heart tissue were measured by Western blotting analysis. The results were normalized to the expression of P65 (n = 6). Data are expressed as the mean ± SD. **p < 0.01, ***p < 0.001.
Gasdermin D Deficiency Attenuated Inflammatory Cytokine Secretion, Cardiac Inflammation, and Activation of the NF-κB Signaling Pathway Induced by Lipopolysaccharide
GSDMD has been considered to be the key mediator of pyroptosis and associated with inflammation. Therefore, in the follow-up experiment, levels of the serum inflammatory cytokines TNF-α and IL-1β were measured. As shown in Figure 3, compared with the control group, LPS dramatically increased the serum levels of TNF-α and IL-1β in WT mice (both p<0.001). However, the LPS-induced increases in the levels of TNF-α and IL-1β were prevented in Gsdmd-/- mice (both p<0.001). The mRNA expression levels of TNF-α and IL-1β in the myocardium were also measured. Consistent with the results of inflammation factors in the serum, Gsdmd knockout significantly attenuated LPS-increased mRNA levels of TNF-α and IL-1β in the myocardium (both p<0.001, Figures 3C,D). In addition, mice intraperitoneally injected with LPS exhibited markedly increased numbers of CD-68-positive cells and MPO activity in the myocardium, which were attenuated in the Gsdmd−/−-LPS group (Figures 3E,F). These data indicated that the GSDMD-mediated inflammatory response participated in the development of sepsis-induced myocardial dysfunction. The NF-κB signaling pathway has been reported to play an important role in coordinating inflammatory responses (Baker et al., 2011). Therefore, the effect of GSDMD on NF-ĸB activation was investigated. The results showed that compared to Gsdmd−/− mice, NF-κB was dramatically activated in WT mice treated with LPS, as evidenced by the increased phosphorylation of P65 (p-P65) (Figures 3G,H).
Gasdermin D Silencing Alleviated Myocardial Cell Injury Induced by Lipopolysaccharide
To explore the mechanism of GSDMD in cardiomyocytes, LPS combined with nigericin was used to induce myocardial injury in both primary cardiomyocytes and H9c2 cardiomyocytes in vitro. GSDMD protein expression and cell viability were analyzed. As shown in Figures 4A–H, the expression of GSDMD-NT protein was increased, cell viability was decreased, and LDH release and IL-1β content in the supernatant were increased in the model group of both primary cardiomyocytes and H9c2 cardiomyocytes compared to the respective control group. However, under the same stimulation, the cell viability was improved (p<0.01), and LDH release (p<0.001) and IL-1β content in supernatant (p<0.05) were significantly decreased when GSDMD expression was interfered with (Figures 4I–K), indicating that cleaved GSDMD was involved in cell injury.
[image: Figure 4]FIGURE 4 | GSDMD silencing alleviated myocardial cell injury induced by LPS. (A and E) CCK-8 assay was applied to measure cell viability of each group. (B and F) LDH release in supernatants of each group. (C and G) The level of IL-1β in supernatants of each group. (D and H) Expressions of GSDMD and GSDMD-NT protein in H9c2 cells and primary cardiomyocytes were measured by Western blotting analysis. The results were normalized to the expression of GAPDH. The data are expressed as the mean ± SD (n = 3). (I) After transfected with siRNA of Gsdmd, H9c2 cells were treated with LPS plus nigericin to establish the myocardial injury model. Expressions of GSDMD and GSDMD-NT protein in H9c2 cells were measured by Western blotting analysis (n = 3). (J) CCK-8 assay was applied to measure cell viability of each group. (K) LDH release in supernatants of each group. The data are expressed as the mean ± SD (n = 3). **p < 0.01, ***p < 0.001.
Gasdermin D Regulated NOD-Like Receptor Protein 3 Inflammasome Activation in Septic Myocardial Dysfunction Induced by Lipopolysaccharide
Gene sequencing analysis of myocardial tissue was further performed to screen the differentially expressed genes between the Gsdmd−/−-LPS group and the WT-LPS group. The results showed that 19 genes were upregulated and 93 genes were downregulated in the Gsdmd−/−-LPS group compared with the WT-LPS group (Figure 5A). Gene Ontology (GO) enrichment and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analyses were performed, which indicated that the differentially expressed genes were significantly enriched in the NOD-like receptor (NLR) pathway (Figure 5B). Research has shown that NLRP3, a key protein in this pathway, plays a pivotal role in septic myocardial dysfunction (Baker et al., 2011; Li et al., 2019; Yang et al., 2019). Our research showed that the NLRP3 inflammasome was activated in cardiomyocytes induced by LPS and nigericin (Figure 5C). Moreover, NLRP3 or caspase-1 inhibitors were applied to verify the effect of the NLRP3 inflammasome. As shown in Figures 5D–F, compared to the model group, the cell viability was improved (both p<0.01), and the release of LDH and IL-1β in the supernatant were decreased in H9c2 cells pretreated with NLRP3 or caspase-1 inhibitors (all p<0.001), suggesting that the NLRP3 inflammasome participated in myocardial injury induced by LPS.
[image: Figure 5]FIGURE 5 | GSDMD regulated NLRP3 inflammasome activation in septic myocardial dysfunction induced by LPS. (A,B) Heat map and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analyses of the transcriptome of heart tissues from WT and Gsdmd−/− (n = 3) mice treated with LPS. (C) Expressions of NLRP3 and caspase-1 protein in H9c2 cells were measured by Western blotting analysis. The results were normalized to the expression of GAPDH. (D) H9c2 cells were pretreated with NLRP3 inhibitor or caspase-1 inhibitor for 1 h and subsequently stimulated with LPS plus nigericin. CCK-8 assay was applied to measure cell viability of each group (n = 4). (E) The LDH release in supernatants of each group (n = 3). (F) The level of IL-1β in supernatants of each group (n = 3). (G) Expressions of NLRP3 and caspase-1 protein in heart tissue were measured by Western blotting analysis. The results were normalized to the expression of GAPDH (n = 6). (H) After transfected with siRNA of Gsdmd, H9c2 cells were treated with LPS and nigericin to establish the myocardial injury model. Expressions of NLRP3, caspase-1, and P65 protein in H9c2 cells were measured by Western blotting analysis. The results were normalized to the expression of GAPDH (n = 3). (I) The level of IL-1β in supernatants of each group (n = 3). The data are expressed as the mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001.
NLRP3 inflammasome activation leads to GSDMD cleavage. However, it was interesting to note that the NLR pathway was downregulated in the Gsdmd−/−-LPS group, indicating that GSDMD might be involved in the regulation of NLRP3 activation. Therefore, the effects of GSDMD on the NLRP3 inflammasome were examined. Compared to the control group, the expression of NLRP3 and cleaved caspase-1 proteins in myocardial tissue of WT mice treated with LPS was significantly increased (both p<0.001, Figure 5G), while the expressions of the above proteins were decreased in Gsdmd−/− mice with the same treatment (both p<0.001). Further study was conducted on H9c2 cardiomyocytes. The results showed that the protein expressions of NLRP3 and cleaved caspase-1, as well as the IL-1β concentration in the supernatant, were decreased in H9c2 cardiomyocytes transfected with si-Gsdmd after treatment with LPS and nigericin (Figures 5H,I), which was consistent with the results of animal experiments.
Gasdermin D N-Terminal Enrichment in Mitochondria Leads to Mitochondrial Dysfunction, Reactive Oxygen Species Generation, and NOD-Like Receptor Protein 3 Inflammasome Activation
It has been reported that ROS are involved in the activation of NLRP3 (Zhou et al., 2011), and mitochondria are the major source of cellular ROS. Studies have shown that GSDMD-NT aggregates not only on the cell membrane but also on the mitochondrial membrane, where it triggers mitochondrial injury (Platnich et al., 2018; Huang et al., 2020). Therefore, we hypothesized that GSDMD regulated NLRP3 inflammasome activation by acting on mitochondria. Mitochondrial protein was extracted, and mitochondrial function was examined in the follow-up experiment. The results showed that GSDMD-NT was enriched in mitochondria of both heart tissue and H9c2 cells (Figures 6A,B). The mitochondrial membrane potential and ATP level, as important indicators of mitochondrial function, were detected in H9c2 cells. The JC-1 assay results showed that LPS induced a significant change in fluorescence emission from red to green, which indicated MMP depolarization (Figure 6C). However, Gsdmd silencing reversed this shift and reduced the emission of green fluorescence. Moreover, GSDMD interference ameliorated the decline in ATP levels induced by LPS in H9c2 cells (Figure 6D). These results indicate that GSDMD-NT enrichment in mitochondria leads to mitochondrial dysfunction.
[image: Figure 6]FIGURE 6 | GSDMD enrichment in mitochondria leads to mitochondrial dysfunction, ROS generation, and NLRP3 inflammasome activation. (A) Expressions of GSDMD-NT protein in mitochondria of heart tissue were measured by Western blotting analysis. The results were normalized to the expression of COX-IV (n = 6). (B) Expressions of GSDMD-NT protein in mitochondria of H9c2 cells were measured by Western blotting analysis. The results were normalized to the expression of COX-IV (n = 3). (C) Mitochondrial membrane potential was assessed by JC assays in each group. (D) ATP level in each group (n = 3). (E) ROS level in H9c2 cells. (F) MDA levels in heart tissue from each group. (G) SOD activity in heart tissue from each group. The data are expressed as the mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001.
GSDMD cleavage and insertion into the mitochondrial membrane likely drive ROS production. Next, ROS concentrations in H9c2 cells were evaluated. As shown in Figure 6E, LPS plus nigericin significantly increased the level of ROS in H9c2 cells. However, the ROS level was decreased when cells were transfected with siRNA targeting Gsdmd. Furthermore, the levels of MDA and SOD activity in the myocardium were detected to investigate oxidative stress injury induced by LPS. SOD is an antioxidant enzyme that is mainly responsible for the clearance of intracellular ROS. Its activity can reflect the ability of antioxidant enzymes to defend against free radical damage. MDA is a product of lipid oxidation and is related to the extent of oxidative damage (Haileselassie et al., 2017). The results showed that compared with the control group, LPS substantially increased MDA level and decreased SOD activity in myocardium of WT mice. While these changes were dramatically improved in the Gsdmd−/−-LPS group (Figures 6F,G).
To investigate whether the increased ROS level is closely associated with the activation of the NLRP3 inflammasome and the corresponding induced cell injury, NAC, the ROS scavenger, was used in subsequent experiments to confirm the relationship between ROS and NLRP3 inflammasome. As shown in Supplementary Figure S1A, ROS production was increased by LPS and nigericin stimulation, while NAC treatment significantly decreased the production of ROS. Meanwhile, the cell death was remarkably reversed by NAC treatment in H9c2 cells induced by LPS and nigericin, indicated by increased cell viability and decreased LDH release (p<0.05 and p<0.001, Supplementary Figure S1B,C). Moreover, the expression of NLRP3 and cleaved caspase-1 proteins and IL-1β content in the supernatant were dramatically inhibited by NAC (p<0.001, p<0.01 and p<0.001, Supplementary Figures S1D,E). These results showed that the activation of the NLRP3 inflammasome was closely linked with ROS generation.
DISCUSSION
The pathogenesis of sepsis-induced myocardial dysfunction has not been well clarified until now. It was reported that a persistent inflammatory response, elevated production of ROS, mitochondrial dysfunction, and autonomic nervous system dysregulation were involved. As a result, therapeutic approaches to reduce sepsis-induced myocardial dysfunction are limited. Treatment for this fatal condition is still based on antibiotics and supportive modalities (Howell & Davis, 2017). Therefore, it is essential to reveal the mechanisms of sepsis-induced myocardial dysfunction and explore new therapeutic targets and methods to reduce its damage. In this study, we found that GSDMD-NT, the functional fragment of GSDMD, was upregulated in the heart tissue of septic WT mice induced by LPS, which was accompanied by decreased cardiac function and myocardial injury. GSDMD participated in cardiac inflammation, and resulted in LPS-induced myocardial injury and cell death, by enriching in mitochondria, leading to mitochondrial dysfunction and overproduction of ROS, further regulating the activation of the NLRP3 inflammasome. GSDMD plays an important role in the pathophysiology of LPS-induced myocardial dysfunction.
GSDMD, encoded by the Gsdmd gene of the gasdermin family, is widely expressed in different tissues and cells. After the action of relevant danger signals, canonical or noncanonical inflammasomes assemble, and activated inflammatory caspases cleave GSDMD to generate an N-terminal fragment (Liu et al., 2016; Yang J. et al., 2018). Then, GSDMD-NT transfers to the cell membrane and oligomerizes to form membrane pores, further destroying the cell membrane and mediating pyroptosis (Sborgi et al., 2016). In addition, study showed that overexpression of the N-terminal fragment could accelerate cell death, suggesting that GSDMD-NT is the functional component (Kayagaki et al., 2015). In this study, we found that the expression of GSDMD-NT in heart tissue was markedly increased after LPS treatment, accompanied by cardiac dysfunction and myocardial injury. However, Gsdmd deficiency attenuated myocardial injury and dysfunction in LPS-induced septic mice, and significantly improved survival outcomes. These results suggest that GSDMD is involved in the pathogenesis of sepsis-induced myocardial dysfunction. GSDMD might be used as a molecular target to protect the myocardium against LPS.
The molecular mechanisms by which GSDMD exerts its function in cardiac dysfunction induced by LPS were investigated subsequently. Inflammatory reaction is a prominent feature of sepsis. IL-1β and TNF-α have been proven to be important proinflammatory cytokines that drive the pathogenesis of cardiac inflammation and injury and magnify the effects of other cytokines, eventually resulting in cardiac dysfunction (Madorin et al., 2004; Kakihana et al., 2016). Moreover, inflammatory cytokines promote inflammatory cell extravasation into the cardiac interstitium. It was reported that there was an obvious negative relationship between the number of macrophages in the myocardium and cardiac function (Chen et al., 2016). Our results showed that Gsdmd-/- mice treated with LPS exhibited less severe inflammation than their WT littermates, as shown by reduced IL-1β and TNF-α levels in both the serum and myocardium, as well as CD-68-positive cells and MPO activity in the myocardium. The NF-κB pathway has been reported to be a critical signaling pathway involved in the inflammatory response in sepsis, and cytokines, such as IL-1β and TNF-α, are associated with the activation of NF-κB (Sies et al., 2017). NF-κB is an important transcription factor that controls the expression of inflammatory cytokine genes (Zhang Q. et al., 2017). Therefore, key proteins in the NF-κB pathway were analyzed in this study. We found that the increased phosphorylation of p65 induced by LPS was markedly prevented by Gsdmd deficiency. These data suggested that the participation of GSDMD in sepsis-induced myocardial dysfunction might be partly relevant to the regulation of NF-κB activation and inflammatory response.
Moreover, gene sequencing analysis of myocardial tissue and further GO enrichment and KEGG pathway analyses were performed, which showed that the differentially expressed genes were significantly enriched in the NLR pathway. NLRP3, which belongs to the NLR family, plays a vital role in sepsis-induced myocardial dysfunction (Yang L. et al., 2018; Wang et al., 2018; Yang et al., 2019). Once activated, NLRP3 recruits apoptosis-associated speck-like protein containing a caspase recruitment domain (ASC) and caspase-1 to form NLRP3 inflammasomes. At the same time, caspase-1 is activated, which in turn promotes IL-1β and interleukin-18 (IL-18) maturation and secretion, leading to inflammatory responses (Lamkanfi & Dixit, 2014). Activated caspase-1 further cleaves GSDMD, resulting in inflammatory factor release and cellular injury (Liu et al., 2016; Sborgi et al., 2016). Our study found that the NLRP3 inflammasome was activated in myocardial injury induced by LPS. However, it is interesting to note that activation of the NLRP3 inflammasome induced by LPS is inhibited in Gsdmd−/− mice.
The NLRP3 inflammasome has been reported to be activated by potassium efflux and ROS (Zhou et al., 2011; Munoz-Planillo et al., 2013). Our study displayed the same finding that the activation of the NLRP3 inflammasome was closely linked with ROS generation. Evidence from previous studies reports that mitochondria are the main source of intracellular ROS in the myocardium during sepsis. Sepsis impairs cardiac mitochondria by damaging membrane integrity, which in turn increases ROS generation and oxidative stress (Zang et al., 2007). GSDMD-NT is a pore-forming protein with an affinity for cardiolipin-containing membranes (Liu et al., 2016). GSDMD-NT can not only bind to the plasmalemmal membrane, but also to the mitochondrial membrane (Ding et al., 2016), similar to other members of the gasdermin family, such as GSDMA and GSDME (Lin et al., 2015; Rogers et al., 2019). Cleaved GSDMD has been reported to be enriched in the mitochondrial membrane, leading to mitochondrial injury and mitochondrial ROS generation (Aglietti et al., 2016; Rogers et al., 2019). We speculate that GSDMD enrichment in the mitochondrial membrane triggers ROS generation and may be partially involved in the activation of NLRP3, as reported in a previous study (Platnich et al., 2018). Our study found that GSDMD-NT was enriched in mitochondria, which was accompanied by a decrease in MMP and ATP in H9c2 cells. While interference with GSDMD expression improved MMP and ATP production. Normal MMP is required for mitochondrial oxidative phosphorylation and ATP production. The decreased MMP impairs mitochondrial oxidative phosphorylation, leading to abnormal electron transfer and increased ROS production (de Vasconcelos et al., 2019). Moreover, we also found that Gsdmd knockout reduced LPS-induced ROS production. The increase in MDA levels and decrease in SOD activity in LPS-WT mice were reversed in Gsdmd-/- mice treated with LPS, which supported the involvement of GSDMD in ROS production. These results suggest that the GSDMD-NT fragment aggregates in the mitochondrial membrane, leading to mitochondrial injury. Mitochondrial injury reduces mitochondrial membrane potential, resulting in increased ROS production and NLRP3 activation.
Mitochondria are energy production organelles that provide energy for heart contraction, and the heart is rich in mitochondria. It has been reported that the degree of mitochondrial dysfunction is tightly linked to sepsis-induced cardiac dysfunction and prognosis (Brealey et al., 2002; Suliman et al., 2004). Besides overproduction of ROS, mitochondrial dysfunction further mediates myocardial injury and dysfunction through impaired energy generation and metabolism. In addition, damaged mitochondria generate a significant amount of danger associated molecular patterns (DAMPs) during sepsis (Zhang et al., 2010), including mitochondrial ROS (mtROS), mitochondrial DNA (mtDNA) fragments and cytochrome C. These molecules participate in inciting inflammation or directly injure myocytes, resulting in myocardial dysfunction (Zang et al., 2012).
In conclusion, our study demonstrates that GSDMD not only mediates the release of inflammatory factors and the expansion of the inflammatory response but also causes mitochondrial injury, overproduction of ROS, and NLRP3 inflammasome activation. These factors interact with each other and ultimately lead to cardiac dysfunction. GSDMD plays an important role in septic myocardial dysfunction induced by LPS. Targeting GSDMD may serve as a therapeutic strategy for the prevention and treatment of septic myocardial dysfunction.
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Abnormalities in programmed cell death (PCD) signaling cascades can be observed in the development and progression of various cardiovascular diseases, such as apoptosis, necrosis, pyroptosis, ferroptosis, and cell death associated with autophagy. Aberrant activation of PCD pathways is a common feature leading to excessive cardiac remodeling and heart failure, involved in the pathogenesis of various cardiovascular diseases. Conversely, timely activation of PCD remodels cardiac structure and function after injury in a spatially or temporally restricted manner and corrects cardiac development similarly. As many cardiovascular diseases exhibit abnormalities in PCD pathways, drugs that can inhibit or modulate PCD may be critical in future therapeutic strategies. In this review, we briefly describe the process of various types of PCD and their roles in the occurrence and development of cardiovascular diseases. We also discuss the interplay between different cell death signaling cascades and summarize pharmaceutical agents targeting key players in cell death signaling pathways that have progressed to clinical trials. Ultimately a better understanding of PCD involved in cardiovascular diseases may lead to new avenues for therapy.
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BACKGROUND
The development and homeostasis of multicellular organisms depend not only on the regulation of cell survival and renewal, but also on the processing of those cells that are no longer needed or pose a potential danger to the organism. This includes the removal of cells at risk of neoplastic transformation or those infected by pathogens (Kramer et al., 2012; Saunders et al., 2015; Zhu and Sun, 2018). Programmed cell death (PCD) is the primary approach organisms adapt to eliminate these abnormal cells, which stimulates membrane-bound and cytoplasmic proteins by developmental programs and stress-induced signaling, triggering cell death through complex cascade transcriptional and post-translational protein modifications (Shi et al., 2017). Several types of PCD have been discovered in the past 3 decades: autophagy, necrosis, ferroptosis, apoptosis, and pyroptosis (Bai et al., 2017). Each type of PCD has its unique characteristics. Apoptosis represents the coordinated disassembly of dead cells and typical “immune silencing” clearance, while pyroptosis and necrosis refer to the relatively “violent” type of cell death, characterized by the rupture of dead cells, from which effective inflammatory inducers are released (Kung et al., 2011). Autophagy is an evolutionarily conserved catabolic process that begins with forming autophagosomes, a double-membrane-bound structure surrounding cytoplasmic macromolecules and organelles which are ultimately recycled (Nishida and Otsu, 2008; Oka et al., 2012). In addition, another novel iron-dependent PCD mode, ferroptosis, is mainly caused by the peroxidation of unsaturated fatty acids highly expressed on the cell membrane under the action of divalent iron or ester oxygenase inducing cell death (Dixon et al., 2012; Ma et al., 2017). At present, research on PCD is generally limited to a single type, and reports on synergistic or antagonistic effects between different types of PCD are rare.
At present, increasing studies suggest that PCD is a significant cause of cardiovascular diseases such as ischemia/reperfusion (I/R) injury, myocardial infarction (MI) and cardiomyopathy (Tower, 2015; Yang et al., 2016). Each PCD plays a vital role in maintaining cellular homeostasis. Apoptosis ensures the normal development and tissue homeostasis of mature organisms, as well as pyroptosis, ferroptosis, and necrosis protect the host from pathogens and other external threats (Kung et al., 2011; Dixon et al., 2012; Corbalan et al., 2016; Vande Walle and Lamkanfi, 2016). Unlike apoptosis and other PCD, autophagy may commit suicide by undergoing cell death and responding to excessive stress. This view is supported by the analysis of different PCD pathways (Sciarretta et al., 2012). Increasing evidence indicates that different PCD pathways in cardiovascular diseases are associated and interplayed at multiple levels. Still, no article had made a systematic study and report on this issue.
Moreover, many clinical trials have found that the application of appropriate drugs could target cell death signaling pathways in cardiovascular diseases. A clinical phase 2 trial of simvastatin found that targeting inhibition of apoptosis through miR-15a-5p could protect the myocardium in non-coronary surgery, and another trial of berberine found that it could regulate myocardial autophagy through AMPK/mTOR pathway to promote myocardial protection in postoperative patients (Qing et al., 2018; Zhou et al., 2018). However, all the existing studies focus on the targeted therapy through a single type of PCD signaling pathway in cardiovascular diseases. Hitherto, there are no relevant reviews systematically analyzing and collating the interplay of different drugs in cardiovascular diseases through crosstalk between different types of PCD signaling pathways.
Here, we discuss the role of PCD in cardiovascular disease, the interactions between different PCD signaling cascades, and describe the application of drugs targeting cell death signaling pathways in cardiovascular pathology. Moreover, we summarize the latest progress on the relevant studies that have progressed to clinical trials and put forward a novel understanding for the better transformation of PCD pathways in cardiovascular medicine.
DIFFERENT TYPES OF PCD AND MOLECULAR MECHANISMS IN CARDIOVASCULAR DISEASES
Apoptosis Pathways in Cardiovascular Diseases
Apoptosis is usually induced by intrinsic and extrinsic (also known as death receptor-mediated) triggers. The intrinsic pathway, also called the mitochondrial or Bcl-2-mediated pathway, is activated by Bh3 proteins (Bim, Puma, Bid, Bmf, Bad, Hrk, Bik, Noxa) to initiate apoptosis when facing intracellular stress caused by various physicochemical factors (Dong et al., 2019). Activated Bax and Bak then form oligomers that promote the activation of the caspase cascade by releasing downstream apoptotic factors such as cytochrome c and Smac/DIABLO from mitochondria, resulting in ultimate protein cleavage and cell death. Extrinsic pathway, also known as death receptor pathway, is the binding and activation of death receptors such as tumor necrosis factor receptor (TNFR) superfamily members, Fas/Fas ligand (FasL) system members and death receptor family members (DR3, DR4 and DR5) with corresponding ligands to form intracellular death-inducing signaling complexes, which activate caspase-8 and its effector (Wang et al., 2021a). However, in normal cells, the Bcl-2 protein family (Bcl-2, Bcl-xl, Mcl-1, Bcl-W, and A1/BFL1) protects cell survival by inhibiting Bax and Bak (Figure 1).
[image: Figure 1]FIGURE 1 | Molecular mechanisms of different types of PCD: critical molecular pathways of autophagy, apoptosis, necrosis, pyroptosis and ferroptosis.
It has been found that myocardial apoptosis can simultaneously exert detrimental effects on cardiac function. For instance, Wu et al. found that bradykinin (BK) could reduce myocardial apoptosis by reducing caspase-3 expression in a human cardiac c-Kit + progenitor cell (hCPCs) myocardial infarction model, thereby improving ischemic heart disease (Wu et al., 2021a), Uberti F et al. showed that levosimendan could interfere with mitochondrial function by regulating mitoK (ATP) channels and NO, and could control the interaction between autophagy and apoptosis to protect H9c2 cells against oxidative damage (Uberti et al., 2011), Nie et al. reported that lncRNA AK006774 could reduce I/R-induced infarct size and myocardial apoptosis by regulating Bcl-2 expression through miR-448 in a mouse I/R model (Nie et al., 2021), Xu et al. found that GSK-3β upregulated CD47 expression in cardiac tissues after MI by activating NF-κb, and then regulated apoptosis leading to myocardial injury (Xu et al., 2021). Besides, AKT1/GSK3β, NF-κb, and other related signaling molecules can also regulate apoptosis in cardiovascular diseases (Supplementary Table S1) (Shen et al., 2020; Jiang et al., 2021a; Wang et al., 2021a; Jiang et al., 2021b; He et al., 2021; Lu et al., 2021; Sun et al., 2021; Xiong et al., 2021; Xu et al., 2021).
Necrosis Pathways in Cardiovascular Diseases
Necrosis is a type of PCD characterized by lytic necrosis and could drive inflammation, in which the RIPK1/RIPK3/MLKL axis may play an essential role (Chen et al., 2020; She et al., 2019). Receptor-interacting protein kinase1 (RIPK1) autophosphorylation is activated by RIPK3/MLKL sequence, induces membrane permeability and cell destruction to release cell damage-associated molecular pattern (cDAMP), and finally leads to the occurrence of cell necrosis (Zhu and Sun, 2018). Caspase-8 activation, on the other hand, could inhibit cell necrosis by cleaving RIPK1 and RIPK3 (Figure 1). In their study, M.I. Oerlemans et al. demonstrated that RIPK1, RIPK3, and mixed lineage kinase domain-like (MLKL) expression was up-regulated in the myocardium after reperfusion, and the necrosis inhibitor Necrostatin-1 could reduce the phosphorylation levels of RIPK1 and RIPK3 and the recruitment of MLKL, thus inhibiting cell necrosis and reducing myocardial infarct size (Oerlemans et al., 2012). Currently, I/R models are preferred to elucidate the effect of different factors on cardiomyocyte necrosis through various pathways such as mechanistic target of rapamycin (mTOR), rate-oxygenation (ROX) and MLKL (Supplementary Table S2) (Yang et al., 2018a; Zhu et al., 2018; She et al., 2019; Chen et al., 2020; Jiang et al., 2021c; Han et al., 2021; Liu et al., 2021; Pullaiah et al., 2021; Zhang et al., 2021).
Ferroptosis Pathways in Cardiovascular Diseases
Ferroptosis, characterized by mitochondrial atrophy, increased membrane density, and reduced mitochondrial cristae, is a new form of PCD discovered recently, which proceeds with cell morphology and function different from the various modes of death described above (Dixon et al., 2012). Ferroptosis is usually executed by compressive lipid peroxidation and inhibited by iron chelators. In recent years, research has gradually unveiled its mystery, and many characteristic molecules are identified: acyl-CoA synthetase long-chain family 4 and lysophosphatidylcholine acyltransferase 3 (ACSL4 and LPCAT3) of membrane lipids susceptible to oxidation, xCT of the glutamate-cystine reverse transport system, glutathione peroxidase 4 (GPX4), and ferroptosis inhibitor protein 1, etc. (Figure 1) (Chen et al., 2019; Li et al., 2019).
Current studies have found that cardiovascular diseases caused by high iron levels are associated with ferroptosis (Wu et al., 2021b). Baba et al. have demonstrated that rapamycin could protect cardiomyocytes from excess iron-induced ferroptosis by reacting with mechanistic targets (Baba et al., 2018). Ferrostatin-1 (Fer-1) is an inhibitor of ferroptosis and can mediate the death of cardiomyocytes and neutrophil recruitment after heart transplantation through the toll-like receptor 4/interferon-β (TLR4/TRIF) signaling pathway (Li et al., 2019). Studies also indicate that other signaling molecules such as NADPH oxidase 4 (NOX4) and GPX4 regulate ferroptosis and thus affect heart disease (Supplementary Table S3). Ferroptosis is increasingly considered a potential cause of cardiovascular morbidity, and inhibition of ferroptosis represents a new strategy for these patients (Liu et al., 2018a; Bai et al., 2018; Chen et al., 2019; Fang et al., 2019; Feng et al., 2019; Fan et al., 2021).
Autophagy Pathways in Cardiovascular Diseases
Autophagy is a highly conserved catalytic process that leads to the autolysosomal degradation of primary cytoplasmic contents, removing abnormally aggregated proteins and excess organelles. Generally, the activation of autophagy is triggered by undernutrition and oxidative stress (Dong et al., 2019). It is also associated with many other physiological and pathological processes, such as development, differentiation, neurodegenerative diseases, stress, infection, and cancer. Autophagy can be classified into three types: macroautophagy, microautophagy, and partner-mediated autophagy (Moujalled et al., 2021). mTOR is an important regulatory molecule that induces autophagy, and activating mTOR by phosphatidylinositol 3-kinase (PI3K) and mitogen-activated protein kinase (MARK) transduction can inhibit autophagy. In contrast, the negative regulation of mTOR by adenosine monophosphate-activated protein kinase (AMPK) and p53 signal transduction promotes autophagy (Dong et al., 2019; Shi et al., 2020). The formed mTOR complex is extensively linked to the downstream autophagy-related gene (ATG) family to construct the autophagosomes and ultimately complete the process of ubiquitin-like reactions. There is an extensive interaction between autophagy and apoptosis, which can be positively or negatively connected. Some studies have suggested the apoptosis-protective factor Bcl-2 could inhibit Beclin-1 dependent autophagy and function as its anti-autophagy regulatory molecule (Figure 1) (Oka et al., 2012; Grootaert et al., 2015; Dong et al., 2019).
In the normal physiological state of the heart, cardiomyocytes, vascular epithelial cells, and smooth muscle cells, autophagy plays an essential role in organelle function and cell renewal. Autophagy is also activated in response to cardiovascular stress, including I/R and heart failure. Sciarretta S et al. found that in ischemic stress, Rheb, as a GTP-binding protein, could inhibit autophagy by activating mTORC1, thereby aggravating post-ischemic infarct size (Sciarretta et al., 2012). During heart failure and aortic atherosclerosis, miR-212/132, laminar flow and Danqi pills regulated autophagy by modulating autophagy-related pathways and molecules, affecting cardiac function (Supplementary Table S4) (Oka et al., 2012; Shi et al., 2020; Grootaert et al., 2015; Ucar et al., 2012; Yuan et al., 2020; Wang et al., 2021b). As mentioned before, autophagy restricted to an appropriate extent protects against ischemic injury via maintaining cardiomyocyte homeostasis, degrading organelles, or misfolding proteins that produce adenosine triphosphate (ATP). However, it is also reported that overwhelming cardiac autophagy induction may also promote cell death and worsen cardiac function in the setting of severe ischemia. Some studies have found that knockdown of TLR4 or NOX4 in rats with heart failure significantly inhibited autophagy activation, thereby improving cardiac function. In addition, the PI3K/AKT/mTOR pathway is indicated to be involved in regulating the excessive autophagy process to protect cardiomyocytes (Supplementary Table S5) (Xuan and Jian, 2016; Xuan et al., 2017; Liu et al., 2018b; Chen et al., 2019; Zhang et al., 2020).
Pyroptosis Pathways in Cardiovascular Diseases
Pyroptosis is an inflammatory PCD process that rapidly initiates innate immune responses through pattern recognition receptors (PRRs), and different inflammatory bodies can sense different pathogen-associated molecular patterns and damage-associated molecular patterns (PAMPs and DAMPs) that induce pyroptosis (Zhu and Sun, 2018). Classical pyroptosis induction requires activating caspase-1, which cleaves and activates inflammatory cytokines (IL-1b, IL-18), caspase-1 cleaves and activates Gasdermin D (GSDMD), which is also key to the occurrence of pyroptosis (Figure 1) (Zhang et al., 2018a; Yue et al., 2019).
An increasing number of studies have shown that cardiovascular risk factors can activate nod-like receptor protein 3 (NLRP3) inflammasomes in cells. In addition, NLRP3 inflammasomes mediated pyroptosis was observed in various cardiovascular diseases. Studies suggested that NLRP3 inflammasomes and related pyrogenic signaling molecules played an essential role in the progression of cardiovascular diseases (Supplementary Table S6) (Liu et al., 2013; Jeyabal et al., 2016; Zhou et al., 2016; Huang et al., 2017; Nazir et al., 2017; Zhang et al., 2018a; Yang et al., 2018b; Li et al., 2018; Yue et al., 2019; Ding et al., 2020; Li et al., 2020). For example: in myocardial I/R model mice, Ding et al. found that Mi-29a expression was up-regulated and Sirtuin-1 (SIRT1) expression was down-regulated, which in turn regulated NLRP3 to attenuate myocardial I/R injury and enhanced cardiomyocytes survival (Ding et al., 2020).
Interconnections Between Different PCD Pathways
There is now increasing evidence that different PCD pathways in cardiovascular diseases are interconnected and affect each other on multiple levels. Studies have found that the PI3K/AKT pathway can regulate autophagy by targeting mTOR, and can also regulate apoptosis through the Bad pathway (Liu et al., 2018b; Wu et al., 2021a). mTOR kinase is an important regulatory molecule that induces PCD. Studies have found that the AMPK/mTOR pathway is not only involved in necrosis and pyroptosis, but can also regulate autophagy through Beclin-1 (Alers et al., 2012; Nazir et al., 2017; Han et al., 2021). Caspase-3 and caspase-7 act as executors and directly degrade structural and functional proteins, whereas caspase-8 and caspase-10 act as initiators and cause the caspase cascade after being activated by signaling stimuli (Kurokawa and Kornbluth, 2009). The caspase family is involved in the regulation of apoptosis and mediates necrosis and pyroptosis (Martin and Henry, 2013; Galluzzi et al., 2017; Yuan et al., 2018). Wu C et al. found that BK effectively improves cardiac function by reducing cardiomyocyte apoptosis, inflammatory infiltration, and myocardial fibrosis in the infarcted heart by reducing cleaved caspase-3 expression (Wu et al., 2021a). The study carried by Wang K et al. showed that miR-874 could regulate cardiomyocytes necrosis by affecting caspase-8 activity (Wang et al., 2013). Zheng X et al. found that BNIP3 mediated Doxorubicin-induced cardiomyocyte pyroptosis through activation of caspase-3 and cleavage of gasdermin D (GSDMD) (Zheng et al., 2020). In addition, it has been found that there is an interaction between TNF-α/TNFαR, PAMP/TLR, and DAMP/TLR that can activate NF-κB through the IKK pathway. Activation of NF-κb induces the expression of pro-survival genes, including RIPK1 and Pro-IL-1β (Wajant and Scheurich, 2011; Vande Walle and Lamkanfi, 2016). RIPK1 has been implicated in the regulation of necroptosis, whereas Pro-IL-1β mediated pyroptosis (Van Herreweghe et al., 2010; Yuan et al., 2018). An interaction between ferroptosis and apoptosis in cardiovascular diseases was also found in the present study (Figure 2).
[image: Figure 2]FIGURE 2 | The interrelationship between different PCD molecular mechanisms.
DIFFERENT TYPES OF PCD AND CLINICAL DRUG THERAPY
Targeting Apoptosis in Clinical Practice
Currently, interventions targeting apoptosis may have a significant impact on the treatment of cardiovascular diseases. Bcl-2 family, p53 gene, IEG family, ICE gene family, and Fasl-Fas system play essential roles in initiating and developing apoptosis (Dispersyn and Borgers, 2001). Accumulating evidence from clinical trials suggested that modulation of the Bcl-2 family and the Fasl-Fas system as a novel intervention could improve myocardial function (Corbalan et al., 2016). Zhou et al. and Li et al. reported that statins could regulate the cardiomyocytes apoptosis in patients by regulating the expression of Bcl-2 and Bax, thereby protecting the cardiac function (Zhou et al., 2018; Li et al., 2016); Adamopoulos S et al. and Skudicky D et al. demonstrated that growth hormone (GH) and pentoxifylline could alleviate cardiac insults by modulating the apoptosis of cardiomyocytes and the level of soluble Fasl/Fas system (Adamopoulos et al., 2002; Skudicky et al., 2000). Other agents were also found to achieve the efficacy of myocardial protection in apoptosis-targeted ways (Supplementary Table S7) (Rössig et al., 2001; Zhang et al., 2005; Zhang et al., 2018b; Qing et al., 2018). Considering that apoptosis plays a vital role in cardiovascular pathologies, elucidating the underlying therapeutic mechanisms of these drugs in clinical trials provides us with a brand-new concept and idea for the occurrence and development of cardiovascular diseases.
Targeting Necrosis in Clinical Practice
Necrosis is a class of cell death initiated by death receptor ligands, mediated through death receptors, occurs in the inhibition of apoptotic pathways. The death receptor-receptor interaction protein-mitochondria-oxygen free radical pathway is proved to be an essential regulator of cardiac necrosis, and current clinical trials have found that drugs targeting this pathway can reduce cellular necrosis and improve cardiac function (Kim et al., 2011; Vandenabeele et al., 2010; Thévenod and Lee, 2013). Verma S et al. verified the effect of PZ-128 in a phase 2 clinical trial. The results indicated that it could reduce cyclic myocardial necrosis by targeting protease-activated receptor-1 (PAR1) on vascular cells on the inner surface of recipient cells, thereby further improving the outcome of patients with myocardial infarction (Wang, 2018); Silvain J et al. validated the combined efficacy of ticagrelor and clopidogrel on patients undergoing percutaneous coronary intervention (PCI) in a phase 3b clinical trial and found that apart from their anti-platelet aggregation and effect, it could also reduce perioperative myocardial necrosis by inhibiting NF-κb pathway and further improve the postoperative recovery of patients with myocardial infarction (Silvain et al., 2020). Other studies found that some drugs could regulate cell necrosis by anti-aggregation, effect or reducing cell calcium overload, thereby improving myocardial necrosis in patients before and after surgery (Supplementary Table S8) (Alexander et al., 2008; Talarico et al., 2009; Lader et al., 2016; Nauck et al., 2018; Liu et al., 2019; Mohammad et al., 2020; Tcheng et al., 2020). At present, more and more attention has been focused on the clinical trials evaluating anti-necrosis therapies in cardiovascular diseases. The deepening of its targeted treatment in cardiovascular diseases will undoubtedly profoundly impact the clinical treatment of cardiovascular diseases.
Targeting Ferroptosis in Clinical Practice
Unlike classical apoptosis, there is no hallmark of apoptosis such as chromatin condensation during ferroptosis, but it is accompanied by mitochondrial shrinkage and accumulation of lipid oxides. Studies have revealed that overloaded iron would cause irreparable damage to multiple organs. The use of inhibitors of apoptosis in clinical trials does not also inhibit ferroptosis, while the use of iron chelators can inhibit the ferroptosis process of cells. Wongjaikam S et al. demonstrated that a combination of lamotrigine and desferrioxamine as chelation therapy could reduce the level of myocardial iron by restoring sarco/endoplasmic reticulum calcium ATPase (SERCA) levels (Wongjaikam et al., 2017). Farmaki K et al. also found that the combined chelation therapy of desferrioxamine and desferrioxone can prevent and reverse the cardiac complications caused by excessive iron in blood transfusion (Farmaki et al., 2010). Other clinical trials concerning iron chelators in cardiovascular diseases are shown in Supplementary Table S9 (Penckofer and Schwertz, 2000; Al-Rousan et al., 2009; Farmaki et al., 2010; Lal et al., 2013; Jansová et al., 2014; Shakoor et al., 2014; Pennell et al., 2015; Ho et al., 2017; Eghbali et al., 2019). Although iron ion chelators are manifested as a promising drug target in clinical trials, their potential molecular signaling pathways and networks remain to be explored. Besides, the metabolism of iron at the systemic level is another challenge. Iron metabolism forms homeostasis between the body and target organs to regulate iron death in the clinical treatment of cardiovascular diseases.
Targeting Autophagy in Clinical Practice
Autophagy plays a broad role in developing cardiovascular pathology and can act as both a suppressor and a promoting factor of cardiovascular disease. Although some drugs and regimens can modulate autophagy, few clinical trials have assessed their role in the cardiovascular system. Among them, Qing et al. conducted a phase 2 clinical trial of berberine and found that it could reduce myocardial injury by regulating the AMPK/mTOR pathway; Hua et al. elucidated that simvastatin could reduce myocardial injury by regulating the expression of LC3-II/LC3-I, Beclin- 1, and AMPK phosphorylation, which in turn improved cardiac function (Supplementary Table S10) (Hua et al., 2017; Qing et al., 2018). Another significant limitation in this field is the lack of spatially specific delivery of exogenous autophagy modulators for cardiac or vascular repair, so there is still a long way to go for effective autophagy therapy. However, the insights gained from these works will inspire future clinical trials assessing autophagic responses to achieve therapeutic efficacies.
Targeting Pyroptosis in Clinical Practice
Pyroptosis is a new programmed inflammatory death mainly regulated by classical and non-classical pathways, the classical pathway of which is mediated by caspase-1 dependence, and the non-classical inflammasome pathway is mediated by caspase-4/5/11 (Li et al., 2020). Numerous studies have shown that pyroptosis is generally involved in the development and outcome of various cardiovascular diseases such as myocardial infarction, heart failure, and myocardial I/R (Zhu and Sun, 2018; Wang and Kanneganti, 2021). To date, few clinical trials have assessed its role in cardiovascular disease, mainly due to the lack of cell/organ-targeted delivery of exogenous pyroptosis modulators for cardiac or vascular repair. However, since pyroptosis is involved in the development of a variety of cardiovascular diseases, the subsequent in-depth study of cell/organ targeted delivery of apoptosis modulators will provide a new direction and effective target for the therapeutic research of related diseases.
SUMMARY AND DISCUSSION
While research into cardiovascular disease has focused on the molecular mechanisms of individual PCD types, it is now clear that different PCD pathways do not operate in isolation. Indeed, a more likely explanation basing on current knowledge about the various possibilities of triggering and reconnecting PCD signaling cascades suggests that autophagy, apoptosis, ferroptosis, pyroptosis, and necrosis constitute a pluralistic, coordinated cell death system in which one pathway can flexibly compensate for the other (Konstantinidis et al., 2012; Tower, 2015; Wang and Kanneganti, 2021). For example, it is demonstrated that in I/R injury models, both pyroptosis and necrosis could affect cardiovascular disease through AMPK/mTOR and other pathways (Oerlemans et al., 2013; Nazir et al., 2017). In this review, we describe the characteristics and molecular mechanisms of individual PCD types and discuss the interactions between different cell death signaling cascades to provide a better understanding of the relationship between PCD and cardiovascular diseases.
Up to now, while the increasingly important role of different PCD is unveiled, few clinical trial studies are conducted to treat cardiovascular diseases by pharmacological intervention to PCD (Mani, 2008). Therefore, we describe the critical role of drugs targeting cell death signaling pathways and their efficacy in various cardiovascular diseases by collecting currently available drugs studied in clinical trials. Multiple medications are targeted in cardiovascular disease by modulating different types of PCD in many clinical trials. For instance, statins can regulate myocardial apoptosis in patients by regulating the expression of Bcl-2 and Bax (Zhou et al., 2018). Simvastatin can regulate the autophagy of cardiomyocytes by regulating the expression of LC3-I/II, Beclin-1, and other factors (Hua et al., 2017). Drugs such as liraglutide and pyridoxal 5′-phosphate (MC-1) can modulate the necrosis of cardiomyocytes by intervening calcium ions (Nauck et al., 2018; Alexander et al., 2008). Amlodipine and pantoprazole regulate ferroptosis in cardiomyocytes by affecting iron absorption (Shakoor et al., 2014; Eghbali et al., 2019) (Figure 3). Therefore, more work is needed to explore whether drugs can target therapy in various cardiac cells by handling multiple types of PCD. Most previous drug studies reported only a single PCD type, while recent studies found that drugs could act simultaneously by regulating multiple different types of PCD. For example, Qing et al., in phase 2 of clinical trials, found that berberine could reduce cardiomyocyte autophagy and apoptosis by regulating the AMPK/mTOR pathway, thereby reducing myocardial injury in PCI patients (Qing et al., 2018). In general, treatment for any type of PCD can reverse further damage to the heart to some extent (Moujalled et al., 2021). More research is needed to clarify whether PCD acts as an initiator or a critical node in the injury path when studying drugs acting through the PCD pathway.
[image: Figure 3]FIGURE 3 | Drugs target cardiomyocytes through different types of PCD.
Apart from cardiovascular disorders, PCD is also involved in other diseases, including respiratory and digestive tumors (Venderova and Park, 2012; Tai et al., 2018). However, current studies reported only PCD on a single type of cell, and the effects and differences between different types of cells are poorly informed. Therefore, in future work, we can start from various cell types and study the impact of drugs on cardiovascular diseases by intervening in various types of PCD in different cell types, which can not only reduce the adverse events of PCD-targeted therapy but also more accurately treat various types of cardiovascular diseases.
While the underlying biological mechanisms regarding the PCD remain uncovered, therapeutic manipulation of cell death pathways holds great promise. At present, among various types of diseases, the most studied is the intervention of drugs in various tumors: recent clinical trials reported that the combination of deferoxamine (DFO) and deferiprone (DFP) effectively improves hematologic malignancies (Wongjaikam et al., 2017). The combined therapy of drugs regulates ferroptosis in the clinical treatment of various diseases by affecting iron metabolism at the systemic level and allowing iron metabolism to form homeostasis between the body and target organs. Based on this, recently, Farmaki K et al. found that combination therapy with desferrioxamine drugs also improved prognosis in cardiovascular disease and has been initiated in clinical trials (Farmaki et al., 2010). Moreover, combination therapy with DFO and DFP can improve cardiac function by inhibiting ferroptosis by reducing iron levels in the heart (Wongjaikam et al., 2017). Studies in future work can be carried out in different types of cardiovascular diseases based on drug-mediated signaling pathways.
Therefore, our review may pave the way for further novel research in the future. On the one hand, we hope to uncover complex signaling pathways between different PCD and clarify their functions in cardiovascular pathologies. On the other hand, acceleration in clinical transformation is warranted to enable PCD-targeted agents to be applied to detect, prevent, and treat cardiovascular diseases.
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Ischemia-reperfusion injury (IRI), critically involved in the pathology of reperfusion therapy for myocardial infarction, is closely related to oxidative stress the inflammatory response, and disturbances in energy metabolism. Emerging evidence shows that metabolic imbalances of iron participate in the pathophysiological process of cardiomyocyte IRI [also termed as myocardial ischemia-reperfusion injury (MIRI)]. Iron is an essential mineral required for vital physiological functions, including cellular respiration, lipid and oxygen metabolism, and protein synthesis. Nevertheless, cardiomyocyte homeostasis and viability are inclined to be jeopardized by iron-induced toxicity under pathological conditions, which is defined as ferroptosis. Upon the occurrence of IRI, excessive iron is transported into cells that drive cardiomyocytes more vulnerable to ferroptosis by the accumulation of reactive oxygen species (ROS) through Fenton reaction and Haber–Weiss reaction. The increased ROS production in ferroptosis correspondingly leads cardiomyocytes to become more sensitive to oxidative stress under the exposure of excess iron. Therefore, ferroptosis might play an important role in the pathogenic progression of MIRI, and precisely targeting ferroptosis mechanisms may be a promising therapeutic option to revert myocardial remodeling. Notably, targeting inhibitors are expected to prevent MIRI deterioration by suppressing cardiomyocyte ferroptosis. Here, we review the pathophysiological alterations from iron homeostasis to ferroptosis together with potential pathways regarding ferroptosis secondary to cardiovascular IRI. We also provide a comprehensive analysis of ferroptosis inhibitors and initiators, as well as regulatory genes involved in the setting of MIRI.
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INTRODUCTION
To date, revascularization is commonly regarded as one of the efficacious treatments for ischemic cardiomyopathy in patients with critically acute myocardial infarction (Yang et al., 2018). However, reperfusion therapy is inevitably complicated with myocardial ischemia-reperfusion injury (MIRI), which is responsible for increased mortality and poor outcomes in myocardial infarction, thereby reducing the preponderance of reperfusion therapy to a large extent (Bell and Yellon, 2011). It has been demonstrated that ischemia-reperfusion injury (IRI) is especially involved in persistent impairment of cardiac function, followed by myocardial remodeling. Therefore, timely recognition and prompt interference for MIRI are the currently clinical incidents that need to be urgently resolved to improve the survival and prognosis of myocardial infarction patients. Dysfunction in cardiomodulatory response compromised by IRI impairs cardiometabolisms, including oxidative stress, systemic inflammation, calcium metabolic disorders, mitochondrial damage, and iron overload, which ultimately results in a vicious cycle between progressive disturbance of cardiomyocyte metabolism and irreversible myocardial remodeling (Turer and Hill, 2010). Deep insights into the interplay between IRI and intracellular metabolism as well as cell death in cardiomyocytes are of great importance in extending the knowledge of the pathogenesis and development of MIRI.
As we know, iron is considered an essential mineral that serves as a prerequisite in pivotal biological processes, including oxygen transfer, enzymatic catalyzed reaction, aerobic respiration, lipid peroxidation, and intracellular metabolism (Hirst, 2013). Iron deficiency jeopardizes the contractility of cardiomyocytes by subduing mitochondrial function and decreasing energy generation, resulting in impairment of cardiac function (Hoes et al., 2018). Upon the physiological state, iron is capable of playing an important role in energy metabolism through multiple ways to enter cardiomyocytes, being utilized for storage or transported into the mitochondrion to take part in biosynthetic reaction (Valko et al., 2016). Under the challenge of continuous stress or decompensatory response however iron reversely drives a poisonous property resulting from the overproduction of reactive oxygen species (ROS), which collapses the balance between generation and depletion in free radicals via the Fenton reaction and Haber–Weiss reaction (Valko et al., 2016). Uncontrolled accumulation of iron concentration and redox efficacy of ferrous (Fe2+) ions facilitate a perniciously metabolic network in cardiomyocytes, contributing to lipid peroxidation along with ROS overproduction, which exert a great threat to the function of basic cellular mechanisms (Gammella et al., 2016; He et al., 2019). Increased mitochondrial iron-related ROS generation is another regulatory contributor to both malfunction of intrinsic mitochondria and cardiac tissue injury. Mitochondrial iron is deemed as the major factor determining cardiomyocyte fate as evidenced by approximately one-third of cardiomyocyte iron reserves in the mitochondria. Moreover, it has been reported that the iron content in cardiomyocyte mitochondria is 50% higher than that of the other cells (Wofford et al., 2017). Increasing clinical studies have suggested that the level of cardiomyocyte iron is a prognostic factor of MIRI accounting for the deposition of iron in cardiac tissue in the occurrence of MIRI. Additionally, the impeded erythrocyte flow in the obstructive region might lead red blood cells to be lysed, resulting in the accumulation of iron from hemoglobin, which can eventually generate excessive ROS and trigger pathological events of MIRI. As is hypothesized that iron deposition might be recognized as an integral element of pathophysiology for triggering MIRI and increasing mortality risk, it is of great significance to clarify the underlying mechanisms of iron-mediated cell death to further provide potential targets for MIRI therapy.
As we all know, no matter what mechanisms are involved in the pathophysiology of MIRI, the final foreordination of the injured cardiomyocyte is the distinct forms of programmed cell death, which have been identified to play an essential role in MIRI, namely, apoptosis, necroptosis, pyroptosis, and ferroptosis. Over the past decades, regarded as the main types of cell death for cardiomyocytes, apoptosis is considered a form of programmed cell death, while necrosis is thought to be an accidental and uncontrolled type of cell death. In recent decades however, necrosis is precisely regulated by differently signaling pathways, including necroptosis, ferroptosis, pyroptosis, oxytosis, and parthanatos. Currently, noxious iron overload has been reported to induce non-apoptosis cell death, defined as ferroptosis, which presents with a deteriorative cross talk between lipid peroxidation, and a mass of ROS accumulation depended on excessive iron, together with the dominating causes of reduction in glutathione synthesis and deactivation of enzyme glutathione peroxidase 4 (GPX4) (Dixon et al., 2012). Indeed, multiple factors are involved in the pathogenesis of cardiac I/R injury implicated by ferroptosis, such as amino acid and lipid metabolism as well as iron mobilization and peroxidation through Fenton reaction (Fang et al., 2019). The regulatory effects of other factors, including activity of GPX4, ferroptosis-associated endoplasmic reticulum stress (ERS), and the mammalian target of rapamycin (mTOR)-mediated iron transport proteins, are also noteworthy but remain controversial (Baba et al., 2018; Li et al., 2020). From a molecular perspective, both ferroptosis-related initiators and inhibitors might be the potential targets for treatment of MIRI since ferroptosis accompanied by excess iron is confirmed to be the leading cause of cardiomyocyte death. Suppressing ferroptosis to prevent cardiac cell death and alleviate cardiac remodeling might become an efficacious therapeutic strategy for MIRI.
IRON HOMEOSTASIS AND ITS ROLE IN CARDIOMYOCYTES
The pathophysiological progression of cardiomyocyte injury reportedly results from a disorder of iron homeostasis attributed to the overproduction of ROS and formation of the mitochondrial permeability transition pore (mPTP), ultimately leading to the induction of cardiomyocyte death (Morciano et al., 2015; Pell et al., 2016). In fact, hyperactivation of hypoxia-inducible factor (HIF) upregulates the mitochondrial ferritin (FtMt) expression of transferrin receptor 1 (TfR1), followed by increased iron accumulation, which traps cardiomyocytes into a vicious cycle of exacerbated ROS-induced impairment (Tang et al., 2008). A unique cohort of FtMt, featured on ferroxidase activity and regulatory capacity of iron metabolism in mitochondria, acts as a prime contributor to myocardial vitality and ROS regulation in IRI (Wood, 2008; Wu et al., 2016). Since most of mitochondrial ROS arise from redox reaction in the initial stage of oxidative stress, it is reasonable to predicate that mitochondrial function serves as a bridge connecting iron homeostasis to ROS production during the occurrence of MIRI, suggesting that reversal of mitochondrial iron–associated peroxidation reaction might be one of the beneficial interferences with MIRI. Notably, the schematic diagram of iron homeostasis in cardiomyocytes and mitochondria is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Schematic diagram of iron homeostasis in cardiomyocytes. Peripheral iron is bound with Tf and imported into the intracellular area through the transport of TfR1, while non-Tf–combined iron is transported by DMT-1 and LTCC. The uptake of iron is internalized by endocytosis. A part of iron mediates lipid peroxidation by catalyzing ROOH into the formation of RO and RO2 radicals. Other parts of Fe(II) and Fe(III) are transported into mitochondria to conduct peroxidative reaction through Fenton reaction, and eventually upregulate ROS generation.; Abbreviations: Tf, transferrin; TfR1: transferrin receptor 1; DMT-1, divalent metal transporter 1; LTCC, L-type voltage-dependent Ca2+ channels; ROOH, hydroperoxysides; RO, alkoxyl; RO2, peroxyl; and STEAP3, STEAP family member 3.
Iron Transport in Cardiomyocytes
Cardiomyocyte intussuscepts iron mainly depending on ferritin (FT), either by means of combination with TfR1 and subsequently receptor-mediated endocytosis, or through the calcium channels and zinc transporters in the cardiac plasma membrane, which are mediated by divalent metal transporter 1 (DMT-1) protein (Hentze et al., 2010). In addition to being stored in FT cores in normal circumstances, ferrous ion can be mobilized and released to peripheral circulation via ferroportin (FPN), which is located on the basolateral membrane of enterocytes (Oudit et al., 2003). Upon entrance into the cardiomyocytes, iron is stored in the labile iron pool (LIP), where the level of iron is maintained stably on a normal range but abruptly increases under exposure to the pathological state, acting as an intermediator to promote heme and iron–sulfur cluster production in the mitochondrion through the biosynthetic pathway (Lane et al., 2015). Iron in LIP can be utilized for storage in FT, which serves as a ubiquitous intracellular buffer to prevent iron deficiency and iron overload, contributing to its efficacy in reserving as much as 5,000 atoms of iron in a soluble form and transporting iron to the requisite site (Watt, 2013). FT, composed of 24 subunits of both ferritin heavy chain (FTH) and ferritin light chain (FTL), is regarded as a key factor implicated with iron homeostasis for the reason that it combines and segregates iron in the case of redundant iron importing to protect against oxidative stress, whereas it releases and transports iron when suffering iron deficiency (Kawabata, 2019).
Notably, intracellular iron concentration and homeostasis are affected by several key regulators. Since the peroxidative peculiarity of iron prompts it to be a redox catalyst for the generation of noxious ROS, intracellular iron is exactly regulated by the ROS-dependent cell signaling pathway to maintain biological function. One of these catalytic responses is initiated in the Fenton reaction, for example, stimulating hydroxyl radical (HO) production, and another contributor concentrates on ferrous ion–mediating lipid peroxidation response, in turn inducing the accumulation of lipid radicals (Aisen et al., 2001). Moreover, transcriptional modification after the interconnection between iron regulatory proteins (IRPs) and iron responsive elements (IREs) is involved in the regulated mechanisms with regard to the cellular iron homeostatic process in iron intake, reservation, and release by modulating the synthetic function of iron metabolism–associated proteins (Haddad et al., 2017). Under the low content of cellular iron, bidirectional IRPs are responsible for either stabilizing the mRNA expression of TfR1 and DMT-1 to facilitate iron indrawal, or conducting a suppressed impact on mRNA translation of FT in order to inhibit iron storage (Paterek et al., 2019). Additionally, the degradation of FPN has been proven to be independently related to hepcidin in cardiomyocytes, and it accounts for the inactivation of FPN, eventually resulting in reduced iron release. Actually, cardiac hepcidin is found to be a major cause for iron metabolism in cardiomyocytes, and it exhibits a distinction from systemic iron regulation due to its autologous secretive function that promotes cardiac hepcidin protein upregulation rather than downregulation onset of hypoxia (Lakhal-Littleton et al., 2016). Thus, the fact that only one FPN protein is available for iron exporting during iron accumulation might further confirm cardiomyocytes to be more sensitive to iron overload than other cell types.
The Role of Iron Metabolism in Myocardial Mitochondria
The mitochondrion, known as an essential organelle for systemic energy metabolism, confers an important impact on iron homeostasis and modulation of myocardial damage during IRI (Richardson et al., 2010; Lesnefsky et al., 2017; Vela, 2020). It has been documented that mitochondria provide available sites for heme synthesis and iron–sulfur cluster (ISC) generation, with formation of heme and ISC proteins to be integrated in the mitochondrial oxidative phosphorylation system, which supplies a physiological necessity of cardiac activity for continuous energy through catalyzing electron transport of oxidative iron (Paul et al., 2017). Thus, iron concentration in mitochondria is closely related to the fate of cardiomyocytes since the level of mitochondrial iron in cardiac myocytes is remarkably higher than other cells. As reported by Wofford et al., insufficient iron might impose restriction on energy export, whereas uncontrolled iron overload could lead to a disruption of the mitochondrion via redundant ROS generation (Kruszewski, 2003; Wofford et al., 2017). Along with ROS-associated toxicity in mitochondria, the productions of poisonous hydroxyl radicals, as a result of the reaction between ROS and mitochondria, contribute to depolarization in mitochondrial membrane potential (MMP) and openness in the mitochondrial penetrability pore, thereby leading to aberrant morphology of mitochondrial swelling as well as mitochondrial dysfunction (Sripetchwandee et al., 2014; Chan et al., 2018).
Despite explicit mechanisms concerning iron transportation through mitochondrial ectoblast remain to be ascertained, one of the most evident studies suggests that both the Tf-TfR complex and FT degradation in the lysosome are the major sources of importing iron from the cytoplasm to the mitochondrion, which is regulated by mitoferrin and mitochondrial calcium uniporter (Gordan et al., 2018). FtMt, another key regulator of mitochondrial iron homeostasis, especially expressing on cardiomyocytes and possessing a highly homologous sequence with FTH, conducts a pleiotropic effect on iron input by means of redistribution of iron from the cytosol to the mitochondrion (Santambrogio et al., 2007). On account of this regulatory mechanism, elevated expression of FtMt on cardiomyocytes is found to be a major cause for reduction of iron in mitochondrial LIP, subsequently resulting in decreased systemic ROS generation (Nie et al., 2005; Campanella et al., 2009). Further evidence has shown that the overexpression of FtMt significantly inhibits erastin-induced ferroptosis due to its impact on decreased ROS production (Wang et al., 2016). Of note, FtMt might be a potential target for maintaining iron homeostasis in cardiomyocytes.
MOLECULAR MECHANISMS OF IRON METABOLISM IN CARDIOMYOCYTE IRI
Iron metabolism imbalance, especially iron overload, has been demonstrated to be implicated in the pathology of cardiomyocyte IRI, resulting from the driving forces of excessive ROS and oxygen free radicals that attribute to antioxidant system disrupt onset of constant exposure to IRI (Zhou et al., 2015; Cadenas, 2018). Inherently, this pathological process further aggravates oxidative stress accompanied by myocardial membrane damage and cardiovascular endothelial dysfunction (Dongó et al., 2011). In the early stage of ischemia and reperfusion, intracellular iron is conductive to be released in the acid internal environment of cardiomyocytes, augmenting iron-mediated Fenton reaction, which converses hyporeactive hydrogen peroxide to hyperreactive hydroxyl radicals (Williams et al., 1991). In this case, the administration of iron inhibitors at the initial phase of reperfusion might diminish free radical generation and attenuate cardiomyocyte IRI (Drossos et al., 1995).
The Pathophysiology of Cardiomyocyte IRI
Increasing evidence indicates that multiple pathophysiological factors are involved in the development of MIRI, including oxidative stress, endothelial cell inflammation, calcium overload, and energy metabolism disorder. Cardiomyocyte IRI is commonly accompanied by redundant oxygen-free radicals and accumulated ROS after cardiovascular reperfusion, which finally evokes the peroxidation of proteins, lipids, and nucleic acids. These endogenous superoxide products can further accelerate membrane injury and organelle dysfunction (Matsushima et al., 2014). Along with hyperactivated inflammation compromised by conglutination and infiltration of neutrophils, cardiomyocyte IRI unexpectedly worsens as a result of robust feedback on increased metabolism of arachidonic acid, in turn leading to a massive production of inflammatory cytokines (Vinten-Johansen et al., 2007; Boag et al., 2017). During cardiomyocyte I/R injury, high levels of pro-inflammatory cytokines promote either the myocardial tissue to maintain a pro-inflammatory state or endothelial cells to induce autophagy, eventually exposing cardiomyocytes to a more vulnerable damage in structure and function (Russo et al., 2017; Schanze et al., 2019). Intracellular calcium, with the peculiar capacity of maintaining cardiomyocyte functions, appears to be more sensitive to reperfusion, and it is largely overloaded when cardiomyocytes suffer IRI (Verkhratsky and Parpura, 2014). Similar to excessive amounts of iron, calcium overload suppresses excitability and contractility of cardiomyocytes, attributed to the combination between calcium and troponin, which finally debilitates the contraction of myocardial cells (Grueter et al., 2006). With regard to energy metabolism during cardiomyocyte IRI, ATP produced by glycolysis is considered to be the primary source of energy for the maintenance of cardiomyocyte vitality at the initial phase of reperfusion. Inevitably, this action causes cardiomyocytes to suffer a vicious cross talk between lactate accumulation and the acidic environment, resulting in fatty acid peroxidation together with an energy metabolism disorder (Tian et al., 2019). Taken together, cardiomyocyte IRI depends on the energy metabolism disorder initiated in the ischemia-hypoxia setting and enhances production of oxygen free radicals, which indirectly induce calcium along with inflammation, leading to mitochondrial damage (Figure 2).
[image: Figure 2]FIGURE 2 | Pathophysiology of cardiomyocyte IRI. Multiple factors are involved in the pathogenesis and progression of MIRI, including oxidative stress, endothelial cell inflammation, calcium overload, and energy metabolic disturbance. Excessive ROS and hydroxyl radicals are produced to trigger peroxidative stress. Chemotaxis, adhesion, and aggregation of neutrophils initiate inflammatory cytokine release, in turn inducing endothelial cell injury. Calcium overload suppresses excitability and contractility of cardiomyocytes due to the dysfunction of the L-type calcium channel as well as the ryanodine receptor. Increased glycolysis and fatty acid metabolism, as well as mitochondrial dysfunction, ultimately deteriorate the disorder of energy metabolism.
The Mediators of Iron Metabolism in Cardiomyocyte IRI
It has been reported that multiple iron metabolism–associated factors are thought to be associated with the pathogenesis of cardiomyocyte IRI, including HIF and FTH signaling pathways and mitochondrial iron protein–regulated pathway (Table 1). The HIF, for instance, presents with visible hyperactivation, which, in turn, upregulates iron TfR1 expression and causes iron overload during cardiomyocyte IRI, eventually exasperating ROS-induced peroxidative injury (Zhang et al., 2019a). Further evidence has shown that the administration of cardiomyocytes with iron chelators after I/R injury is beneficial for the reversion on myocardiac malfunction (Paraskevaidis et al., 2005). Another mediator of FTH, as observed trending a down-expressed toward in the mouse model of MIRI, exerted a suppressed effect on the capacity of cardiomyocytes in binding free iron, leading to oxidative stress and even cell death (Omiya et al., 2009). Unique cohorts of mitochondrial iron proteins are demonstrated to complicate modulating cardiomyocyte IRI and play important roles in survival and prognosis of cardiomyocytes via controlling ROS generation. For instance, mitochondrial iron import is regulated by mitoferrin 2 (MFRN) and mitochondrial calcium uniporter (MCU), whereas its export is modulated via ABCB proteins (Ichikawa et al., 2012). The same verification goes for ATP-binding cassette subfamily B member 8 (ABCB8) that upregulated expression of ABCB8 through genetic modification is identified to effectively promote mitochondrial iron output and finally protect cardiomyocytes against IRI (Chang et al., 2016). Hence, mitochondrial iron regulators might become effective targets for improving outcomes in the setting of MIRI (Chang et al., 2016).
TABLE 1 | Mediators of iron metabolism in MIRI-associated diseases.
[image: Table 1]FERROPTOSIS IN CARDIOMYOCYTES AFTER IRI
Elevated concentration of the intracellular iron–induced poisonous ROS-dependent reaction is defined as ferroptosis, which is a non-apoptotic programmed cell death and is characterized by overload iron-associated lipid peroxidation (Conrad et al., 2018). It can be initiated by either depletion of glutathione biosynthesis or inactivation of the antioxidant enzyme GPX4 that is deemed a consequence of iron-relevant ROS generation as well as polyunsaturated fatty acid (PUFA) peroxidation, contributing to the disruption of redox homeostasis (Dixon et al., 2012; Cao and Dixon, 2016). Currently, the major signaling pathways of ferroptosis are summarized in Figure 3. Moreover, recent studies have confirmed ferroptosis to be a substantial contributor to the pathogenesis of cardiomyocyte IRI, as evidenced by the protective effect on cardiomyocytes once the ferroptosis inhibitor is administered (e.g., liproxstatin-1, Lip-1) on a MIRI model, implicating that ferroptosis might provide a novel treatment targeted for diseases associated with cardiomyocyte IRI (Díez-López et al., 2018). Therefore, the effects of ferroptosis-related molecular pathways on MIRI are as follows.
[image: Figure 3]FIGURE 3 | Ferroptosis-related signaling pathway. (A) GSH relies on the molecular substrate called cysteine, which is transferred via a heterodimeric cell membrane antiporter, system Xc-that is composed of SLC7A11 and SLC3A2, regulating ferroptosis by exchanging glutamate and cystine at a 1:1 ratio. (B) Ferroptosis is triggered by the peroxidation of PUFAs and accumulation of ROS, which are catalyzed by ACSL4 and LPCAT3. GPX4 can hydrolyze lipid peroxides into innocuous alcohols. (C) Free iron bound with Tf is transported into intracellular area via TfR1 in endosomes. Fe (III) is reduced to redox-active iron (FeII) by ferrireductase of STEAP3, while Fe (II) is released from endosomes into LIP through DMT1. Under the oxidative stress, Fe2+ catalyzes the generation of hydroxyl radicals by Fenton reaction, which eventually initiates ferroptosis. Ferritin is utilized to iron storage and can be degraded by NCOA4-mediated ferritinophagy. (D) GSH synthesis is a requisite for GPX4 in mediating an antioxidant impact, thereby inhibiting the iron-dependent ROS production by catalyzing lipid hydroperoxides into lipid alcohols.; Abbreviations: GPX4, glutathione peroxidase 4; PUFAs, poly-unsaturated fatty acids; NCOA4, nuclear receptor coactivator 4; GSH, glutathione; SLC7A11: solute carrier family 7 member 11; SLC3A2, solute carrier family 3 member 2; ACSL4, acyl-coA synthetase long-chain family member 4; LPCAT3. lysophosphatidylcholine acyl-transferase 3; Tf, transferrin; TfR1, transferrin receptor 1; ATF4, activating transcription factor 4; and CHOP, C/EBP homologous protein.
Iron Metabolism Signaling Pathway
Iron overload resulted from either cytoplasm iron imbalance or mitochondrial iron disturbance exerts an impact on pathogenesis and progression of ferroptosis. One of the intracellular iron modulators nuclear receptor coactivator 4 (NCOA4), for example, can be regulated by ferritinophagy to further suppress transferrin exporting intracellular iron, while another key encoder named iron-responsive element-binding protein 2 (IREB2) mainly affects transferrin expression as well as iron transportation (Xie et al., 2016). Likewise, the cross talk of iron on the mitochondrial membrane is primarily regulated by the voltage-dependent anion channel (VDAC) located on the outer mitochondrial membrane (Tateda et al., 2012). VDAC 2/3 shows evident signs of opening under persistent exposure to mitochondrial iron accumulation, and this subsequently primes the response of ferroptosis via regulating the upstream protein of FtMt. Accordingly, the overexpression of FtMt can intercept mitochondrial iron to protect cells from ferroptosis (Maldonado et al., 2013).
Glutathione Metabolism Signaling Pathway
Intracellular reduced glutathione (GSH), considered the main antioxidant buffer, commonly displays the ability in protecting against lipid peroxidation in ferroptosis by donating an electron to GPX4, which can suppress the formation of iron-dependent ROS by transforming lipid hydroperoxides into lipid alcohols (Stockwell et al., 2017; Ingold et al., 2018). Originally, endogenous biosynthesis of GSH relies on the molecular substrate called cysteine, which is transferred via a heterodimeric cell membrane antiporter, system Xc- that is composed of a transmembrane protein transporter solute carrier family 7 member 11 (SLC7A11) and a single-pass transmembrane regulatory protein solute carrier family 3 member 2 (SLC3A2), regulating ferroptosis by exchanging glutamate and cystine at a 1:1 ratio (Fujii et al., 2019). Importantly, the ferroptotic inhibitor of erastin can directly restrain system Xc- function resulting in GPX4 hypoactivation due to the depletion of GSH (Hayano et al., 2016). Consistent with this finding, the knockdown of GPX4 could exasperate lipid peroxidation–mediated ferroptosis, suggesting GPX4 to be the key negative regulator of ferroptosis (Gladyshev et al., 1999).
Lipid Peroxidation Signaling Pathway
Even though the systemic antioxidant effect dominates the enzyme-linked reactions, long-term exposure to oxidative stress can inevitably trigger the biosynthesis of PUFAs in decompensation by activating lipid metabolism–related enzymes, including acyl-coA synthetase long-chain family member 4 (ACSL4) and lysophosphatidylcholine acyl-transferase 3 (LPCAT3) (Anthonymuthu et al., 2018). PUFAs are catalyzed to generate subversive lipid peroxides that destruct cell morphology, such as mitochondrial membrane shrinkage and membrane imperfection, ultimately leading to ferroptosis (Ng et al., 2020). In accordance with these findings, exogenous unsaturated fatty acids might not only inhibit the susceptibility of cells to ferroptosis but also refrain the lipid bilayer of the cell membrane from peroxidative injury (Magtanong et al., 2019).
NOX4 Signaling Pathway
Previous studies have regarded NADPH oxidase 4 (NOX4) to be the major molecular medium of oxidative stress in cardiomyocytes that transfers electrons from NADPH to the oxygen atom, even producing superoxide (Kuroda et al., 2010). On account of its inductive ability in peroxidation, NOX4 deficiency inhibits the cardiomyocytotoxicity and mitochondrial injury induced by produced intracellular free radicals, implying that NOX4 is compromised in oxidative stress-mediated cell damage (Sun et al., 2017). As discovered by Chen et al., the knockdown of NOX4 dramatically reversed ventricular remodeling by means of improving iron overload in the heart failure model, which further inferred pharmaceutical inhibition or knockout of GPX4 to be effective in precaution of ferroptosis (Chen et al., 2019). Remarkably, apoptosis-inducing factor mitochondrion-associated 2 (AIFM2, also named FSP1) is another electronic carrier and lipid-soluble antioxidant independent of GPX4, which acts as a nicotinamide adenine dinucleotide phosphate (NADP)–dependent coenzyme Q (CoQ) oxidoreductase to suppress ferroptosis by directly modulating the CoQ antioxidant system (Marshall et al., 2005).
ATF4 Signaling Pathway
Activating transcription factor 4 (ATF4) has been documented to involve in the regulation of autophagy, oxidative stress, and inflammatory response, and partially expresses at a low level under the normal condition, whereas it is dramatically overexpresses upon stimulation with hypoxia or ERS (Pitale et al., 2017). A recent report revealed that activation of the ATF4-C/EBP homologous protein (CHOP) signaling pathway was closely related to ferroptosis-associated diseases such as cardiomyocyte IRI by modulating the ATF4-targeting gene of CHAC1 to induce GSH degradation (Chen et al., 2017a; Wang et al., 2019; Li et al., 2020). Based on the capacity of heat shock protein 5 (HSPA5) in mediating endoplasmic reticulum unfolding of the protein to negatively regulate GPX4, induction of HSPA5 expression can feedback on the upregulation of ATF4 activity to elevate the GPX4 level, eventually preventing cells from ferroptosis (Bai et al., 2020). Therefore, cascaded signals of ATF4-HSPA5-GPX4 implicated in oxidative response and the metabolic system might act as a negative feedback on ferroptosis via complex networks (Zhu et al., 2017).
NRF2 Signaling Pathway
A transcription factor in terms of nuclear factor erythroid 2–related factor 2 (NRF2) can mechanistically regulate ferroptosis by not only promoting iron storage to reduce iron accumulation, but also upregulating SLC7A11 activity to increase glutamate content (Fan et al., 2017; Kerins and Ooi, 2018; Mou et al., 2019). Meanwhile, NRF2 is modulated by upstream molecules, such as P62 and alternative reading frame (ARF). P62 likely suppresses the degradation of NRF2 to further enhance nuclear reservation, whereas ARF directly inhibits transcriptional function targeting to downregulate SLC7A11 expression; both of them effectively prevent ferroptosis (Sun et al., 2016; Chen et al., 2017b). Likely, ferroptosis-associated FT, together with heme oxygenase (HO-1), is affected by NRF2 as evidence showed that HO-1 knockdown deteriorated erastin-induced ferroptosis, but NRF activation might inversely upregulate HO-1 (Gai et al., 2020). Collectively, NRF2 is identified to be the main negative mediator in signaling cross-connection for protecting the cell against ferroptosis.
Since the viewpoint that abundant iron deposited on cardiac cells in the MIRI mouse model to induce ferroptosis was first recognized by Bata et al., it led us to further investigate the link between ferroptosis and cardiomyocyte IRI (Baba et al., 2018) (Figure 4). Oxidative stress plays the predominant role in cardiomyocyte IRI that is manifested by chronic inflammation in vascular walls and lipid peroxidation deposition in the arterial wall (Berliner, 2002). Theoretically, membrane phospholipid compounds of PUFAs exhibit high susceptibility to esterification as evidenced by the signs on phospholipid oxidation products and subsequent damage via the production of ROS onset of MIRI (White et al., 2015). With continually increasing species of oxidized lipoacylcholine being discovered during cardiomyocyte IRI, the mechanisms underlying lipid peroxidation have been confirmed to be the connection between ferroptosis and MIRI (Yeang et al., 2019). Moreover, the exogenous supplement of these oxidized lipid products to cardiomyocytes can definitely trigger ferroptosis-associated cell death; thus, ferroptosis regulates cardiomyocyte IRI by affecting phospholipid metabolism (Ganguly et al., 2018).
[image: Figure 4]FIGURE 4 | Relationship between MIRI and iron homeostasis disorder as well as ferroptosis. The pathophysiological progression of MIRI is closely associated with iron homeostasis disorder, overproduction of ROS, and mitochondrial dysfunction, followed by increased iron accumulation. These responses can further trap cardiac cells into a vicious cycle of exacerbated ROS-induced impairment, eventually leading to ferroptosis. Hearts suffering I/R injury are exposed to persistent oxidative stress, especially iron-dependent lipid hydroperoxide generation, which might damage the contractility of cardiomyocytes.
The iron-related signaling pathway is recognized to be another prerequisite for ferroptosis-mediated cardiomyocyte IRI secondary to lipid oxidative stress, which might be attested by the protective effect of the iron chelator called deferoxamine in suppressing cardiac cells from ferroptosis by means of binding iron in an MIRI model (Kakhlon and Cabantchik, 2002; Gao et al., 2015). A previous study confirmed iron to be an indispensable substrate for NADPH oxidase that was capable of catalyzing to produce superoxides, finally initiating ferroptosis (Dixon and Stockwell, 2014). Consistently, ferroptosis-mediated upregulation of NADPH oxidase and monocyte adhesion might account for cardiomyocyte IRI due to endothelial dysfunction following reperfused stress, hinting that the iron metabolism–associated pathway belongs to the leading cause for ferroptosis involved in MIRI (Sullivan, 2009; Kuo et al., 2014). The aforementioned notions were further validated by the subsequent fluorescence confocal analysis of cardiac muscle tissue from the MIRI mouse model, which manifested redundant iron accumulation and even non-apoptotic cell death of ferroptosis, showing an improved appearance after administration of ferrostatin-1 (Fer-1) (Stamenkovic et al., 2021). Moreover, rapamycin, discovered remarkably overexpressed in the early stage of MIRI, was identified to be the target for multiple iron transport proteins, which could modulate transferring receptor to upregulate ferroportin expression, suggesting that mTOR was implicated in the mechanistic process of ferroptosis-modulating MIRI (Bayeva et al., 2012; Guan and Wang, 2014). These documentations suggest that ferroptosis regulates MIRI via the iron metabolic signaling pathway, and the ferroptotic inhibitor of Fer-1 might be a potential approach to attenuate reperfusion damage.
Notably, some other ferroptotic-relevant molecules participate in the pathogenesis and progression of MIRI, including GPX4- and ERS-associated proteins. Lip-1, for instance, can prevent murine cardiomyocytes from IRI by inhibiting ferroptosis by enhancing GPX4 expression, and similarly another ferroptotic inhibitor of Fer-1 is found to alleviate MIRI of diabetes under constant hyperglycemia by weakening ERS (Li et al., 2019). These results suggest that GPX4, especially in GSH metabolism, as well as the ERS-mediated pathway may be driving factors for ferroptosis in regulating MIRI that need to be further clarified.
INITIATORS AND INHIBITORS OF FERROPTOSIS AS THE POTENTIAL TARGETS FOR MIRI
Initiators of Ferroptosis
Depending on whether directly targeting for GPX4 activity, all the ferroptotic initiators are classified into two categories (Table 2). One type of inducers shows efficacy in inhibiting GPX4 activity by GSH depletion including erastin, sulfasalazine, diphenyleneiodonium chloride 2 (DPI2), buthionine sulfoximine (BSO), and lanperisone, while another form of inducers mainly directly blocks GPX4 without GSH consumption, such as RSL3 and DPI family except for DPI2. Mechanistically, erastin triggers ferroptosis either by combining mitochondrial VDAC2/3 to disrupt the respiratory chain together with ROS accumulation or weakening Xc system activity to attenuate GSH concentration accompanied by GPX4 inactivation (Yagoda et al., 2007; Yang et al., 2014). RSL3, impervious to the upstream of GPX4 including GSH depletion and cysteine intussuscepts, is able to inactivate GPX4 by the binding protein site, in turn augmenting ROS generation to initiate ferroptosis (Huang et al., 2021). On account of the succedaneous antioxidant approach upregulated by blocking GSH synthesis, BSO, owning perciclular capacity in suppressing peripheral GSH biosynthesis and eventually inactivating GPX4 to induce ferroptosis, exhibits lower efficacy on occasioning ferroptosis-related chain reaction than RSL3 (Harris et al., 2015). Although lanperisone can effectively enhance ROS production mediated by the RAS/MEK/ERK signaling pathway to induce ferroptosis due to KRAS gene mutation in embryonic fibroblasts, it displays less competency than erastin in resisting against KRAS-driven tumor vitality (Shaw et al., 2011).
TABLE 2 | Ferroptosis initiators and inhibitors: targeting strategy for MIRI.
[image: Table 2]Similar to the reagent of erastin, sorafenib, a multikinase inhibitor utilized for hepatic cancer therapy, interdicts GSH biosynthesis, rather than Raf suppression, and induces ferroptosis in tumor cells manifested as attenuation in tumor angiogenesis and restriction in tumor proliferation (Zhang et al., 2013; Louandre et al., 2015). Sulfasalazine authorized by the drug institution for nonbacterial inflammatory treatment was also confirmed to be applied to induce ferroptosis in gliofibroma cells by downregulating SLC7A11 expression (Sehm et al., 2016). Except for DPI2 which initiates ferroptosis conformed to erastin-associated mechanism, other members of DPI directly induce ferroptosis targeting for GPX4, instead of GSH reduction (Sharma and Flora, 2021).
Inhibitors of Ferroptosis
Most varieties of ferroptotic inhibitors consist of antioxidants (e.g., Fer-1, Lip-1, and vitamin E), iron chelators (e.g., deferoxamine), and ROS scavengers (e.g., N-acetyl-l-cysteine, XJB-5-131, JP4-039, and mitoquinone), and they can potentially resist ferroptosis induced by RSL3 or erastin (Friedmann Angeli et al., 2014; Boonnoy et al., 2017; Zilka et al., 2017; Skouta et al., 2014; Krainz et al., 2016) (Table 2). Commonly, both Fer-1 and Lip-1, failing to suppress peroxidase activity, are able to capture free radicals to ameliorate ROS deposition, rather than inhibit ferroptosis as evidenced by the beneficial impact on the model of I/R injury (Yin et al., 2011; Zhang et al., 2019b). Based on the oxidant function of LOX in catalyzing unsaturated fatty acids into hyperoxides, the LOX inhibitor of zileuton and vitamin E antioxidant together with tocotrienol might protect cells from ferroptosis-induced oxidative stress (Liu et al., 2015; Kagan et al., 2017). Additionally, pretreatment of cells with deferoxamine, which chelates intracellular superfluous iron, may contribute to protecting cells against ferroptosis by disturbing the ROS-mediated Fenton reaction (Doll and Conrad, 2017). Currently, novel synthetic compounds defined as ROS scavengers, including XJB-5-131 and JP4-039, are reported to markedly suppress ferroptosis via eliminating poisonous ROS. In fact, the mitochondrion is considered the first line of defense in ROS clearance, and consequently, mitoquinone targets for mitochondrial ROS elimination (Fuchs and Steller, 2011).
CONCLUSION AND PERSPECTIVES
Cardiomyocyte IRI is commonly yet severely complicated by myocardial reperfusion intervention but is prone to be neglected in the clinical practice. The interplay between disorder of energy metabolism and massive accumulation of oxygen free radicals drives cardiomyocytes into a vicious circle in the setting of MIRI. Together with vascular endothelial inflammation, oxidative stress depending on iron homeostasis imbalance can damage cardiac function due to myocardial remodeling. Therefore, early interference of MIRI plays a critical role in the survival and prognosis of myocardial ischemia. Despite mechanisms with regard to ferroptosis in MIRI diseases being continually explored in experimental research studies and many progresses being achieved in clinical practice, certain limitations however remain to be overcome. First, precise downstream molecules of the signaling pathway in lipid peroxidation regulating ferroptotic myocardial remodeling appear unclear. Second, the potential mechanism of ferroptosis to activate the systematic inflammatory response in MIRI needs to be further explored. Third, more reasonable clinical trials are essential to be conducted in order to verify the outcomes in the established animal models of ferroptosis-related MIRI. In summary, ferroptosis appears to play an important role in pathogenic progression of MIRI; thus, targeting ferroptosis might provide a potential therapy for MIRI-associated diseases in the future.
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Objective: programmed cell removal in atherosclerotic plaques plays a crucial role in retarding lesion progression. Macrophage apoptosis has a critical role in PrCR, especially in early-stage lesions. YKL-40 has been shown to be elevated as lesions develop and is closely related to macrophages. This study aimed to determine the effect of YKL-40 on regulating macrophage apoptosis and early-stage atherosclerosis progression.
Research design and Methods: The correlations among the expression level of YKL-40, the area of early-stage plaque, and the macrophage apoptosis rate in plaques have been shown in human carotid atherosclerotic plaques through pathological and molecular biological detection. These results were successively confirmed in vivo (Ldlr−/- mice treated by YKL-40 recombinant protein/neutralizing antibody) and in vitro (macrophages that Ykl40 up-/down-expressed) experiments. The downstream targets were predicted by iTRAQ analysis.
Results: In early-stage human carotid plaques and murine plaques, the YKL-40 expression level had a significant positive correlation with the area of the lesion and a significant negative correlation with the macrophage apoptosis rate. In vivo, the plaque area of aortic roots was significantly larger in the recomb-YKL-40 group than that in IgG group (p = 0.0247) and was significantly smaller in the anti-YKL-40 group than in the IgG group (p = 0.0067); the macrophage apoptosis rate of the plaque in aortic roots was significantly lower in the recomb-YKL-40 group than that in IgG group (p = 0.0018) and was higher in anti-YKL-40 group than that in VC group. In vitro, the activation level of caspase-9 was significantly lower in RAW264.7 with Ykl40 overexpressed than that in controls (p = 0.0054), while the expression level of Aven was significantly higher than that in controls (p = 0.0031). The apoptosis rate of RAW264.7 treated by recomb-YKL40 was significantly higher in the Aven down-regulated group than that in the control group (p < 0.001). The apoptosis inhibitor Aven was confirmed as the target molecule of YKL-40. Mechanistically, YKL-40 could inhibit macrophage apoptosis by upregulating Aven to suppress the activation of caspase-9.
Conclusion: YKL-40 inhibits macrophage apoptosis by upregulating the apoptosis inhibitor Aven to suppress the activation of caspase-9, which may impede normal PrCR and promote substantial accumulation in early-stage plaques, thereby leading to the progression of atherosclerosis.
Keywords: atherosclerosis, macrophage, apoptosis, YKL-40, aven
INTRODUCTION
Cardio- and cerebrovascular diseases are the leading causes of mortality worldwide and account for well over 20% of all deaths, according to World Health Organization (WHO) estimates (Mathers and Loncar, 2006; Kim and Johnston, 2011). Statistics show that 9–35% of transient ischemic attacks (TIA) or strokes are associated with extracranial carotid atherosclerosis (Sacco et al., 1995; Wityk et al., 1996). Currently, treatments for carotid artery stenosis are most often performed at the late stage of carotid atherosclerosis, aiming to improve cerebral ischemia symptoms and prevent stroke or other serious ischemic complications. There are no definite effective means to inhibit plaque aggravation in the early stage to date.
Atherosclerosis is universally identified as a progressive inflammatory disease. In its initial stage, apolipoprotein B-containing lipoproteins accumulate in the arterial intima, triggering a chronic inflammatory response dominated by the recruitment of monocyte-derived macrophages (Tabas and Lichtman, 2017). Macrophages engulf lipids and form foam cells, a hallmark of the onset of early-stage atherosclerosis. Then apoptosis occurs and the cellular debris of macrophages is removed by efferocytosis. This programmed cell removal (PrCR) process can reduce the components of atherosclerotic plaque, which would effectively decrease plaque burden and inhibit lesion progression (Tabas, 2005; Vandivier et al., 2006; Gautier et al., 2009; Seimon and Tabas, 2009). Studies have shown that the inhibition of macrophage apoptosis significantly exacerbates the progression of early-stage atherosclerosis (Liu et al., 2005). Though the effect of macrophage apoptosis on atherosclerosis progression is reverse in advanced lesions, it is thought to be caused by impaired efferocytosis of phagocytes in the later-stage lesions (Tabas, 2005; Schrijvers et al., 2007). In our previous research, the impaired efferocytosis function of macrophages induced by the inflammatory factor YKL-40 contributed to enlarging the necrotic core and undermining the stability of later-stage atherosclerosis plaques.
YKL-40, also known as chitinase-3-like protein 1 (CHI3L1), is a 40 kD mammalian glycoprotein, belonging to the conserved mammalian chitinase family but without chitinase activity (Hakala et al., 1993; Rathcke and Vestergaard, 2006). YKL-40 has been identified as a novel biomarker of systemic inflammation and is expressed and secreted by macrophages, vascular smooth muscle cell (VSMC) and neutrophils under pathological conditions (Michelsen et al., 2010). Recent studies have shown that YKL-40 could play an important role in regulating apoptosis, pyroptosis, and activation of inflammasomes, etc. (Lee et al., 2009; Sohn et al., 2010; Chen et al., 2011; Areshkov et al., 2012). YKL-40 is lack of chitinase activity, while it still reserves certain biological function like possessing the carbohydrate-binding motif (CBM), which is considered the potential path that YKL-40 enhancing the AKT phosphorylation (Chen et al., 2011). Our previous research and other studies have found that serum levels of YKL-40 are markedly increased in patients with carotid atherosclerosis, especially in patients with ischemic symptoms (Kjaergaard et al., 2010; Michelsen et al., 2010; Wu et al., 2013). Moreover, a large population study confirmed that elevated plasma YKL-40 levels were positively correlated with an increased risk of ischemic stroke (Kjaergaard et al., 2010). We have known that YKL-40 could aggravate atherosclerosis progression. However, the effect of YKL-40 on the function of macrophages and the PrCR process in plaque and its mechanisms during early-stage atherosclerosis are still not known.
In this study, we focused on the effect of YKL-40 on regulating early-stage atherosclerotic plaque progression and explored its potential mechanisms.
MATERIALS AND METHODS
Human Study Population and Sample Preparation
Early-stage carotid plaques and corresponding blood samples were collected from 16 patients with carotid body tumors and five patients with carotid aneurysm undergoing surgical operations in the Department of Vascular and Endovascular Surgery, Changzheng Hospital, affiliated with the Naval Medical University (Shanghai, People’s Republic of China) between July 2015 and September 2019. The inclusion criteria were patients with inchoate atherosclerosis in the carotid arteries. Exclusion criteria were patients with definite atherosclerotic carotid stenosis and renal/liver failure or other chronic disease that might result in metabolic abnormalities. As previously described, early-stage plaque samples were collected including foam cells and lipid particles accumulating in several pools in the thickening intima. Advanced lesions that had developed a massive, confluent, well-delineated accumulation of extracellular lipid (a lipid core) were excluded (Stary et al., 1994). For this study, all plaque samples were collected from patients intraoperatively, then flushed with phosphate buffered saline (PBS) and immediately stored in liquid nitrogen. All peripheral blood samples were collected before the procedure. Serum was acquired by centrifugation of the peripheral blood at 3,500 rpm for 10 min at room temperature and stored at −80°C before further processing. This research was conducted according to institutional and ethical guidelines. Patients’ informed consents were obtained. The study protocol was approved by the Independent Ethics Committee of the Changzheng Hospital affiliated with the Naval Medical University.
Calculating Relative Area and Grouping for Samples
H&E (hematoxylin-eosin) staining was performed on the cross-section of the plaques. The plaque area and total lesion area were calculated according to the staining outcomes, and the percentage of plaque area to total lesion area was counted as the relative area (%) of plaque (Supplementary Figure S1).
In order to compare the results between the groups on the basis of lesion size, all 21 samples were divided into a small group (n = 10) and a large group (n = 11) at the median value (51.32%) of plaque relative area. Baseline information on these patients in the two groups are compared in Supplementary Table S1.
Atherosclerosis Animal Model and In Vivo Administration Protocol
Ldlr–/– mice were bred based on C57BL/6 mice obtained from Jackson Laboratory. Male Ldlr–/– mice were weaned at 3 weeks old and fed a chow diet until 6 weeks old, then a high cholesterol diet (HCD) was maintained (0.4% fat +1.1% cholesterol +18.8% casein, Research Diets, America, D12104C) to construct the atherosclerosis model. The atherosclerotic plaque collected from the aorta of Ldlr–/– mice fed a HCD ≤12 weeks were regarded as early-stage lesions, according to the histological morphology and the criterion as previously described (Whitman, 2004).
At 12 weeks old (while HCD feeding has been lasted for 6 weeks), the administration was initiated. Ldlr–/– mice were randomly divided into three groups (n = 5), including the control group (IgG), YKL-40 recombinant protein group (recomb-YKL-40), and YKL-40 neutralizing antibody group (anti-YKL-40). At each week of age, IgG (1 mg/g), YKL-40 recombinant protein (500 ng/g) and YKL-40 neutralizing antibody (1 mg/g) was intraperitoneally injected for six successive weeks, while the high cholesterol diet was continued. Mice were euthanized after administration completed (while HCD feeding has been lasted for 12 weeks) and tissues were collected. Customized YKL-40 neutralizing antibody (Huiou Co., Ltd., Shanghai, China) was extracted from rabbit serum according to previously described (Mizoguchi, 2006) and the titer of the antiserum reached to 1:72,900. The administration program was determined by the relatively large dose of agents (1 mg/g) and the protocols used in the previous studies (Kojima et al., 2016). After mice were euthanized, cold PBS was injected through the left ventricle to flush out blood or thrombus followed by an injection of 4% paraformaldehyde (10 ml per mouse) for internal fixation. The murine aorta tissue (from aortic root to iliac artery) was removed, the aortic root was immediately stored in liquid nitrogen, and the residual part was fixed in 4% formaldehyde at 4°C for further assay.
Histology and Immunofluorescent Staining
The human carotid plaques and murine aortic root were embedded in paraffin or optimal cutting temperature compound, followed by cutting into 5-μm-thick cryosections. H&E and Masson trichome staining was performed to examine plaque morphology. Human early-stage plaques were defined as previously described (Stary et al., 1994), according to the morphological assay. The murine aortic root cryosections and residual aorta tissue were stained with oil-red O for determination of lipids. Immunofluorescence staining was performed as previously described (Kojima et al., 2016). Briefly, after being blocked in 1% bovine serum albumin (BSA), sections were incubated with primary antibodies: human macrophages labeled with anti-CD68 Ab (Abcam ab201340 1:100); mouse macrophages labeled with anti-MOMA-2 Ab (Abcam ab33451 1:50); and human/mouse YKL-40 labeled with anti-YKL-40 Ab (Abcam ab180569 1:100). After being washed with PBS, the sections were incubated with fluorescein isothiocyanate (FITC)-conjugated secondary antibodies. Nuclei were stained with 4′, 6-diamidino-2-phenylindole (DAPI; 1:2000) for 5 min. After being rinsed three times in PBS, the sections were examined under a fluorescence microscope. The immunostaining was measured by ImageJ software.
Biochemical Assay
Mice were euthanized after being fasted overnight. Murine blood samples were centrifuged for collecting serum. Total cholesterol (TC), triglycerides (TG), low-density lipoprotein (LDL), and high-density lipoprotein (HDL) were measured by enzymatic colorimetric assays using colorimetric kits (Jiancheng, Nanjing, China) with an automatic biochemical analyzer.
Enzyme-Linked Immunosorbent Assay
Serum YKL-40 levels were measured with the related ELISA kits (R&D DC3L10) according to the manufacturer’s instructions.
Measurement of Macrophage Apoptosis Rate Detection in Human and Murine Plaques
Human carotid plaque and murine aortic root sections were double stained for macrophages and apoptotic cells. Macrophages were labeled with anti-CD68 Ab (Abcam ab201340 1:100) or anti-MOMA-2 Ab (Abcam ab33451 1:50) antibody and apoptotic cells were stained with TUNEL kits (Progema G3250) according to the manufacturer’s instructions. The proportion of TUNEL+ in CD68+ cells in each sample was calculated as the apoptosis rate of macrophages in the plaque. Nine randomized magnified fields were chosen to measure the apoptosis rate.
Cell Culture
Mouse bone marrow-derived macrophage (BMDM) were isolated from male C57BL/6 mice and differentiated in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum, 1% penicillin/streptomycin (Invitrogen), and 10 ng/ml murine M-CSF (Peprotech). The murine macrophage cell line RAW264.7 (ATCC, SC-6003) was grown in DMEM growth media containing 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin (Invitrogen). Cells were cultured in a 5% CO2 humidified atmosphere at 37°C.
In Vitro Apoptosis Rate Measurement
For the adherent cell assays, BMDM were embedded into Lab-Tek® chamber slides (Sigma). Apoptotic BMDM were induced via Ox-LDL (100 μg/ml for 24 h) combined with staurosporine (STS) (1 μM for 4 h). The apoptotic cells were stained with TUNEL kits (Progema G3250) according to the instructions. Nine randomized magnified fields were chosen to measure the apoptosis rate.
For the flow cytometry-based assays, apoptosis-induced BMDM were prepared into cell suspension. Apoptotic BMDM were detected with the FITC Annexin V Apoptosis Detection Kit with PI (BioLegend 640,914), according to the manufacturer’s instructions. Apoptotic cells were quantified via flow cytometry using the FACS verse cell analyzer (Becton-Dickinson).
Plasmid Transfection
RAW264.7 were prepared in cell suspension then plated at 1–2 × 105 cells/well in a 24-well plate and cultured for 24 h. Commercially available plasmids for over-expressing or silencing Ykl40/Aven (Genechem Co.,Ltd., Shanghai, China) were used. Plasmids were transfected using Lipofectamine 3,000 (Invitrogen L3000001) according to the manufacturer’s instructions. Cells were passaged or harvested for further experiments 48–72 h after transfection.
iTRAQ Labeling
iTRAQ-based proteomics analysis (Genechem Co.,Ltd., Shanghai, China) were performed to screen out the potential downstream target molecules of YKL-40. Three biological replicates were used for global proteome analysis. BMDM was treated with YKL-40 (500 ng/ml) or IgG as a control for 24 h to assay the potential pathways involved. We collected 20 mg protein from each sample and loaded into 12% SDS-PAGE for electrophoresis. The samples then underwent filter-aided sample preparation and were dissolved in 5X dissolution buffer. Then 100 μg peptide fragments from each sample were labeled with iTRAQ-8 plex reagents according to the protocol from AB SCIEX. The labeled peptides were separated by high-performance liquid chromatography (Agilent 1,260 Infinity II HPLC), followed by mass spectrometric analysis and identification. The raw data were processed with Mascot 2.5 software and Proteome Discoverer 2.1 to search the database. The experiment had been performed in our previous research, and the results were further explored in this study. The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium with identifier PXD028305 via the PRIDE partner repository.
Western Blot Assay
Cells and homogenated human plaques were lysed in RIPA lysis buffer (ThermoFisher) for 60 min at 4°C. Protein samples were subjected to 10% Bis-Tris gels, electrophoresed, transferred to Immobilon-FL membranes (Millipore), and probed with the indicated primary antibody: caspase-3 (CST 9662S), cleaved caspase-3(Asp175) (CST 9661T), caspase-9 (CST 9508T), Aven (CST 2300S), Akt (CST 9272S), Phospho-Akt (Thr308) (CST 13038T), and β-Actin (CST 4970S), followed by incubation with horseradish peroxidase-conjugated secondary antibodies. Protein bands were visualized using an LAS 3000 Imager (Fujifilm) and were quantified using ImageJ software (ImageJ 1.51U, Fuji edition).
Ribonucleic Acid Extraction and Quantitative Real-Time Polymerase Chain Reaction
RNA was isolated from samples and cells using the RNeasy Kit (QIAGEN), and cDNA was synthesized from RNA (500 ng–1 μg per reaction) using Prime Script RT Master Mix (TaKaRa 2,621). Quantitative Real-time PCR (qRT-PCR) was performed using the LightCycler 480 Real-Time PCR System (Roche) and SYBR Green I Master (Roche 04,707,516,001). Primer sets used are listed in supplemental data (Supplementary Table S1).
Statistics Analysis
Independent experiments were replicated at least three times. All results are represented as mean ± SEM. Normality was determined using D’Agostino-Pearson and/or Shapiro-Wilk normality testing. p-values for normally distributed data were calculated using Student’s t-test or one-way ANOVA analysis. p-values for non-normally distributed data were calculated using the Mann-Whitney U test. Percentages were analyzed with Chi-square testing or Fisher’s exact test. Correlation coefficients (r) and related p-values were calculated using the Pearson product-moment correlation analysis. Statistical analysis was performed using Graphpad Prism 8.1. A p-value of <0.05 was deemed statistically significant.
RESULTS
Positive Correlation Was Determined Between Expression Level of YKL-40 and Carotid Early-Stage Plaque Area
The expression level of YKL-40 in the large group of human subjects was significantly higher than in the small group, according to immunohistochemical staining (p = 0.0034, Figures 1A,B). Significant positive correlation was confirmed between the Ykl40 expression level in the plaque tissues and relative area of plaques (r = 0.6334, p = 0.0021, Figure 1D). Although the mean of Ykl40 expression level was higher in the large group than in the small group, the difference was not significant (p > 0.05, Figure 1C), which may be due to the relatively low expression level of Ykl40 in plaques. However, the expression level of YKL-40 in serum, which was detected by enzyme-linked immunosorbent assay (ELISA), was significantly higher in the large group than in the small group (p = 0.0447, Figure 1E) and was significantly positively correlated with plaque relative area (r = 0.6383, p = 0.0018, Figure 1F). These results indicated the positive correlation between the expression level of YKL-40 and the relative area of early-stage carotid plaque. Moreover, the location of YKL-40 had a significant correlation with CD68 in plaque tissues according to immunohistochemical staining (Figure 1G). The result suggests the potential association between YKL-40 and macrophages.
[image: Figure 1]FIGURE 1 | (A) H&E, Masson staining and anti-YKL-40 Ab labeling were performed on carotid plauqe samples. (B) Relative expression level of YKL-40 in unit area of plaques were calculated based on immunohistochemistry. The YKL-40 expression level in the large group was significantly higher than in the small group (p = 0.0034). (C,D) The mRNA expression level of YKL-40 in plaque tissues were detected via qRT-PCR. Significant positive correlation existed between the Ykl40 expression level in the plaque tissues and plaque relative area (r = 0.6334, p = 0.0021), but the difference between two groups was not significant (p > 0.05). (E,F) YKL-40 expression level in serum samples were detected by ELISA assay. The YKL-40 expression level in serum was significantly higher in the large group than in the small group (p = 0.0447) and was significantly positively correlated with plaque relative area (r = 0.6383, p = 0.0018). (G) Colocalization between YKL-40 and macrophages in plaque tissues as indicated by immunohistochemical detection.
Negative Correlation Was Confirmed Between the Apoptosis Rate of Macrophages in Early-Stage Carotid Plaque Samples and the Lesion Area or the Serum Level of YKL-40
Immunofluorescent double-labelled staining for macrophages (CD68) and apoptotic cells (TUNEL) was performed on the above 21 human carotid plaque samples (Figure 2A). The macrophage apoptosis rate in the large group was significantly lower than that in the small group (p = 0.0497, Figure 2B). Moreover, a significant negative correlation was confirmed between the macrophage apoptosis rate in plaques and relative plaque area (r = -0.5414, p = 0.0112, Figure 2C). Meanwhile, a significant negative correlation was also confirmed between the macrophage apoptosis rate in plaques and expression level of YKL-40 in serum (r = −4,373, p = 0.0475, Figure 2D). These results indicated that the apoptosis of macrophages is strongly associated with YKL-40.
[image: Figure 2]FIGURE 2 | (A) The immunofluorescent double-labelled staining for carotid plaque samples. CD68+was presenting as red fluorescence while TUNEL+ is shown as green and Merge as golden. The proportion of TUNEL+ in CD68+ cells was calculated as the apoptosis rate of macrophages, which is shown beneath each panel. (B) The macrophage apoptosis rate in the large group was significantly lower than that in the small group (p = 0.0497). (C) There was a significant negative correlation between the macrophage apoptosis rate and relative plaque area (r = −0.5414, p = 0.0112). (D) There was a significant negative correlation showed between the macrophage apoptosis rate and expression level of YKL-40 in serum (r = −0.4373, p = 0.0475).
No Differences in Weight or Lipid Metabolism Among Ldlr−/- Mice of Three Groups
Weights of all Ldlr−/- mice in IgG group, YKL-40 recombinant protein group (recomb-YKL-40), and YKL-40 neutralizing antibody group (anti-YKL-40) were monitored and recorded weekly from the last day before intervention to the last day before harvest. Sera from all these mice were collected after euthanasia to test blood lipid levels including total cholesterol (TCHO), triglycerides (TG), high-density lipoprotein cholesterol (HDL-C), and low-density lipoprotein cholesterol (LDL-C). No statistical differences in weight or blood lipid levels of mice were found among the three groups, which indicated that the nutrition status and lipid metabolism of Ldlr−/−mice were not affected by the intervention of the YKL-40 recombinant protein or YKL-40 neutralizing antibody (p > 0.05, Figures 3A,B).
[image: Figure 3]FIGURE 3 | (A) Weight curve of mice in different groups during intervention. No statistical differences were confirmed. (B) Blood lipid (TCHO, TG, LDL-c, HDL-c) levels of mice in different groups. No statistical differences were confirmed. (C) H&E and Masson staining on aortic valves of mice at 8, 12, and 16 weeks (the area of plaque is indicted by black lines). Calculations of the relative area are shown on the right side. (D) Increasing trend of aortic root plaque relative area as modeling time advanced. (E) Increasing trend of Ykl-l40 expression level on the aortic arch as modeling time increased.
Positive Correlation Was Confirmed Between the Plaque Area in Aortic Root and Expression Level of YKL-40 in Ldlr−/- Mice
In the process of establishing the atherosclerotic mice model by HCD feeding, we randomly selected mice at 8, 12, and 16 weeks, respectively, to obtain the tissue samples, including aortic root and aortic arch. H&E and Masson staining were performed on the aortic root to measure the relative area of plaque. We detected the expression level of Ykl40 in aortic arch tissues by qRT-PCR. Evidently, atherosclerotic plaques were formed on aortic roots at all three time periods, which confirmed the success of model construction (Figure 3C). Meanwhile, both the relative plaque area in the aortic root and Ykl40 expression level in the aortic arch showed a consistently increasing trend as the HCD feeding time increased. The result confirmed the positive correlation between the progression of the plaque area and expression level of YKL-40 in Ldlr−/- mice (Figures 3D,E).
YKL-40 Resulted in Progression of Atherosclerotic Plaque in Ldlr−/- Mice
H&E, Masson, and oil-Red O staining were performed on aortic roots, and the plaque area as well as the lipid area were measured in the three mice groups (IgG, YKL-40 protein, YKL-40 neutralizing antibody) (Figure 4A). Oil-red O staining was performed on the whole aorta to measure the plaque relative area as well (Figure 4D). The plaque area in the aortic root was significantly larger in the recomb-YKL-40 group than that in IgG group (p = 0.0247) and was significantly smaller in the anti-YKL-40 group than in the IgG group (p = 0.0067, Figure 4B). The lipid area was significantly larger in the recomb-YKL-40 group than that in the IgG group (p = 0.0028) and in the anti-YKL-40 group (p = 0.0001, Figure 4C). Similarly, the plaque area of the whole aorta was significantly larger in the recomb-YKL-40 group than that in the IgG group (p = 0.0126) and was significantly smaller in the anti-YKL-40 group than in the IgG group (p = 0.0464, Figure 4E). The results unequivocally confirmed that YKL-40 could result in progression of atherosclerotic plaque in Ldlr−/- mice, including lesion progression and lipid accumulation.
[image: Figure 4]FIGURE 4 | (A–C) H&E, Masson, and oil-Red O staining of aortic roots (the area of plaque is outline in black). The plaque area of the aortic root was significantly larger in the recomb-YKL-40 group than that in IgG group (p = 0.0247) and in the anti-YKL-40 group (p < 0.0001), and which was significantly smaller in the anti-YKL-40 group than in the IgG group (p = 0.0067). The lipid area was significantly larger in the recomb-YKL-40 group than that in the IgG group (p = 0.0028) and in the anti-YKL-40 group (p = 0.0001). (D,E) Oil-Red O staining of the whole aortas. The plaque area of the whole aorta was significantly larger in the recomb-YKL-40 group than that in IgG group (p = 0.0126) and in the anti-YKL-40 group (p = 0.0001) and was significantly smaller in the anti-YKL-40 group than in the IgG group (p = 0.0464). (F,G) Immunofluorescence and TUNEL staining were performed on aortic root plaques (red indicates MOMA-2, green for TUNEL, and golden for MERGE). The macrophage apoptosis rate in aortic root plaques was significantly lower in the recomb-YKL-40 group than that in IgG group (p = 0.0018) and anti-YKL-40 group (p = 0.001) and was higher in the anti-YKL-40 group than that in the IgG group, but the difference was not statistically significant (p = 0.0513).
YKL-40 Inhibited Apoptosis of Macrophages in Atherosclerotic Plaque of Ldlr−/- Mice
Macrophages and apoptotic cells in aortic root plaques of Ldlr−/- mice were simultaneously assayed via immunofluorescent staining (for MOMA-2) and TUNEL, respectively (Figure 4G). The percentage of TUNEL+ in MOMA-2+ cells was calculated as the apoptosis rate of macrophages in each sample. The apoptosis rate of macrophages in aortic root plaques was significantly lower in the recomb-YKL-40 group than in the IgG group (p = 0.0018) and anti-YKL-40 group (p = 0.001). However, the rate was not significantly higher in the anti-YKL-40 group than in the VC group (p = 0.0513, Figure 4F). The results indicated that YKL-40 exerts an inhibitory effect on apoptosis of macrophages in atherosclerotic plaques in Ldlr−/- mice.
YKL-40 Inhibited Apoptosis of Macrophages In Vitro
BMDM apoptosis was induced by treatment with oxidized low-density lipoprotein (OX-LDL) 100 μg/ml for 24 h accompanied by staurosporine 4 μM for 4 h. After treatment with YKL-40 recombinant protein (500 ng/ml) for 24 h on apoptosis BMDM, TUNEL detection was performed on the cells in situ (Figure 5A). The staining result showed that the apoptosis rate of BMDM treated by YKL-40 recombinant protein was significantly lower than that in the apoptosis model (p = 0.0161). Flow cytometry (FCM) was performed while another cell group, the apoptosis BMDM synchronously treated by YKL-40 recombinant protein and YKL-40 neutralizing antibody (500 μg/ml) for 24 h, was added (Figure 5B). The FCM result showed that the apoptosis rate of BMDM in the YKL-40 recombinant protein treated group was significantly lower than that in the apoptosis model group (p = 0.0008) and was significantly higher in the YKL-40 neutralizing antibody extra treated group than in the YKL-40 recombinant protein treated group (p = 0.0042). Moreover, the apoptosis rate of RAW264.7 was detected by FCM after overexpressing or silencing Ykl40. FCM results indicated the apoptosis rate of RAW264.7 was significantly lower in the Ykl40 overexpressed group than that in apoptosis model group (p = 0.0205) and Ykl40 knockdown group (p = 0.0197), but there was no significant difference between the Ykl40 knockdown group and the model group (p > 0.05, Figure 5C). These results indicated that YKL-40 has an inhibitory effect on apoptosis of macrophages in vitro.
[image: Figure 5]FIGURE 5 | (A) TUNEL detection performed on BMDM. The apoptosis rate of BMDM treated by YKL-40 recombinant protein was significantly lower than that in the apoptosis model that treated by Ox-LDL accompanied by staurosporine (p = 0.0161). (B) FCM indicated the apoptosis rate of BMDM was significantly lower in the recomb-YKL-40 group than that in apoptosis model group (p = 0.0008), as well as that in anti-YKL-40 group (p = 0.0042). (C) FCM indicated the apoptosis rate of RAW264.7 was significantly lower in the Ykl40↑ group than that in apoptosis model (p = 0.0205) and Ykl40↓ group (p = 0.0197).
YKL-40 Inhibited Macrophage Apoptosis Via Suppressing Activation of Caspase-9
An iTRAQ-based proteomics analysis was performed on BMDM to screen out the potential downstream target molecules of YKL-40 in regulating macrophage apoptosis. Among all the apoptosis-regulating molecules, Casp9 (p = 0.0311), Casp8 (p = 0.0399), Bak-1 (p = 0.0014), and Dap (p = 0.0041), all of which have the effect of promoting apoptosis, were significantly down-regulated in BMDM treated by YKL-40 recombinant protein, while the apoptosis inhibitor Aven was significantly up-regulated (p = 0.0251, Figure 6A). A Volcano Plot revealed that the most significant fold change (FC) on expression level among these molecules was Casp9 (FC = 0.6411), which was followed by Aven (FC = 1.3006, Figure 6B), Bak1 and Dap.
[image: Figure 6]FIGURE 6 | (A,B) iTRAQ-based proteomics analysis. (A) Apoptosis promotors Casp9, Casp8, Bak1, and Dap were significantly down-regulated by YKL-40, while the apoptosis inhibitor Aven was significantly up-regulated. (B) Volcano Plot. Molecules down-regulated by YKL-40 are presented in the upper left area (green down arrow) while those up-regulated are shown in the upper right area (red up arrow), and those involved in apoptosis regulation are marked with up/down solid arrows. The most significant fold change (FC) on the expression level of these molecules was caused by Casp9 (FC = 0.6411), followed by Aven (FC = 1.3006). (C,D) Caspase-9 expression levels detected in BMDM and aorta tissues of Ldlr−/- mice. YKL-40 significantly down-regulated the activation level of caspase-9. (E) In RAW264.7, which was upregulated by Ykl-40, the activation level of caspase-9 was significantly lower than that in control group (p = 0.0054) while the expression level of Aven was significantly higher than in controls (p = 0.0031). There was no significant difference in caspase-9 activation and Aven expression level between the Ykl40 downregulated group and normal controls (p > 0.05). (F) Genetic expression relative fold changes of Casp9, Dap, Aven and Bak1. No significant difference was indicated on Casp9 in BMDM after being treated by YKL-40 recombinant protein, but Aven was significantly up-regulated. (G) Casp9, Aven expression levels were significantly upregulated in Ykl40 upregulated RAW264.7 (p = 0.0154, p < 0.0001) and downregulated in the Ykl40 downregulated group (p = 0.0039, p = 0.0037).
The expression level of activated caspase-9 in BMDM were detected by western blot. The value of cleaved caspase-9/β-actin were calculated as activation level of caspase-9, which was significantly lower in the BMDM group treated with the YKL-40 recombinant protein than in IgG group (p = 0.0038, p = 0.0419, Figure 6C).
These results were verified in aortic arch tissues of Ldlr−/- mice. The activation levels of caspase-3 and caspase-9 were significantly lower in the recomb-YKL-40 group than in the IgG group (p = 0.0036, p = 0.0316) and that in the anti-YKL-40 group (p = 0.0099, p = 0.0420), but there was no significant difference between the anti-YKL-40 group and the IgG group (p > 0.05, Figure 6D).
However, there was no significant difference in the genetic expression level of Casp9 between the recomb-YKL-40 group and IgG group in BMDM (p > 0.05). At the same time, the expression level of Aven was significantly higher in the recomb-YKL-40 group than in the IgG group (p = 0.0048, Figure 6F).
YKL-40 Inhibited Macrophage Apoptosis Via Suppressing Caspase-9 Activation by Up-Regulating Aven
In RAW264.7 with Ykl40 overexpressed, the activation level of caspase-9 was significantly lower than that in the control group (p = 0.0054), while the expression level of Aven was significantly higher than in normal controls (p = 0.0031, Figure 6E). However, there was no significant difference on caspase-9 activation and Aven expression level between Ykl40 downregulated group and normal control (p > 0.05). Interestingly, although the Aven expression level corresponded with protein expression, the expression level of Casp9 was significantly upregulated in Ykl40-upregulated Raw264.7 and downregulated in the Ykl40 downregulated group compared with normal controls (p = 0.0154, p = 0.0039), which was quite contrary to protein presentation (Figure 6G). The results indicated the suppression effect on caspase-9 activation of YKL40 was limited to the protein modification process, while Aven could be the potential target molecule.
Regulatory Role of Aven in YKL-40 Inhibition of Macrophage Apoptosis
We modified the expression of Aven in RAW264.7 to confirm the effect of Aven in YKL-40 inhibition of apoptosis. FCM analysis was performed to detect the apoptosis rate after TUNEL staining. Results showed that the apoptosis rate of RAW264.7 in the recomb-YKL-40 group was certainly significantly lower than that in the apoptosis model group (p < 0.001). When Aven expression was downregulated, the apoptosis rate of RAW264.7 was significantly increased compared to that in the recomb-YKL-40 group (p < 0.001, Figure 7). The results suggested that the inhibitory effect of YKL-40 on macrophage apoptosis was mediated by its suppression of Aven.
[image: Figure 7]FIGURE 7 | FCM analysis of the apoptosis rate of RAW264.7 after TUNEL staining. Groups are presented as normal controls, the apoptosis model that treated by Ox-LDL accompanied by staurosporine, apoptosis induced combined with YKL-40 treatment, apoptosis induced combined with YKL-40 treatment and Aven↑, as well as apoptosis induced combined with YKL-40 treatment and Aven↓. The apoptosis rate of RAW264.7 in the recomb-YKL-40 treated group was certainly significantly lower than that in the apoptosis model group (p < 0.001); the apoptosis rate of RAW264.7 was significantly higher in Aven↓ group than that in Recomb-YKL40 group (p < 0.001).
DISCUSSION
In this study, the major findings are as follows: 1) the expression level of YKL-40 was positively correlated with the lesion size in early-stage carotid plaque; 2) the expression level of YKL-40 was negatively correlated with the macrophage apoptosis rate in early-stage carotid plaque; 3) YKL-40 treatment could suppress the apoptosis of murine macrophages and promote the progression of early-stage plaque in mice; 4) YKL-40 could inhibit the activation of the apoptosis promoter caspase-9 by upregulating the expression of apoptosis inhibitor Aven to suppress the apoptosis of macrophages.
Experimental results on the samples of early-stage carotid plaque patients indicated that the expression level of YKL-40 both in plaque tissues and in peripheral serum was positively correlated with the plaque area, suggesting that YKL-40 was significantly related to the progression of early-stage carotid plaques. Moreover, the correlation of location between YKL-40 and macrophages in plaques suggested its biological function in connection with macrophages. The results of experiments in vivo and in vitro confirmed that YKL-40 could not only promote the progression of atherosclerotic plaque but also suppress the apoptosis of macrophages in plaques.
Studies focused on advanced atherosclerotic lesions indicated that the elevated apoptosis rate of macrophages could enlarge the necrotic core (NC) and induce the instability of atherosclerotic plaques (Gautier et al., 2009). Many researchers are convinced that the enlarged NC has more to do with the impaired efferocytosis in later-stage atherosclerosis than macrophage apoptosis in plaques (Tabas, 2005; Schrijvers et al., 2007). However, in this study, we confirmed that in the early-stage plaque, impaired macrophage apoptosis induced by YKL-40 could certainly aggravate the atherosclerotic lesion.
Areshkov et al. thought that YKL-40 is a strong inductor of MAPK and PI3K signaling pathways, what would mediate the phosphorylation of ERK1/2 (Areshkov et al., 2012). Lee et al. have found that YKL-40 could inhibit apoptosis by inhibiting Fas (CD95) expression, activating the PKB/AKT and apoptosis inhibitor Faim3 (TOSO) (Lee et al., 2009). Unfortunately, like the most of other studies, they didn’t refer to the specific mechanism of YKL-40 regulating the apoptosis pathways. However, based on the results of the experiments on molecular mechanisms in this study, we might propose a novel apoptosis-regulated pathway of YKL-40 depending on caspases cascade and apoptosis inhibitor Aven. We analyzed the differentially expressed apoptosis-related protein molecules in BMDM through iTRAQ analysis. The results showed that the apoptosis promoters caspase-9, caspase-8, BAK, and DAP were significantly down-regulated in BMDM treated by YKL-40 while the apoptosis inhibitor Aven was significantly up-regulated. Results of the protein expression level of caspase-9, an important initial promoter of the caspase cascade, was detected in BMDM and mice tissues, consistent with the iTRAQ analysis. However, the mRNA expression level of Casp9 detected in BMDM treated by YKL-40 was contrary to protein detection. We repeatedly confirmed these phenomena on RAW264.7 whose Ykl40 has been up/down-regulated. The results suggested that YKL40 may not directly regulate the expression of caspase-9 but may inhibit the activation from procaspase-9 to caspase-9. Meanwhile, there was no significant difference in the mRNA expression level of BAK and DAP, while Aven was significantly up-regulated in BMDM treated by YKL-40.
Most apoptosis processes are facilitated by the activation of the caspase family (Thornberry and Lazebnik, 1998). Some caspases are cleaved and activated by other caspases or regulated by bridging or regulatory factors, such as Bcl-2, a prototype of the anti-apoptotic protein family, which could suppress caspase-mediated cell death (Adams and Cory, 1998; Srinivasula et al., 1998; Yang et al., 1998). Studies have identified Aven as a new apoptosis inhibitor that can bind both Bcl-XL, a member of Bcl-2 family, and caspase regulator Apaf-1, suppressing apoptosis induced by Apaf-1 plus caspase-9 (Chau et al., 2000). In this study, we confirmed by silencing or over-expressing Ykl40 in RAW264.7 that Aven was significantly regulated by YKL40 in both protein and mRNA expression levels. Moreover, flow cytometry on RAW264.7 confirmed that the suppressive effect of YKL-40 on macrophage apoptosis was significantly impaired when Aven was down-regulated.
Based on the above results, we suggest that YKL-40 can up-regulate the expression of Aven which could suppress the activation of caspase-9 by interfering with APAF-1 binding to it, then inhibit the activation of the caspase cascade and finally inhibit the apoptosis of macrophages. Moreover, in our previous study, we have found YKL-40 also exert an inhibiting effect on macrophage efferocytosis, a key part of PrCR. Which suggest YKL-40 might play an important role in impairing the entire process of PrCR in atherosclerotic lesion. However, it is ambiguous that YKL-40 promotes atherosclerosis mainly on account of its inhibiting effect on apoptosis or efferocytosis, and the specific mechanism of YKL-40 up-regulating Aven expression remains elusive. Which are worthy of further research and discussion. In addition, administration process that we performed in this study might provide more solid evidence on the global effect of YKL-40 affecting the plaque progression than the local effect in Vivo. However, it is our conjecture based on existing positive results that the YKL-40 might impair the PrCR to impact plaque macrophages and then aggravate atherosclerosis. Locally intervening experiments would be arranged to further confirm the local effect of YKL-40 in the future study.
In conclusion, YKL-40 might suppress the apoptosis of macrophages by inhibiting the activation of apoptosis promoter caspase-9 via up-regulating the expression of the apoptosis inhibitor Aven. Inhibited apoptosis of macrophages results in impaired PrCR in plaque. The accumulation of macrophages that should have been apoptotic and removed by efferocytosis could enlarge the plaques and aggravate early-stage atherosclerosis (Figure 8).
[image: Figure 8]FIGURE 8 | Schematic diagram of the mechanism of YKL-40 aggravates early-stage atherosclerosis by inhibiting macrophage apoptosis in an Aven-dependent way.
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Atherosclerosis (AS) is a major cause of cardiovascular diseases such as coronary heart disease, heart failure and stroke. Abnormal lipid metabolism, oxidative stress and inflammation are the main features of AS. Ferroptosis is an iron-driven programmed cell death characterized by lipid peroxidation, which have been proved to participate in the development and progression of AS by different signal pathways. NRF2-Keap1 pathway decreases ferroptosis associated with AS by maintaining cellular iron homeostasis, increasing the production glutathione, GPX4 and NADPH. The p53 plays different roles in ferroptosis at different stages of AS in a transcription-dependent and transcription- independent manner. The Hippo pathway is involved in progression of AS, which has been proved the activation of ferroptosis. Other transcription factors, such as ATF3, ATF4, STAT3, also involved in the occurrence of ferroptosis and AS. Certain proteins or enzymes also have a regulatory role in AS and ferroptosis. In this paper, we review the mechanism of ferroptosis and its important role in AS in an attempt to find a new relationship between ferroptosis and AS and provide new ideas for the future treatment of AS.
Keywords: ferroptosis, atherosclerosis, Nrf2, p53, Hippo
1. INTRODUCTION
The main lesion of AS is lipid deposition in the arterial wall, accompanied by proliferation of smooth muscle cells and fibrous matrix, which gradually forms atherosclerotic plaques (Zhu et al., 2018). AS is the pathological basis of cardiovascular disease, while rupture of unstable atherosclerotic plaques, platelet aggregation and thrombosis can lead to narrowing or occlusion of blood vessels, resulting in acute cardiovascular disease (Li and Chen, 2005; Kanter et al., 2012; Zhu et al., 2018). Inflammation plays an important role in all stages of the atherosclerotic process, especially involved in the formation of unstable plaques (Zhu et al., 2018).
Ferroptosis is a regulated cell death dependent on reactive oxygen species (ROS) production and iron overload (Wang et al., 2020a). The basic mechanism of ferroptosis is the interaction of intracellular free iron with hydrogen peroxide via the Fenton reaction, leading to the depletion of plasma membrane polyunsaturated fatty acids (PUFAs) (Stockwell et al., 2017). Ferroptosis is regulated by a variety of cellular metabolic pathways, including redox homeostasis, iron handling, mitochondrial activity and the metabolism of amino acids, lipids and sugars. Metabolic processes that affect cellular susceptibility to ferroptosis include the sulfhydryl-dependent redox system and the mevalonate pathway, while the Cysteine/GSH/GPX4 axis, the NAD(P)H/FSP1/CoQ10 system, and the GCH1/BH4/DHFR system inhibit ferroptosis (Zheng and Conrad, 2020). The transcription factors (such as p53, Nrf2, ATF3, ATF4, YAP1, HIF1a, EPAS1/HIF2A, BACH1, TFEB, Jun, HIC1 and HNF4a) play multiple roles in the regulation of ferroptosis through transcription-dependent or non-transcriptional mechanisms (Dai et al., 2020). In this review, we summarize the signaling pathways of ferroptosis associated with AS in order to provide new ideas for the prevention and treatment of AS.
2. FERROPTOSIS
2.1 Lipid Peroxidation and Ferroptosis
Lipid peroxidation, a process of oxidative degradation of lipids, plays a key role in driving ferroptosis. The phospholipid acyl chain remodeling pathway (Lands’ cycle) is critical for achieving ferroptosis. Upon entry of extracellular free diffusible AA/AdA into the cell, acyl-CoA synthetase long chain family member 4 (ACSL4) can activate AA/Ada to generate AA/AdA- CoA, which can then be esterified to AA/AdA-PE by LPCAT3 (lysophosphatidylcholine acyltransferase 3) (Latunde-Dada, 2017). AA/AdA-PEs are the main target molecules for lipid peroxidation and are localized to the cytoplasmic face of the membrane during ferroptosis (Doll and Conrad, 2017). AA/AdA-PE undergoes iron-dependent lipid autoxidation/peroxidation via the Fenton reaction or enzymatic catalysis (e.g., Alox15) to produce phospholipid hydroperoxides (PLOOH) (Doll and Conrad, 2017), which ultimately leads to the formation of a large number of byproducts, including lipid peroxides (such as 4-hydroxynonenal and malondialdehyde) and breakdown products of oxidized and modified proteins, giving rise to the disruption of membrane integrity and ferroptosis (Jiang et al., 2021). As an amino acid reverse transporter protein distributed in the phospholipid bilayer consisting of two subunits, SLC7A11 and SLC3A2, system Xc− exchanges cysteine and glutamate intracellularly and extracellularly in a 1:1 ratio. Cysteine is involved in the synthesis of GSH and the function of GPX4 (glutathione peroxidase 4) (Li et al., 2020) (Figure 1).
[image: Figure 1]FIGURE 1 | Mechanism of ferroptosis occurrence. AA/AdA is activated by ACSL4 to become AA/AdA-CoA, then AA/AdA-CoA is esterified by LPCAT3 to AA/AdA-PE, AA/AdA-PE generates PLOOH through the Fenton reaction and the enzymatic reaction of ALOX15. Systemic Xc- promotes the synthesis of GSH, which together with GPX4 converts PLOOH to PLOH. Extracellular TF binds to Fe3+ and translocated into the cell via TFR1. The cell contains Fe3+, TF and TFR1 into the endosome by endocytosis. STEAP3 reduces Fe3+ to Fe2+, which is transported to the cytoplasm via DMT1 to form LIP. Fe2+ in LIP promote ferroptosis by Fenton reaction. Ferritin reduces Fe2+ is decreased by storing of Ferritin and the excrete via FPN. Ferritin also binds to NCOA4 to release Fe2+ via ferritinphagy.
There are currently two explains about phenotypic features of ferroptosis observed in vitro experiments. One possibility is that the accumulation of PLOOH and breakdown products in the membrane during lipid peroxidation alters the properties of the membrane, leading to the formation of hydrophilic pores and altered permeability of water and other solutes through the cell membrane. Another possibility is that the formation of lipophilic and electrophilic substances during lipid peroxidation act as specific signaling molecules that mediate membrane permeability by modifying downstream molecules (e.g., membrane proteins) (Doll and Conrad, 2017).
2.2 Iron Homeostasis and Ferroptosis
The regulation of iron homeostasis is particularly important for maintaining overall redox balance. On the one hand, iron is an essential element for physiological processes such as oxygen transport or energy production. On the other hand, overloaded iron acts as a catalyst for redox reactions, which can lead to oxidative stress-induced cytotoxicity (Galaris and Pantopoulos, 2008; Klóska et al., 2019). The bioavailability of intracellular iron is regulated by its import, storage and export (Klóska et al., 2019). Iron is present in two forms, Fe3+ and Fe2+. Fe2+ can generate ROS via the Fenton reaction, leading to the accumulation of lipid peroxides, which is an important factor in the onset of ferroptosis. Extracellular Fe3+ can be bound to transferrin (TF) and transported into the cell via Trans-ferrin Receptor 1 (TFR1) on the cell membrane.
Fe3+, TF and TFR1 are incorporated into endosomes by endocytosis, while the binding of TF and TFR1 and the binding of iron and TF are solubilized in an acidic environment. Fe3+ is reduced to Fe2+ in the endosome by STEAP3 (iron reductase), which then mediates the release of Fe2+ from the endosome into the cytoplasm via Divalent metal transporter 1 (DMT1/SLC11A2) to form LIP. Cytoplasmic Fe2+ can be reduced by ferritin and stored as Fe3+, and Fe2+ can be transported out of the cell by ferroportin (FPN1/SLC40A1) (Anandhan et al., 2020). Ferritin is an important negative regulator of ferroptosis, consisting of the ferritin heavy chain (FTH1) and the ferritin light chain (FTL). FTH1 has ferrous oxidase activity and oxidizes Fe2+ to Fe3+, which is then stored in ferritin (Finazzi and Arosio, 2014) (Figure 1).
Ferritinophagy, the autophagic degradation process of the iron storage protein ferritin, is essential for the regulation of cellular iron levels, and requires the co-regulation of NCOA4 (nuclear receptor coactivator 4) and autophagy. Knockout of NCOA4 inhibited erastin induced ferroptosis, while overexpression significantly enhanced intracellular iron levels promoting ferroptosis (Hou et al., 2016). NCOA4 binds to FTH1, autophagic vesicles and autolysosomes, which induce the releases of free iron (Mancias et al., 2014). Depletion or inhibition of NCOA4 or ATG proteins (e.g., ATG3, ATG5, ATG7 and ATG13) inhibits ferritin degradation, thereby reducing free iron levels and limiting ferroptosis (Hou et al., 2016; Gao et al., 2016; Liu et al., 2020) (Figure 1). Lipid peroxides can be produced by three pathways: iron-catalyzed lipid autoxidation, esterification and oxidation of polyunsaturated fatty acids (PUFAs), and the production of lipid ROS associated with the Fenton reaction, all of which require iron (Ying and Padanilam, 2016; Lei et al., 2019; Su et al., 2019; Li et al., 2020).
3. ATHEROSCLEROSIS
AS is characteristic by disorders of lipid metabolism, smooth muscle proliferation, endothelial dysfunction, apoptosis, necrosis, inflammation and the formation of foamy cells and lipid plaques (Wu et al., 2017). AS-associated inflammation is mediated by pro-inflammatory cytokines, inflammatory signaling pathways, bioactive lipids and adhesion molecules (Zhu et al., 2018). The main cells involved in AS are endothelial cells, smooth muscle cells and macrophages, etc. The damage and dysfunction of Endothelial cells is the initiating links in AS, and cholesterol-rich low-density lipoprotein (LDL)is deposited in the inner membrane of the vascular wall of endothelial cells, where it is oxidized to oxidized LDL during increased oxidative stress, which can be recognized by macrophages and other immune cells and destroy endothelial cells (Rafieian-Kopaei et al., 2014; Jinnouchi et al., 2020). The damaged endothelium is activated and expresses cytokines, chemokines and adhesion molecules that attract circulating monocytes to the atherosclerotic lesions and adhere to the vessel wal (Marchio et al., 2019). The main immune cells in atherosclerotic lesions are macrophages, which are divided into the pro-inflammatory macrophage phenotype M1 and the anti-inflammatory macrophage phenotype M2 (Tabas and Bornfeldt, 2016). Scavenger receptors (SR) on the macrophage take part in the lipids dynamic balance dependent on a number of enzymes, such as cholesterol acyltransferase-1 (ACAT1) and the cholesterol efflux transporters ABCA1 and ABCG1 (Linton et al., 2016). Reduced phagocytosis of lipids lead to the conversion of macrophages into foam cells, which induce the formation of plaques. Macrophage-derived foam cell-dominated atherosclerotic plaques are less stable and more likely to rupture.
4.SIGNALING PATHWAYS OF FERROPTOSIS ASSOCIATED WITH ATHEROSCLEROSIS
4.1 NRF2-Keap1 Pathway
Activated NRF2 improves the oxidative stress state of the body and promotes cell survival. Under non-stress conditions, NRF2 is ubiquitinated by the Keap1-CUL3 ubiquitin E3 ligase complex to mark it for degradation by the proteasome. However, redox interference leads to its functional inactivation by modifies of Keap1 when exposed to electrophilic substances or reactive oxygen species. Keap1-CUL3 ubiquitin E3 ligase activity is reduced, which promote the stabilization of NRF2. Stabilized and accumulated NRF2 translocate to the nucleus, forms a heterodimer with a small muscle tendon fibrosarcoma (Smaf), then initiates transcription of genes containing antioxidant response elements (ARE) and activates a range of cytoprotective genes. NRF2 has been shown to regulate the activity of ferroptosis and lipid peroxidation related proteins by three main pathways, iron/metal metabolism, intermediate metabolism and GSH synthesis/metabolism (Dodson et al., 2019) (Figure 2).
[image: Figure 2]FIGURE 2 | NRF2 is involved in the regulation of ferroptosis. Under normal conditions, NRF2 is degraded by the Keap1-CUL3-RBX1 E3 ubiquitin ligase complex-targeted proteasome. Under oxidative stress conditions, NRF2 is no longer degraded, thus allowing nuclear translocation and binding to the ARE. NRF2 promotes G6PD expression to increases NADPH via the pentose phosphate pathway, GSH and TXN production is dependent on NADPH, which promotes CoQ10 production. NRF2 promotes the expression of SLC7A11, GCLC, GCLM, GSS to increase GSH synthesis, and NRF2 also promotes the expression of GPX4. GPX4 converts GSH to GSSG to reduce lipid hydrogen peroxide. NRF2 can promote the expression of ferritin and FPN to store Fe2+ and excrete Fe2+ respectively, and reduce Fe2+ in LIP; Nrf2 also promote the expression of HO-1.
4.1.1 NRF2 Maintains Iron Homeostasis
Iron can also be released during heme degradation by HO-1 (heme oxygenase), a stress-inducible enzyme encoded by the Hmox1 gene. HO-1 metabolite performs an essential physiological function in the vascular system (Loboda et al., 2008). As a Metabolic product, biliverdin is rapidly reduced to bilirubin by biliverdin reductase, which is expressed in two forms: BVRa (predominant in adults and encoded by BLVRA) and BVRb (encoded by BLVRb and predominant in fetal life) (Baranano et al., 2002). Knockdown of BVR induced an increase in NRF2 transcription factor activity and HO-1 levels, accompanied by decrease of cellular heme content and increase of iron content (Klóska et al., 2019). The binding of NRF2 to the ABCB6 promoter region was first identified in airway epithelial cells of smokers with tissue specificity in the regulation of ABCB6 by NRF2 (Hübner et al., 2009; Campbell et al., 2013; Kerins and Ooi, 2018). Iron is transported from the cytoplasm to the mitochondria via mitoferrin 1 (MFRN1), where iron-containing porphyrins are synthesized to decrease iron ions. Up-regulation of ABCB6 promotes iron depletion by exporting iron-containing porphyrins, thereby inhibiting ferroptosis (Zhang et al., 2020). The lack of ABCB6 in bone marrow cells leads to increased oxidative stress and subsequent release of platelets. Subsequent thrombocytosis increases arterial deposition of the powerful myeloid cell-attracting chemokine CCL5 (RANTES), which ultimately promotes the development of atherosclerotic lesions (Murphy et al., 2014). In addition to ABCB6, ferrous iron chelatase (FECH) is located in the mitochondria and involved in the biosynthesis of hemoglobin. FECH inserts ferrous iron into protoporphyrin IX to produce hemoglobin cofactor (Khan and Quigley, 2011). NRF2 regulates heme synthesis via ABCB6, which is responsible for transporting porphyrins from the cytosol to the mitochondrial membrane gap (Kerins and Ooi, 2018).
NRF2 regulates intracellular iron homeostasis by regulating the expression of Tfr1, FTH1, FTL and FPN. It was found that p62 interacting with Keap1, promotes the translocation of NRF2 into the nucleus, up-regulate the expression of FTH, FPN and HO-1, which protects cells from ferroptosis (Zhao et al., 2021). TfR1 was found to be highly expressed in macrophage-derived foam cells and smooth muscle cells in human carotid plaque (Li et al., 2008). The expression of TfR1 was positively correlated with macrophage infiltration, ectopic lysosomal histone lyase L and ferritin expression (Li et al., 2008). Ox-LDL and pro-inflammatory cytokines promote macrophage iron retention and lipid accumulation, mainly due to NRF2-mediated increased expression of Hmox1 and FPN, a specific cellular phenotype that may be associated with the development of atherosclerotic lesions and plaques instability (Marques et al., 2016).
4.1.2 NRF2 Increases the Expression of GSH and GPX4
NRF2 can regulate intracellular redox homeostasis through genes encoding GSH synthesis proteins, including SLC7A11, TXNRD1, GCLC, GCLM, and GSS (Song and Long, 2020). SLC7A11 is an essential subunit of system Xc- that regulates the reverse transport of glutamate and cystine. In contrast, NRF2 promotes the expression of SLC7A11 (Carpi-Santos and Calaza, 2018). Overexpression of NRF2 or knockdown of Keap1 increases SLC7A11 expression, whereas inhibition of expression of NRF2 or over-expression of Keap1 over-expression decreases SLC7A11 levels (Fan et al., 2017; Shin et al., 2017). It was found that inhibition of system Xc- induced GSH depletion increased the expression of TXNRD1, but not TXNRD2, compensated for the lack of GSH (Mandal et al., 2010). The synthesis of GSH is divided into two steps. The first step is catalyzed by GCL (glutamate-cysteine ligase), which consists of GCLC (GCL-catalytic subunit) and GCLM (GCL-modifier subunit), and cysteine combine with glutamate to produce γ-glutamylcysteine. The second step is catalyzed by GSS (Glutathione synthetase), which adds glycine to γ-glutamylcysteine to form γ-glutamylcysteine or GSH (Kalinina and Gavriliuk, 2020). GPX4 converts GSH to GSSG (oxidized glutathione) to reduce lipid hydrogen peroxide (Gaschler et al., 2018) (Figure 2).
Depletion of the antioxidant GSH or ox-LDL lead to the accumulation of intracellular lipid peroxide (Dixon et al., 2012; Kattoor et al., 2017; Ouyang et al., 2021). Over-expression of GPX4 in ApoE−/− mice attenuates the upregulation of endothelial cell adhesion molecule and monocyte-endothelial cell adhesion, thereby inhibiting the development of AS (Guo et al., 2008). Butyric acid treatment of VSMC not only up-regulates the expression of GPX4 but also enhances the catalytic activity of GPX4, which in turn inhibits VSMC proliferation and enhances arterial protective effect (Mathew et al., 2014). GPX4 also down-regulates lipoxygenase (LOX) and cyclooxygenase (COX) thereby reducing the level of pro-inflammatory factors (Chen et al., 2002). GPX4 reduces the release of pro-inflammatory mediators and inflammatory response associated with AS, which has been proved a chronic vascular inflammatory disease.
4.1.3 NRF2 Increases the Production of NADPH
The production of GSH (GSH) and thioredoxin (TRX) eliminates peroxides and thus inhibits ferroptosis (Chen et al., 2002), while NADPH deficiency will lead to a decrease of GSH and TRX, promoting the accumulation of lipid ROS (Yang et al., 2020a). The mammalian TRX system is an important reductase system (Arnér, 2020). AS a system that scavenges harmful lipid peroxides, FSP1 was found to be primarily localized in lipid droplets and plasma membranes.
Further studies have shown that FSP1 reduces coenzyme Q10 via NADPH to inhibit ferroptosis (Zhu et al., 2020). The NADPH/FSP1/CoQ10 system is therefore a negative regulator of ferroptosis. Glucose produces NADPH via the pentose phosphate pathway (PPP), which positively regulates ferroptosis via key enzyme G6PD (Zheng and Conrad, 2020). NRF2 can regulate the expression of G6PD (Dodson et al., 2019) (Figure 2).
The TRX system has been shown to play an important role in the regulation of metabolic processes, insulin signaling, regulation of blood pressure and inflammation (Poznyak et al., 2020a). It has been shown that Trx2 protects intravascular homeostasis by balancing mitochondrial ROS production in endothelial cells (Kirsch et al., 2016). Down-regulation of Trx1 inhibits the expression of VCAM-1 and ICAM-1 and blocks the initiation of AS (Chen et al., 2013). TRX also modulates macrophage inflammation and polarization (Tinkov et al., 2018). Hypercholesterolemia causes the accumulation of lipid peroxides in the aorta of ApoE−/− mice, and the antioxidant effect of coenzyme Q10 inhibits the development of AS (Witting et al., 2000; Bentzon et al., 2014). In addition to the pentose phosphate pathway (PPP), NADPH production also occur through NADH phosphorylation catalyzed by NAD kinase (NADK) and the NADP-dependent conversion of isocitrate to α-KG by isocitrate dehydrogenase (IDH) (Zheng and Conrad, 2020). NRF2 increases NADPH via G6PD, and NADPH acts as an antioxidant to cells by regulating GSH, TXN and CoQ10, which inhibits the development of AS.
4.2 p53
4.2.1 p53 Promotes the Development of Ferroptosis in AS
p53 can inhibit the synthesis of GSH by SLC7All in a transcription-dependent manner (Jiang et al., 2015). p53 increases the expression of GLS2 (glutaminase2) to catalyzes the hydrolysis of glutamine, which increases cellular susceptibility to ferroptosis by downregulating cellular antioxidant through massive hydrolysis of GSH and increasing ROS levels (Gao et al., 2015). PTGS2 is a key enzyme in the initiation step of prostaglandin synthesis and regulates the sensitivity of cells to ferroptosis by regulating the levels of key intracellular membrane phospholipids PE. When ferroptosis inducers such as GLS2 and erastin were applied to p53 wild-type cells, the cells exhibited upregulated PTGS2 gene expression and ferroptosis, but when p53-deficient cells were induced with GLS2 and erastin, PTGS2 gene expression levels were unchanged and ferroptosis did not occur. PTGS2 has been used as a marker of ferroptosis (Yang et al., 2014).
Deletion of SAT1, target gene of p53, decreases cell death induced by ROS. SATl increases the expression of ALOX15 (arachidonate-15-lipoxygenase), an iron-dependent PUFA oxidase that increases lipid peroxidation and thus promotes ferroptosis (Ou et al., 2016). p53 also promotes cellular ferroptosis by activating ALOX12 (arachidonate-12-lipoxygenase) (Chu et al., 2019). 12/15-LOX promotes increased trans-endothelial transport of ox-LDL and deposition of ox-LDL in the sub-endothelial space (Li et al., 2018). ALOX12 exhibits higher methylation levels in atherosclerotic plaques, particularly in endothelial cells, which is essential for p53-mediated ferroptosis following stress (Ouyang et al., 2021). The p53 gene also promotes ferroptosis through histone modification with non-dependent of p53 (Dai et al., 2020). p53 can form a nuclear p53-USP7 protein complex with de-ubiquitin specific peptidase 7 (USP7), further reduces the level of histone H2B monoubiquitylation (H2Bub1, a histone modification) mediated expression of SLC7A11, ultimately leading to ferroptosis (Wang et al., 2019a).
MDM2 and MDMX were found to be negative regulators of p53 by regulating FSP1 expression (Venkatesh et al., 2020) and suggests altering the lipid distribution of cells to promote the development of ferroptosis (Venkatesh et al., 2020). In addition, excess iron activates ROS production and induces lipid peroxidation in macrophage-derived foam cells, leading to instability of atherosclerotic plaques. Disturbed iron metabolism in macrophages is involved in the inflammatory response that exacerbates the severity of AS, and iron overload also closely related to the induction of macrophage polarization towards the inflammatory phenotype M1 via the ROS/acetyl-p53 pathway (Zhou et al., 2018; Handa et al., 2019; Ouyang et al., 2021).
4.2.2 p53 Inhibits the Onset of Ferroptosis in AS
p53 can also regulate cell cycle regulation to induce ferroptosis. p21 can inhibit ferroptosis by increasing intracellular GSH leading to increased synthesis of GPX4, while p53 directly regulates the activation of p21, although the exact mechanism is unclear (Tarangelo and Dixon, 2018; Tarangelo et al., 2018). Senescence and ROS production in human aortic endothelial cells are accompanied by significant increase in p53 and p21 (Iwabayashi et al., 2012). In addition, p21 also promote VSMC senescence (Moon et al., 2004; Kim and Moon, 2005; Wang et al., 2015). p53 inhibits ferroptosis by blocking dipeptidyl peptidase 4 (DPP4), a multifunctional serine protease involved in glucose control and a regulator of ferroptosis and lipid metabolism. DPP4 binds to nicotinamide adenine dinucleotide oxidase 1 (NOXl), leading to the production of ROS in cell membranes and plasma, resulting in a large accumulation of intracellular lipid peroxides and ferroptosis (Xie et al., 2017).
4.3 Hippo Pathway
The Hippo pathway consists of a series of protein kinase and transcription factors that is highly conserved from lower to higher animal. When the Hippo signaling pathway is shut down, the level of YAP phosphorylation is reduced and translocated into the nucleus, where it binds to the transcription factor TEAD, triggering the expression of a range of genes associated with cell proliferation. When the Hippo signaling pathway is turned on, MST1/2 phosphorylates and increases the interaction between MOB1 and LATS1/2 with the assistance of the co-factor SAV1 (Johnson and Halder, 2014). Hippo pathway plays an important role in cell growth, proliferation, metabolism and immunity, which has been a hot topic of research in the cardiovascular field (Figure 3).
[image: Figure 3]FIGURE 3 | The p53 and Hippo pathways regulate ferroptosis. p53 promotes the expression of ALOX15 in a transcription-dependent manner to promote ferroptosis, and ALOX15 can contribute to the development of AS. p53 regulates ferroptosis by inhibiting GSH through SLC7A11 and promoting GSH production through p21. In contrast, GSH can inhibit the development of AS. When the Hippo signaling pathway is opened, MST1/2 phosphorylates MOB1 and LATS1/2 and increases the interaction between them. Phosphorylated YAP/TAZ by LATS1/2 is degraded in the cytoplasm with the assistance of SAV1. When the Hippo signaling pathway is closed, the level of YAP phosphorylation decreases and translocates into the nucleus where it binds to the transcription factor TEAD to produce ACSL4, which promotes intracellular lipid peroxidation. TFR1, which increases intracellular Fe2+ concentration, and NOX4 and NOX2, induce intracellular ROS production and development of ferroptosis.
The levels of AA (arachidonic acid) and AdA (adrenic acid) are closely related to the occurrence of ferroptosis. AA coenzyme A (AA-CoA) is produced by AA/AdA catalyzed by ACSL4 (acyl-coA synthetase long-chain family member 4) and eicosatetraenoic acid coenzyme A (AdA-CoA), both of which are key substrates for the onset of ferroptosis. Ferroptosis related with cell density in epithelial cells was mediated by E-calmodulin-mediated cell-cell contact, which activates Hippo signaling via the NF2 (also known as Merlin) tumor suppressor protein, thereby inhibiting the activity of the nuclear translocation and transcriptional co-regulator YAP, which can target including ACSL4 and TFR1 to promote ferroptosis (Wu et al., 2019a).
NADPH oxidase dysfunction plays an important role in the pathology of development of AS, including endothelial dysfunction, inflammation and vascular remodelling (Johnson and Halder, 2014). NADPH oxidase including NOX1, NOX2, NOX3 and NOX4, are the main sources of ROS during atherosclerotic formation (Poznyak et al., 2020b). In renal cell carcinoma, at low cell density, activated TAZ promotes the expression of epithelial membrane protein 1 (EMP1), followed by upregulation of NOX4 levels. NOX4 increases the level of intracellular lipid reactive oxygen species and induces ferroptosis (Yang et al., 2019). As a subtype of NADPH oxidase, NOX4 was shown to be AS-protective. Hydrogen peroxide released by NOX4 also inhibits the proliferation rate of vascular smooth muscle cells, prevents vascular remodeling and inflammation, and maintains the expression of eNOS under vascular stress (Schröder et al., 2012; Di Marco et al., 2016; Poznyak et al., 2020b).
In studying the role of TAZ in ferroptosis in ovarian cancer, angiopoietin like 4 was found to be a direct target gene regulated by TAZ, sensitizing ferroptosis through activation of NOX2 (Yang et al., 2020b). More importantly, ANGPTL4 maintains the integrity of the vascular endothelium by regulating vascular permeability, angiogenesis, inflammatory signaling, oxidative stress and lipid metabolism (Guo et al., 2014; Tsai et al., 2020). In addition, ANGPTL4 also regulates cellular energy homeostasis and reactive oxygen species and has been implicated in the pathogenesis of AS, including endothelial dysfunction, LDL oxidation and nitric oxide reduction (Zhu et al., 2012; Tsai et al., 2020). Hepatic ANGPTL4 deficiency significantly reduces triacylglycerol (TAG) and cholesterol levels, providing some protection against AS (Singh et al., 2021). When the Hippo pathway is closed, nuclear translocation of YAP induces endothelial cell proliferation and inflammation. YAP regulates the expression of ferroptosis-related target genes, including TFR1, ACSL4, EMP1 and ANGPTL4. Ferroptosis is promoted in terms of iron homeostasis, lipid metabolism and redox regulation, but whether ferroptosis is involved between Hippo and AS remains to be investigated.
5. OTHER TRANSCRIPTION FACTORS
5.1 ATF3 and ATF4
ATF3 was found to directly inhibit the expression of SLC7A11 in erastin-induced HT1080 cells, suggesting that ATF3 is a positive regulator of ferroptosis (Wang et al., 2020b). Endoplasmic reticulum stress promotes the upregulation of ATF3, which increases intracellular H2O2 levels through two pathways: ATF3 activates NOX4 transcription, overproduces of superoxide, inhibits SLC7A11 transcription, and deplets cysteine and GSH. H2O2 increases intracellular Fe2+ and restricts synthesis of GSH, leading to a continuous accumulation of toxic intracellular lipid peroxides (Lu et al., 2021).
Unlike ATF3, ATF4 plays a dual role in ferroptosis. Deletion of ATF4 increases ferroptosis in a variety of cancer cells (Chen et al., 2017; Zhu et al., 2017; Wang et al., 2019b). Inhibition of ATF4-HSPA5-GPX4 pathway-induced ferroptosis increases the anticancer activity of gemcitabine, which is related that ATF4 induces the binding of HSPA5 to GPX4, protecting against GPX4 protein degradation and subsequent lipid peroxidation (Zhu et al., 2017). Also, knockdown of SLC1A5 or CHAC1 or DDIT3 inhibited erastin or RSL3 induced ferroptosis (Dai et al., 2020). As the first cytoplasmic NADPH phosphatase, MESH1 leads to NADPH dephosphorylation, and the knockdown of MESH1 has been shown to increase NADPH and protect against ferroptosis (Ding et al., 2020). The knockdown of MESH1 induces different endoplasmic reticulum stress-related genes, particularly ATF3 gene. The knockdown of ATF4 sensitizes MESH1-deficient RCC4 cells to ferroptosis, suggesting a role in MESH1 knockdown-mediated protection against ferroptosis. The phenotypic similarity of stress tolerance caused by the removal of MESH1 and the accumulation of NADPH is achieved in part through the regulation of ferroptosis by ISR (Lin et al., 2021a).
In general, both ATF3 and ATF4 can regulate ferroptosis. ATF3 promotes ferroptosis by depleting intracellular GSH through inhibition of the system Xc-. Knockdown of ATF4 promotes ferroptosis, and protects against degradation of GPX4 through the ATF4-HSPA5-GPX4 pathway. In addition, endoplasmic reticulum stress promotes intracellular H2O2 levels by upregulating ATF3 and enhances intracellular Fe2+ by upregulating the expression of the transferritin receptor, leading to the accumulation of toxic lipid peroxides in cells. whether the high expression of ATF3 in AS is associated with ferroptosis needs to be further explored (Ouyang et al., 2021).
5.2 STAT3
Inhibition of STAT3 phosphorylation in endothelial cells down-regulates vascular endothelial growth factor (VEGF) expression, inhibits vascular endothelial cell proliferation and migration, and delays the formation of unstable plaques in AS (Dal Monte et al., 2011). STAT3 induces the proliferation and migration of vascular smooth muscle cells (Wang et al., 2016). STAT3 is involved in regulation of monocyte-to-macrophage differentiation, and inhibition of STAT3 activity decreases inflammation and monocyte-to-macrophage differentiation (Chen et al., 2019).
Protective effect of α6β4 integrin on erastin induced adherent epithelial cells and cancer cells is that α6β4-mediated activation of Src and STAT3 inhibits the expression of ACSL4 and suppresses lipid peroxidation (Brown et al., 2017). An earlier study showed that the onset of ferroptosis is not dependent on lysosomes, however, lysosomes play a potential role in promoting ferroptosis (Zhou et al., 2020). It has been shown that the transcriptional activity of NRF2 and STAT3 may jointly regulate ferroptosis-related gene expression, mainly because increased NRF2 can promote STAT3 phosphorylation, which amplifies downstream signaling and regulates SLC7A11 to inhibit ferroptosis (Liu and Wang, 2019; Qiang et al., 2020). The NF-κB/IL-6/STAT3 signaling pathway increases hepcidin expression and decreases serum iron and transferrin saturation (Yang et al., 2020a). Iron in macrophages is regulated by the hormone hepcidin, which reduces FPN-mediated iron export when iron is in sufficient supply. The expression of Hepcidin is associated with BMP signaling and its inhibition in vivo model has protective effect on AS, probably due to the fact that iron affects macrophage polarization and lipid metabolism levels (Wunderer et al., 2020).
Aberrant activation of STAT3 leads to endothelial cell dysfunction, macrophage polarization, inflammation and immunity, and thus may be an important regulator of the AS process (Chen et al., 2019). STAT3 regulates GSH synthesis by regulating SLC7A11 in ferroptosis and also inhibits ACSL4 expression, both of which can suppress the onset of ferroptosis. STAT3 also regulates intracellular iron homeostasis. How STAT3 regulates ferroptosis in AS needs to be further investigated.
6. OTHER REGULATORY MOLECULES
6.1 SCD1 and FADS2
LSH (lymphoid-specific helicase) is a DNA methylation modifier that inhibits the progression of ferroptosis by directly upregulating lipid metabolism genes, including SCD1 (searoyl CoA desaturase) and FADS2 (fatty acid desaturase 2) (Jiang et al., 2017). SCD1 was found to have a rate-limiting effect in catalyzing monounsaturated fatty acid synthesis, which promotes tumor growth, migration and resistance to ferroptosis (Wang et al., 2016). SCD1 converts saturated fatty acids into monounsaturated fatty acids (MUFAs) to inhibit ferroptosis (Magtanong et al., 2019; Wang et al., 2020c). Highly active mutations in PI3K-AKT-mTOR signaling protect cancer cells from oxidative stress and ferroptosis through SREBP1/SCD1-mediated adipogenesis (Gao et al., 2021). Inhibition of SCD1 through activation of AMPK/SREBP1 to promote ferroptosis (Yi et al., 2020). Research has shown that lead decreases SCD and FADS2 expression, leads to a significant increase in MDA and ROS content in macrophages and may lead to foam cell formation and inflammation (Zhao et al., 2020). In vitro and in vivo results show that laminar flow protects endothelial cells by increasing endothelial cell SCD1 mRNA expression through a PPARγ-specific mechanism (Sun et al., 2015). Up-regulation of SCD-1 leads to desaturation of saturated fatty acids, promotes esterification and storage of saturated fatty acids, which protects HAECs from lipotoxic damage (Qin et al., 2007). The absence of SCD1 attenuates adipocyte inflammation and its paracrine regulation in macrophages and endothelial cells. Reduced oleic acid levels are associated with inflammatory regulation of SCD1 deficiency (Peter et al., 2008). Hypoxia-inducible factor (HIF) plays a crucial role in regulating the hypoxic response of tumor by altering cellular energy metabolism, including altering the expression of genes related to glucose and lipid metabolism. SCD1 and HIF-2a in human renal tubular epithelial cell lines promote tumorigenesis by maintaining cell survival, triggering cell migration and enhancing proliferation of cancer cells (Liu et al., 2010; Liu et al., 2010). The over-expression of SCD1 promotes lipid droplet (LD)-lysosome fusion through activation of TFEB nuclear translocation and its activity, which promotes lysosome biosynthesis and inhibits the formation of VSMC foam cell. Regulation of SCD1/TFEB mediated lipophagy may provide new therapeutic avenues for the treatment of AS (Stoyanoff et al., 2016).
LSH induces ELAVL1 (ELAV-like) through inactivation the expression of p53 RNA-binding protein. ELAVL1 enhances the expression level of LINC00336 by interacting with LINC00336 (Long noncoding RNA), increases the expression of CBS (cystathionine-β-synthase) and inhibits ferroptosis in lung cancer (Pi et al., 2019). DCAF8 and WDR76 were recently reported to act as substrate connectors and molecular inhibitors of the CRL4 (Cullin-4 RING ubiquitin ligase) system for the control of LSH stability. WDR76 competitively inhibits DCAF8-targeted LSH protein hydrolysis for lipid hydroperoxide-induced ferroptosis (Wang et al., 2019c). LINC00618 decreases the expression of SLC7A11 by interacting with LSH, thereby inhibiting ferroptosis. Furthermore, over-expression of LINC00618 increases the levels of Bax and cleaved caspase-3, promoting apoptosis. Importantly, LINC00618 was found to accelerate ferroptosis via apoptosis, but the potential interaction between ferroptosis and apoptosis remains poorly understood (Huang et al., 2021).
6.2 HSPs
The heat shock response (HSR) is a highly conserved stress response to maintain dynamic protein homeostasis in almost all eukaryotic cells (Wang et al., 2021a). As molecular chaperone, heat shock proteins (HSPs) are classified mainly on the basis of their molecular size into seven large families: Hsp110, Hsp100, Hsp90, Hsp70, Hsp60, Hsp40 and small HSPs (approximately 15–30 kDa) (Wang et al., 2021a). HSPB1 (also known as HSP25 in mice and HSP27 in humans) is a small heat shock protein and also HSP27 is an estrogen receptor beta (ER-β)-related protein (Miller et al., 2005; Barna et al., 2018). HSPB1 reduces cellular iron uptake by down-regulating TFR1 (Chiu et al., 2018). Protein kinase C-mediated phosphorylation of HSPB1 provides protection against ferroptosis by reducing iron-mediated production of lipid reactive oxygen species. Inhibition of the HSF1-HSPB1 pathway and HSPB1 phosphorylation increases erastin induced ferroptosis. This suggests that HSF1-HSPB1 is a negative regulator of ferroptosis (Chen et al., 2006).
HSP27 is a novel biomarker of AS that predicts adverse cardiovascular events (Sun et al., 2015). HSP27 prevents the formation of foam cell and plaques in female but not male mice (Inia and O’Brien, 2021). Intracellular HSPB1 stabilizes plaques by reducing vascular smooth muscle cell apoptosis (Rayner et al., 2009). Vascular wall infiltration of LDL may reduce VSMC adhesion and migration by inducing changes in HSP27/pHSP27 (Martin-Ventura et al., 2006). ROS were found to activate p38/MAPK phosphorylation, mediating the activation of HSF1, which in turn inhibits the development of ferroptosis (García-Arguinzonis et al., 2010). Another study showed that the lipid peroxidation metabolite 4-HNE could also mediate the activation of HSF1 through p38/MAPK phosphorylation, promoting the transcription of PROM2 (prominin2) and resisting the development of ferroptosis (Liu et al., 2021). Studies have shown that prominin2 promotes resistance to ferroptosis in mammary epithelial cells and breast cancer cells. Mechanistically, prominin2 promotes the formation of ferritin-containing multi-vesicular vesicles (MVBs) and exosomes transports iron out of cells (Brown et al., 2021). Oentin-1 inhibits VSMC migration by inactivating the NOX-ROS-p38-HSP27 pathway (Brown et al., 2019). PA (Palmitic acid) cause lipotoxic injury in cardiomyocytes, and over-expression of HSF1 restores the disturbance of iron homeostasis by mediating the expression of iron metabolism-related proteins such as TFRC, SLC40A1 and FTH1 (Lin et al., 2021b). Thus HSF1 appears to protect cardiomyocytes from PA induced ferroptosis by regulating the expression of iron-associated proteins and GPX4 (Wang et al., 2021b).
Heat shock protein A family (HSP70) member 5 (HSPA5, also known as BIP or GRP78) is a member of the HSP70 family and is mainly distributed in the endoplasmic reticulum (Zhang et al., 2010; Bailly and Waring, 2019). As mentioned above, ATF4 also induces the binding of HSPA5 to GPX4, thereby protecting GPX4 protein degradation and inhibiting ferroptosis. HSP70 facilitates over-expression of monocyte adhesion molecules and progression of AS (Xie et al., 2016). However, in parallel to the inhibition of HSP90 activity, a reduction in arterial wall inflammation and oxidative stress was also observed in association with increased HSP70 expression (Madrigal-Matute et al., 2010). HSP70 induces Treg to act as an anti-inflammatory agent (Wendling et al., 2000). When proteins carry a specific KFERQ-like motif to be degraded by CMA, GPX4 has a potential CMA-targeting motif that is recognized by HSPA8 and then transferred from the cytoplasm to the lysosomes via LAMP2A, ultimately causing protein degradation (Kaushik and Cuervo, 2018). HSP90-mediated LAMP2A protein stability promotes erastin induced ferroptosis by forming the HSPA8-LAMP2A-GPX4 protein complex to promote CMA-mediated GPX4 degradation (Wu et al., 2019b). LAMP2A and HSPA8-mediated CMA promote erastin induced GPX4 degradation via lysosomes, and HSP90 has been shown to increase the stability of LAMP2A protein, thereby linking autophagy and ferroptosis, known as chaperone-mediated autophagy (Liu et al., 2020).
Over-expression of HSP90 is associated with the characteristics of plaque instability. Inhibition of HSP90 reduces inflammatory responses and oxidative stress (Rodríguez-Iturbe and Johnson, 2018). HO-1 protein transcription is also regulated by HSF1 and NRF2 (Inouye et al., 2018; Rodríguez-Iturbe and Johnson, 2018). And HSF1 is also involved in nuclear translocation and stabilization of p53 (Zhang et al., 2021). Over-expression of HSP27 is protective against AS and is also a negative regulator of ferroptosis. Although HSP70 can inhibit ferroptosis via the ATF4-HSPA5-GPX4 pathway, the roles of HSP70 in AS are currently controversial (Bielecka-Dabrowa et al., 2009).
7. CONCLUSION
The pathogenesis of AS is complex and involves three major cell types including endothelial cells, smooth muscle cells and macrophages. The development of ferroptosis is associated with restricted GSH synthesis, disturbances in iron homeostasis, accumulation of lipid peroxides and fatty acid synthesis, which are also closely linked to the development of AS. In this review, we describe the role of ferroptosis signalling pathways and transcription factors and other regulatory molecules in the development of ferroptosis, with a focus on the linkage of these signalling pathways and transcription factors and other regulatory factors between ferroptosis and AS. The blood vessel is not just a simple anatomical organ, but one with complex functions. AS is the basis for many cardiovascular pathologies, including myocardial infarction and cerebral infarction, and ferroptosis also plays a very important role in many systemic cardiovascular diseases. Current research into ferroptosis in AS is still at a very early stage. What role does iron death play in the pathogenesis of atherosclerosis, and in the involvement of other organ lesions based on atherosclerosis. We hope that this review will provide new insights into the relationship between AS and ferroptosis.
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Atherosclerosis is a chronic progressive inflammatory vascular disease, which is an important pathological basis for inducing a variety of cardio-cerebrovascular diseases. As a kind of inflammatory cells, macrophages are the most abundant immune cells in atherosclerotic plaques and participate in the whole process of atherosclerosis and are the most abundant immune cells in atherosclerotic plaques. Recent studies have shown that programmed cell death plays a critical role in the progression of many diseases. At present, it is generally believed that the programmed death of macrophages can affect the development and stability of atherosclerotic vulnerable plaques, and the intervention of macrophage death may become the target of atherosclerotic therapy. This article reviews the role of macrophage programmed cell death in the progression of atherosclerosis and the latest therapeutic strategies targeting macrophage death within plaques.
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INTRODUCTION
Atherosclerosis is a chronic inflammatory vascular disease with complex pathogenesis, which is the pathological basis of a variety of cardiovascular and cerebrovascular diseases and has always been the focus of medical researchers. Atherosclerosis, especially ruptured or eroded plaque and subsequent acute cardio-cerebrovascular complications, remains the leading cause of mortality worldwide (Roth et al., 2017). The major immune cell in atherosclerotic lesions is the macrophage, the origin of which is circulating monocytes. Within plaques, macrophages participate in the progression of the atherosclerotic lesion via uptake of oxidized low-density lipoprotein (ox-LDL) and ensuing foam cell formation. Moreover, macrophages can create broad-spectrum cytokines and chemokines that cause atherosclerosis to influence plaque stability, and inflammatory responses of macrophages are also a driving force for atherosclerotic progression and plaque growth (Shashkin et al., 2005; Shimada, 2009).
Macrophage proliferation, aggregation, aging, and death have an impact on the occurrence and development of atherosclerosis. Therefore, these aspects can also be used as potential directions of anti-atherosclerotic therapy. Among them, macrophage programmed cell death plays a particularly important role in atherosclerosis. Within advanced atherosclerotic plaques, macrophages occupied nearly half of the dead cell population. The aggregation and death of macrophages may promote the formation and enlargement of lipid necrotic core and the instability of plaques (Lutgens et al., 1999). Previous studies have shown that macrophages in plaques may undergo several types of programmed death, including apoptosis, autophagy, pyroptosis, ferroptosis and necroptosis. Different macrophage death patterns and occur stages will have a promotive or inhibitory effect on atherosclerosis. Based on the current knowledge of macrophages and atherosclerosis, diverse drugs can be designed to mitigate the progress of atherosclerosis and stabilize vulnerable plaques. Next, this review will concentrate on the research progress of various programmed death modes and targeted therapy of macrophages in atherosclerotic plaques.
Effect of Macrophage Apoptosis on Atherosclerosis
Apoptosis and Its Mechanism
Apoptosis is a form of programmed cell death, which is an active process of automatic termination of life determined by genes, with strict regulatory signal pathways (Fuchs and Steller, 2011). Apoptosis plays a key role in the normal ontogeny of multicellular organisms, the maintenance of self-stable balance and resistance to the interference of various external factors. Different from cell necrosis, apoptosis has the characteristic nuclear condensation in morphology, and the chromosomes are cut into 180bp-200 bp-sized fragments in nucleosomes. Then, the cells shrink and finally form apoptotic bodies. In the process of apoptosis, the phosphatidylserine (PtdSer) on the inside of the cell membrane is turned out to the surface of the membrane, but the structure of the cell membrane is still intact. Apoptotic bodies can be quickly swallowed by the surrounding professional or non-professional phagocytes, so it will not cause the surrounding inflammatory response (Jacobson et al., 1997).
Apoptosis mainly includes exogenous pathway and endogenous pathway. Exogenous pathway, also known as death receptor pathway, activates the caspase family of aspartate proteolytic enzymes and induces cell apoptosis mediated by transmembrane receptors. The endogenous pathway, also known as the mitochondrial pathway, stimulates the direct production of intracellular signals, causes changes in the structure of mitochondrial membrane, releases pro-apoptotic substances, and induces cell apoptosis (Peter, 2011).
Mechanism and Role of Macrophage Apoptosis in Different Stages of Atherosclerosis
In the area of atherosclerotic lesions, the macrophages with apoptosis account for the majority of the total apoptotic cells. The apoptosis of macrophages can ensue during all atherosclerotic stages and affect early lesion formation, plaque progression, and plaque stability. Previous studies have shown that there is a duality in the regulation of macrophage apoptosis on the development of atherosclerosis. Loss of JNK1, the pro-apoptotic effector, in hematopoietic cells protected macrophages from apoptosis and this accelerated early atherosclerosis in Ldlr−/− mice (Babaev et al., 2016). Myocardin-related transcription factor A (MRTF-A) was highly expressed in macrophages of human carotid atherosclerotic plaque. Experiments both in vivo and in vitro reveal that MRTF-A can elevate proliferation and attenuate apoptosis of macrophages and overexpression MRTF-A in monocytes aggravated atherosclerosis in ApoE knockout mice (An et al., 2019). Consistent with these findings, Ldlr−/− mice showed an increase in macrophage apoptosis and an inhibition of early atherosclerosis under the deletion of apoptosis inhibitor AIM (Spα/Api6) (Arai et al., 2005). These results support the concept that macrophage apoptosis is a negative regulator of atherosclerotic plaque development. It seems that increased macrophage apoptosis is related to diminished cellularity within the lesion area and decreased lesion progression in the early stage of atherosclerosis. However, other studies confirm that macrophage apoptosis positively regulates the development of atherosclerosis. Shan Shu et al. found that the expression of monocyte chemotactic protein-induced protein 1 (MCPIP1) can be promoted by Angiotensin II (Ang II) through an AMPK/p38 MAPK-dependent pathway. Increased MCPIP1 expression triggered endoplasmic reticulum (ER) stress to induce macrophage apoptosis and additionally participated in the formation of rupture-prone plaques (Shu et al., 2019). Overexpression of miR-10b in ApoE−/− mice mitigated plaque macrophage apoptosis, reduced late plaque size and increased plaque stability, but had no effect on early plaque formation (Wang et al., 2018). In addition, homocysteine (Hcy), via upregulation of endoplasmic reticulum oxidoreductase 1α (Ero1α) expression, activated ER stress-dependent macrophage apoptosis to expedite vulnerable plaque formation in advanced atherosclerosis (Zhang et al., 2021). It has been proposed that continuous apoptosis of macrophages in stable plaques contributes to the necrotic core expansion and fragility to rupture (Isner et al., 1995; Mallat et al., 1997). According to previous studies, the dual role of macrophage apoptosis in regulating atherosclerosis development depends on the stage of atherosclerotic plaque progression. Macrophage apoptosis decreases lesion cellularity and progression in early lesions but promotes plaque necrosis in more-advanced lesions. This may be due to the deficient efferocytotic removal of apoptotic cells and foam cells in advanced atherosclerotic plaques. In normal physiology, apoptotic cells in plaques can release “find me” signal molecules to effectively recruit phagocytes, and express “eat me” signals on the cell membrane to promote efferocytosis. For example, PtdSer of apoptotic cell membrane structure is a strong “eat me” signal. A variety of phagocytic receptors, such as brain-specific angiogenesis inhibitor one and TIM receptor family, can bind to it to facilitate efferocytosis (Elliott et al., 2017). In the context of this circumstance, the efficiency of apoptosis is very high, and both professional and non-professional phagocytes are able to remove apoptotic bodies rapidly. More importantly, the clearance of apoptotic cells can trigger a positive anti-inflammatory response in efferocytes (Fadok et al., 1998). Therefore, in early plaque, macrophage apoptosis can reduce inflammation and inhibit plaque progression through efficient efferocytosis (Figure 1A). However, in progressive plaques, despite the existence of a large number of “find me” and “eat me” signals, ox-LDL can block the effective phagocytic receptors on the surface of efferocytes, such as c-Mer tyrosine kinase (MerTK) receptors, and the efficient efferocytosis cannot play a full role. Gene knockout of MerTK receptors leads to plaque apoptotic cell accumulation and necrotic core expansion (Ait-Oufella et al., 2008). Especially in the inflammatory environment in plaques, the MerTK is cut to form soluble MerTK receptors, which significantly weakens the effective efferocytotic ability of efferocytes (Cai et al., 2017). Hence, in advanced plaques where efferocytosis is not efficient, the accumulation of apoptotic cells results in secondary necrosis and an inflammatory response ensues (Henson et al., 2001). These phenomena may further cause the release of cellular inflammatory contents, boost plaque instability and increase the risk of clinical events of acute atherosclerotic thrombosis (Figure 1B).
[image: Figure 1]FIGURE 1 | The dual role of macrophage apoptosis in early and advanced atherosclerosis (A) In early atherosclerosis, efferocytosis is efficient, and apoptotic cells are rapidly cleared by efferocytes, which can trigger a positive anti-inflammatory response, then resulting in decreased atherosclerosis progression (B) In advanced atherosclerosis, disabled efferocytes cannot function properly. Subsequently, the accumulation of apoptotic cells results in secondary necrosis and an inflammatory response ensues. These phenomena may further increase the risk of plaque rupture.
Pharmacological Intervention of Macrophage Apoptosis in the Treatment of Atherosclerosis
Macrophage apoptosis has a negative regulatory effect on the development of early atherosclerotic plaque, but positively regulates atherosclerotic lesion development in advanced atherosclerotic plaque. So, increasing macrophage apoptosis in early atherosclerotic plaque and reducing macrophage apoptosis in advanced atherosclerotic plaque may be an effective mechanism for the management and treatment of atherosclerosis. Existing drugs such as statins and drugs targeted by angiotensin converting enzyme inhibitors have been shown to regulate apoptosis in atherosclerotic plaques (Zhang et al., 2018). However, the side effects of these drugs are more serious, long-term use will cause muscle soreness, liver function damage and neurotoxicity and so on. In recent years, it has been found that sonodynamic therapy (SDT), as a new non-invasive targeted physiotherapy, has a good therapeutic effect on atherogenesis. Xin Sun et al. found that SDT can induce macrophage apoptosis, reduce the number and lipid content of macrophages, and stabilize atherosclerotic plaques. So it played an active role in delaying the progression of the disease (Sun et al., 2019). Moreover, Viorel Simion et al. showed that the macrophage-specific lncRNA MAARS regulated apoptosis via interacting with HuR which was a critical mediator of transcriptional stability and apoptosis. And MAARS deficiency in macrophages decreased apoptosis and increased their efferocytosis, consequently, reducing atherosclerotic lesion formation by 52% in Ldlr−/− mice. Therefore, either reducing MAARS expression or blocking MAARS–HuR interaction could presumably be effective strategies in limiting macrophage apoptosis in advanced plaques (Simion et al., 2020).
In addition, the treatment of atherosclerosis is mostly related to the enhancement of macrophage efferocytosis. A recent study has shown that synthetic simulated apoptotic cells such as PtdSer encapsulated nanoparticles can be used to enhance efferocytosis (Bagalkot et al., 2016). However, most of the studies on enhancing the role of macrophage efferocytosis to treat atherosclerosis only stay at the basic experimental level, so actively exploring whether these methods can be used in clinical anti-atherosclerosis by enhancing the effect of efferocytosis needs to be further discussed.
Effect of Macrophage Autophagy on Atherosclerosis
Autophagy and Its Occurrence Process
Autophagy is also a form of programmed cell death, also known as type Ⅱ programmed cell death, which participates in the occurrence and development of many diseases. Autophagy refers to the process in which cells use lysosomes or vacuoles to degrade damaged organelles and macromolecular substances under the induction of nutritional deficiency, hypoxia and reactive oxygen species, which can provide raw materials for cell reconstruction, regeneration and repair. It is a compensatory and self-protecting catabolic cellular pathway and a defense and protective mechanism to maintain cell homeostasis (Han et al., 2018). Based on the physiological function and delivery routine to the lysosomal lumen, autophagy is able to be divided into three different forms: macroautophagy, microautophagy and chaperone-mediated autophagy (Yang and Klionsky, 2010). The term autophagy commonly refers to macroautophagy, which is the most prevalent and extensively studied form of autophagy. Autophagy introduced later also refers to macroautophagy. The process of autophagy is that the degradation is wrapped by vesicles with bilayer structure to form autophagosomes, and the outer membrane of the latter then fuses with lysosomal membrane or tonoplast, releasing the encapsulated substance into lysosome or vacuole, and finally hydrolyzing it into small molecular compounds such as amino acids, carbohydrates, fatty acids and nucleotides under the action of a series of hydrolytic enzymes (Levine and Kroemer, 2008). Basal autophagy can remove excess or damaged substances in cells in time, and reuse degradation products, which helps to maintain the normal metabolic function and survival of cells.
The Protective Role of Macrophage Autophagy in Atherosclerosis
Autophagy is involved in the regulation of cell survival and death during atherosclerosis and runs through the whole process. In the process of plaque formation in mice, autophagic markers mainly colocalized with macrophages and dysfunctional autophagy is a characteristic of plaques (Razani et al., 2012). Studies have found that up-regulation of macrophage autophagy can slow down the progression of atherosclerosis and mitigate the vulnerability of atherosclerotic plaques. Shaohong Fang’s findings indicated that arsenic trioxide (ATO) promoted reactive oxygen species (ROS) induction, which resulted in inhibition of the PI3K/AKT/mTOR pathway, ultimately promoting macrophage autophagy and reducing atherosclerotic lesions at early stages (Fang et al., 2021). The main reason for the foam formation of vascular wall macrophages is the imbalance of cholesterol in and out, and macrophage autophagy can mediate cholesterol efflux and reduce foam cell formation. Shuilong Leng et al. discovered that ursolic acid (UA) enhanced macrophage autophagy and facilitated macrophage cholesterol efflux. Both of these effects are anti-atherosclerotic, resulting in reduced atherogenesis in Ldlr−/− mice fed a Western diet (Leng et al., 2016). Mingxue Zhou et al. found that Shen-Yuan-Dan Capsule (SYDC) treatment can ameliorate the level of blood lipid, reduce the atherosclerotic index and plaque areas of aortic roots, and attenuate macrophage-derived foam cell formation in ApoE−/− mice by promoting macrophage autophagy via inhibiting the PI3K/Akt/mTORC1 signaling pathway (Zhou et al., 2019). Macrophage autophagy also plays an essential role in inflammatory response and oxidative stress. In ApoE-null mice, complete disruption of macrophage autophagy promotes hyperactivation of the macrophage inflammasome and excess interleukin-1β (IL-1β) production, thus increasing plaque instability (Razani et al., 2012). Basic autophagy can mitigate cell damage caused by oxidative stress by degrading intracellular oxidative damaged components and clearing dysfunctional mitochondria. It has been reported that macrophage ATG5 deficient Ldlr−/− mice showed increased oxidative stress in the context of atherosclerosis, which expedited the development of atherosclerotic plaque (Liao et al., 2012). In addition, when macrophages are being cleared, macrophage autophagy seems to facilitate efferocytosis. Xianghai Liao et al. showed that in the mouse model of advanced atherosclerosis, blocking autophagy rendered macrophages more susceptible to die, worsened the recognition and removal of dead cells via efferocytes, and accelerated plaque necrosis (Liao et al., 2012). In conclusion, a moderate increase of macrophage autophagy can reduce intracellular lipid accumulation, decrease foam cell formation, inhibit inflammatory and oxidative stress response, and promote efferocytosis in atherosclerotic plaques, thereby delaying the progression of atherogenesis (Figure 2).
[image: Figure 2]FIGURE 2 | The protective role of macrophage autophagy in atherosclerosis. Drugs such as rapamycin can increase autophagy of macrophages by inhibiting mTORC1. Up-regulation of macrophage autophagy can increase cholesterol efflux, promote efferocytosis, inhibit inflammatory response and suppress oxidative stress, thereby contributing to stabilizing the plaque.
Pharmacological Intervention of Macrophage Autophagy in the Treatment of Atherosclerosis
Accumulating evidence has indicated that macrophage autophagy plays a protective role in the occurrence and development of atherosclerosis. It can inhibit inflammatory reaction, attenuate oxidative stress and promote cholesterol efflux, which provides a new research direction for the treatment of atherosclerosis (Go et al., 2013). mTOR inhibitors are the most studied autophagy inducers. Many reports have confirmed that mTOR inhibitors or their derivatives have protective effects on atherogenesis. Inhibition of mTOR with pharmacological agents such as rapamycin appears to inhibit atherosclerosis in plenty of different animal models (Pakala et al., 2005; Mueller et al., 2008). Sirtuin1 (Sirt1), belonging to the conservative sirtuin family, exerts protective effects via regulating autophagy as an essential regulator during the progression of atherosclerosis. In Baoxin Liu’s study, autophagy was upregulated by the Sirt1 activator resveratrol (RSV). When incubated with the appropriate dose of RSV, the efferocytosis of apoptotic RAW264.7 increased significantly, which alleviated inflammation in atherosclerotic plaques and avoided plaque rupture (Liu et al., 2014). Like Sirt1, Sirt6 also plays a crucial role in reducing plaque formation and promoting plaque stability via stimulating macrophage autophagy, and thereby revealing a novel target for therapeutic interventions (Wang et al., 2020). Additionally, Ismail Sergin et al. showed that therapeutical-related doses of trehalose can increase macrophage autophagy, TFEB (the master transcriptional regulator of autophagy–lysosomal biogenesis) and autophagy–lysosomal biogenesis both in vitro and in vivo, leading to reverse the dysfunction of macrophages in the plaque and mitigate atherosclerosis (Sergin et al., 2017). Therefore, inducing macrophage autophagy may be a potential therapeutic strategy for atherosclerosis.
Effect of Macrophage Pyroptosis on Atherosclerosis
Pyroptosis and Its Main Characteristics
Pyroptosis, also known as inflammatory necrosis, is a new way of programmed cell death, which depends on the caspase family. Pyroptosis is accompanied by the maturation and release of inflammatory factors such as IL-1β and interleukin-18 (IL-18), and induces inflammatory cascade reaction. The pyroptosis signaling pathway can be divided into caspase-1-dependent classical pathways and caspase-4/5/11-dependent non-classical pathways. Pyroptosis is often induced by viral or bacterial infection and endogenous damage, which plays an essential role in antagonizing infection and endogenous danger signals. It is one of the innate immune defense mechanisms of hosts against intracellular pathogens infection (Miao et al., 2010).
Shao Feng’s team and Vishva M Dixit’s team discovered respectively in 2015 that caspase-1 and caspase-4/5/11 induced pyroptosis by cutting a protein called Gasdermin-D (GSDMD). After being cut by caspase-1 or caspase-4/5/11, GSDMD released its N-terminal domain which had the activity of binding to membrane lipids and drilling holes in the cell membrane, which led to changes in cell osmotic pressure and swelling until the final rupture of the cell membrane (Kayagaki et al., 2015; Shi et al., 2015). The pathway of pyroptosis is mainly regulated by inflammatory bodies. At present, the inflammatory bodies most closely related to atherosclerosis are mainly NLRP3 inflammatory bodies which are members of the NLR family. The NLR family’s main biological function is to strengthen the ability of the immune system to detect microbial infection, produce proinflammatory cytokines, and regulate immune and inflammatory response. In the classical pathway of pyroptosis, related stimulation leads to the activation of NLRP3 which then recruits and activates caspase-1. The activated caspase-1 cleaves and activates inflammatory cytokines such as IL-1β and IL-18, and cleaves the N-terminal sequence of GSDMD which binds to the membrane to produce membrane pores, resulting in pyroptosis.
The Effectiveness of Macrophage Pyroptosis on Atherosclerosis
In recent years, a growing body of evidence suggests that macrophage pyroptosis plays a more significant role in the formation, rupture and immuno-inflammatory response of atherosclerotic vulnerable plaques than traditional ways of programmed cell death, such as apoptosis, autophagy and so on (Xu et al., 2018). Normal level of pyroptosis can cleave cells and release pathogens and inflammatory factors outside the cells, so as to recruit immune cells to remove pathogens and damaged cells, which is conducive to the maintenance of local homeostasis. However, in atherosclerosis, ox-LDL and cholesterol crystallization in the plaque will continuously activate NLRP3 inflammatory bodies and caspase-1, resulting in a continuous increase in the release of inflammatory factors, thus promoting the enhancement of inflammatory response in the atherosclerotic region and reducing the stability of the plaque (Hoseini et al., 2018) (Figure 3). It has been reported that NLRP3 inflammatory bodies are highly expressed in atherosclerotic areas, silencing ApoE−/− mice NLRP3 gene can inhibit the expression of inflammatory factors and atherosclerotic progression, reduce the content of lipids and matrix metalloproteinases in plaques, increase collagen fibers, promote plaque stability, and then reduce the risk of atherosclerotic plaque rupture (Zheng et al., 2014). In atherosclerotic plaques, in addition to overactivation of NLRP3, researchers also discovered that the site of plaque rupture demonstrated a highly immunoreactivity to caspase-1 in macrophages, while caspase-3 staining was weak, suggesting that macrophage pyroptosis may play a more vital role in atherosclerotic lesions than apoptosis (Kolodgie et al., 2000). Furthermore, IL-1β, IL-18 and other pro-inflammatory cytokines produced and released by macrophages in atherosclerotic lesion are also closely associated with the development and stability of atherosclerotic plaques. IL-1β and IL-18 are predominantly derived from macrophages and are the main substrates of caspase-1. Hirokazu Kirii et al. reported that IL-1β deficiency reduced atherosclerotic lesions by about 33% in ApoE−/− mice (Kirii et al., 2003). In short, the release of inflammatory factors enhances the inflammatory environment and increases the aggregation of macrophages, thus promoting the development and instability of plaques.
[image: Figure 3]FIGURE 3 | The mechanism of macrophage pyroptosis in promoting atherosclerosis. Ox-LDL in plaques will continuously activate NLRP3 inflammatory bodies and caspase-1, resulting in a continuous increase in the release of inflammatory factors, thus promoting plaque instability and rupture.
Pharmacological Intervention of Macrophage Pyroptosis in the Treatment of Atherosclerosis
Many studies have confirmed that macrophage pyroptosis plays a crucial role in the formation, rupture and immune inflammation of atherosclerotic plaques. Regulation of macrophage pyroptosis is expected to become a new strategy to stabilize vulnerable plaques (Xu et al., 2018).
Activated NLRP3 inflammatory bodies and IL-1β signaling pathway may be essential to the atherosclerotic lesion progression. NLRP3 inflammatory body selective inhibitor MCC950 can reduce macrophage aggregation and inflammatory factor levels, significantly inhibit atherosclerotic plaque progression and increase plaque stability in ApoE−/− mice. MCC950 can also inhibit ox-LDL uptake, increase cholesterol efflux and inhibit the transformation of macrophages into foam cells (Chen et al., 2018). Canakinumab is a therapeutic monoclonal antibody targeting IL-1β with anti-inflammatory effects. The recurrence rate of cardiovascular events among atherosclerotic patients assigned to receive canakinumab was significantly lower than among those in the placebo group (Ridker et al., 2017). There were other researchers who used the effective ingredients of anti-inflammatory and detoxifying traditional Chinese medicine to carry out the research on the treatment of atherosclerosis. Misawa T et al. found that RSV was able to inhibit the assembly of NLRP3 and apoptosis-related spect-like protein containing a CARD (ASC) by inhibiting a-tubulin acetylation, and then inhibit the activation of NLRP3 inflammatory bodies and pyroptosis in mouse macrophages (Misawa et al., 2015). Berberine, an active component of coptis chinensis, can inhibit the activation of ROS-dependent NLRP3 inflammatory bodies and reduce the synthesis of pro-IL-1β by inhibiting NF-κB, so it can be used in the prevention and treatment of atherosclerosis (Ju et al., 2018).
Effect of Macrophage Ferroptosis on Atherosclerosis
Ferroptosis
Ferroptosis is a new type of iron-dependent programmed cell death, which occurs through the lethal accumulation of ROS when glutathione (GSH)-dependent lipid peroxidation repair system is compromised (Stockwell et al., 2017). Ferroptosis is closely related to a variety of human diseases, such as cancers, cardiovascular diseases and degenerative diseases. The essence of ferroptosis is the depletion of glutathione, the decrease of glutathione peroxidase (GPXs) activity (the decrease of GPX4 activity is the most important), and the impaired antioxidant capacity of cells dependent on GPX4. Lipid oxides cannot be metabolized by GPX4-catalyzed glutathione reductase reaction, and then Fe2+ oxidizes lipids to produce ROS, which eventually leads to cell oxidative death, that is, ferroptosis. There is a significant difference between ferroptosis and other forms of programmed cell death. In cell morphology, the changes of ferroptosis are mainly the increase of mitochondrial membrane density and mitochondrial contraction, but not accompanied by the decrease of nuclear volume, chromatin condensation and so on (Dixon et al., 2012). In the aspect of biochemical metabolism, ferroptosis is characterized by the increase of intracellular lipid peroxidation, the increase of ROS, the breaking of oxidation-antioxidation balance, the loss of cell integrity and cell death, which can be inhibited by antioxidants and iron chelating agents (Li et al., 2020).
The Effectiveness of Macrophage Ferroptosis on Atherosclerosis
Atherosclerosis is closely related to the changes of ROS and iron levels in the body. Excessive ROS accumulation or iron overload can promote cellular oxidative stress, lipid peroxidation and other pathological processes, and increase plaque instability (Figure 4). ROS accumulation in macrophages, lipid peroxidation, plaque hemorrhage and iron deposition are important characteristics of advanced atherosclerotic plaque, which indirectly indicates that ferroptosis may be involved in the development of atherosclerosis (Martinet et al., 2019). Besides, the increase of free iron can also accelerate inflammation and the formation of macrophage-derived foam cells (Hu et al., 2019). When Omar Saeed et al. used LDN 193189, a small molecular inhibitor of BMP signal transduction, to inhibit ferritin, thereby reducing macrophage intracellular iron levels, macrophages from LDN treated ApoE−/− mice demonstrated increased lipid efflux and reduced foam cell formation (Saeed et al., 2012). The loss of the activity of GPX4, the key enzyme of ferroptosis, will also lead to the accumulation of a large number of lipid peroxides and ROS, which further affect the progress of atherosclerosis (Feng and Stockwell, 2018). And overexpression of GPX4 can reduce lipid peroxidation and inhibit plaque development in ApoE−/− mice (Guo et al., 2008). These studies demonstrate that iron overload and lipid peroxidation play a significantly important role in the occurrence and development of atherosclerosis, and ferroptosis is closely related to atherogenesis. Therefore, removing excess iron and reducing ROS production may be new strategies for the treatment and prevention of atherosclerosis in the future.
[image: Figure 4]FIGURE 4 | The effectiveness of macrophage ferroptosis on atherosclerosis. Excessive ROS accumulation or iron overload in macrophages can promote lipid peroxidation and other pathological processes, then cause macrophage ferroptosis and increase plaque instability.
Effect of Macrophage Necroptosis on Atherosclerosis
Necroptosis
Necroptosis, known as programmed cell necrosis, is also one of the important ways of programmed cell death, which was first proposed by Degterev et al., in 2005 (Degterev et al., 2005). Necroptosis has typical morphological features of necrosis, such as increase of cell size, swelling of organelles and rupture of cell plasma membrane. In terms of physiological and biochemical characteristics, necroptosis produces a large number of ROS and pro-inflammatory factors, and often forms necrosomes in the process of necrosis. However, compared with the usual necrosis, necroptosis is an ordered necrosis with the unique signal pathway and regulated by specific signal molecules (Kroemer et al., 2009). In necroptosis, receptor-interacting proteins (RIP) are a class of important signal molecules regulating cell death or survival, especially receptor-interacting protein kinase 1 (RIPK1) and receptor-interacting protein kinase 3 (RIPK3) play a key regulatory role in necroptosis signal pathway, and its expression level can indicate the degree of necroptosis (Silke et al., 2015). The classical pathway of necroptosis depends on the binding of tumor necrosis factor-α (TNF-α) to membrane receptors, which transduces signals to RIPK1 and RIPK3, so that they can phosphorylate each other to obtain kinase activity, and then phosphorylate downstream mixed lineage kinase domain-like protein (MLKL). The activated MLKLs oligomerize and form selective ion channels, which eventually lead to the rupture of cell membrane and cell necroptosis. In addition, when apoptosis is inhibited, necroptosis can be used as an alternative way to mediate cell death.
The Effectiveness of Macrophage Necroptosis on Atherosclerosis
The radiotracers labeling the necroptosis pathway were located in atherosclerotic plaques, which proved that necroptosis was involved in the pathological process of atherosclerosis (Leeper, 2016). Studies have shown that once programmed necrosis occurs, it will release a large number of inflammatory factors and chemokines, induce severe inflammatory reaction and promote the formation of atherosclerotic plaques (Galluzzi et al., 2017). Further study found that macrophage necroptosis can directly lead to the formation of atherosclerotic necrotic core and plaque instability (Kavurma et al., 2017) (Figure 5). Lingjun Meng et al. demonstrated that in RIPK3 knockout atherosclerotic mouse models, the levels of inflammatory factors such as IL-6 and IL-1β were significantly decreased, and the size of atherosclerotic plaque was reduced (Meng et al., 2016). Juan Lin et al. also found that in Ldlr−/− mice, the area of advanced atherosclerotic plaques in RIPK3 knockout mice was significantly reduced, and the number of programmed necrotic macrophages in the lesion was less than that in wild mice, but there was no significant difference in the number of apoptotic cells, suggesting that RIPK3-dependent necroptosis was closely related to the development of advanced atherosclerosis (Lin et al., 2013). Similar results were observed in RIPK1 knockout mice. According to Denuja Karunakaran’s research results, knockout of RIPK1 in macrophages in vitro and in vivo can reduce inflammatory gene expression stimulated by TNF-α, inhibit nuclear factor κ-B (NF-κB) activity, markedly reduce atherosclerotic lesions, and have no effect on plasma cholesterol and body weight (Karunakaran et al., 2021). In ApoE−/− mice, necroptosis inhibitor necrostatin-1 (Nec-1) can inhibit the formation of RIPK1 and RIPK3 complex, then block the occurrence of macrophage necroptosis and mitigate the inflammatory response, thus inducing significant reduction in atherosclerotic lesions (Karunakaran et al., 2016). At present, Nec-1 has attracted wide attention as a new target for diagnosis, intervention and treatment of patients with atherosclerosis. Hence, inhibiting macrophage necroptosis in atherosclerotic lesions may have the effect of reducing intravascular load and stabilizing atherosclerotic plaques. Moreover, drugs or inhibitors targeting RIPK1 and RIPK3 can be designed to slow down atherosclerosis progression by mitigating macrophage necroptosis.
[image: Figure 5]FIGURE 5 | The promoting effect of macrophage necroptosis on atherosclerosis. The RIPK1 and RIPK3 play a key regulatory role in necroptosis, and they can phosphorylate downstream MLKL. The activated MLKLs form selective ion channels, which eventually lead to cell membrane rupture, inflammatory factors release and plaque instability.
CONCLUSION
Macrophage programmed cell death is closely related to the formation and instability of atherosclerotic plaques, and it plays a vital role in the occurrence and development of atherosclerosis. This suggests that it can be a potential therapeutic target for vascular disease. Although the relationship between macrophage programmed cell death and atherosclerosis has been gradually recognized, many of the specific mechanisms are still not clear. In particular, the microenvironment in atherosclerotic plaques is complex, and a variety of inducing factors of macrophage death exist at the same time, so there are many ways of macrophage death in atherosclerotic plaques simultaneously. Moreover, the complicated relationship between diverse types of macrophage death requires us to target multiple types at the same time.
In addition, various death modes of macrophages have diverse effects on atherogenesis in different stages, so strategies should be adopted for different stages and modes of atherosclerosis. In the early stage of atherosclerosis, the efferocytosis of phagocytes is efficient, consequently, measures should be taken to enhance the specific apoptosis of macrophages, so as to reduce the production of macrophage-derived foam cells and inflammatory reaction, then mitigate disease development and stabilize plaques. In the late stage of efferocytosis dysfunction, macrophage apoptosis should be inhibited to prevent a large number of apoptotic cells from not being absorbed and cleared in time, from resulting in secondary cell necrosis and leading to inflammation and plaque rupture. Under controlled conditions, macrophage autophagy can promote plaque stability and delay disease development, so increasing macrophage autophagy can prevent the further development of plaques. But excessive autophagy which may cause apoptosis will exert harmful functions in atherosclerosis. Furthermore, the pyroptosis of macrophages that cause inflammation and ferroptosis that aggravate oxidative stress should be inhibited throughout the development of atherosclerosis. Macrophage necroptosis within plaques also secretes large amounts of inflammatory cytokines and ROS, so it should be inhibited as well. In summary, although some progress has been made in the study of programmed macrophage death in atherosclerotic plaques, the specific mechanism, signal transduction pathway and significance in clinical treatment have not been clearly elucidated. Further research is needed to solve the existing obstacles.
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Atherosclerosis is a chronic inflammatory disorder characterized by the gradual buildup of plaques within the vessel wall of middle-sized and large arteries. The occurrence and development of atherosclerosis and the rupture of plaques are related to the injury of vascular cells, including endothelial cells, smooth muscle cells, and macrophages. Autophagy is a subcellular process that plays an important role in the degradation of proteins and damaged organelles, and the autophagy disorder of vascular cells is closely related to atherosclerosis. Pyroptosis is a proinflammatory form of regulated cell death, while ferroptosis is a form of regulated nonapoptotic cell death involving overwhelming iron-dependent lipid peroxidation. Both of them exhibit distinct features from apoptosis, necrosis, and autophagy in morphology, biochemistry, and genetics. However, a growing body of evidence suggests that pyroptosis and ferroptosis interact with autophagy and participate in the development of cancers, degenerative brain diseases and cardiovascular diseases. This review updated the current understanding of autophagy, pyroptosis, and ferroptosis, finding potential links and their effects on atherogenesis and plaque stability, thus providing ways to develop new pharmacological strategies to address atherosclerosis and stabilize vulnerable, ruptured plaques.
Keywords: atherosclerosis, cell death, autophagy, pyroptosis, ferroptosis
1 INTRODUCTION
Atherosclerosis, caused by the accumulation of low-density lipoprotein (LDL) in the subendothelial matrix, is a progressive disease characterized by endothelial damage, inflammatory cell infiltration, cell proliferation, and fat deposition (Lusis, 2000). Proinflammatory and anti-inflammatory mechanisms, along with inadequate cellular inflammation resolution, are the initial factors that promote and accelerate the process of atherosclerotic plaque formation (Back et al., 2019). The composition and vulnerability of a plaque play a principally decisive role in plaque stability, thrombosis, and thrombus-mediated acute coronary events. The functional status, survival and death of vascular cells, including endothelial cells (ECs), vascular smooth muscle cells (VSMCs), and macrophages, can affect the formation and stability of plaques, thus affecting the progression of atherosclerosis.
The endothelial lining of lesion-prone areas of the arterial vasculature is highly susceptible to risk factors associated with atherosclerosis. Oxidized LDL (ox-LDL) is recognized by pattern-recognition receptors in ECs and induces endothelial dysfunction by triggering a cascade of oxidative stress and inflammatory responses (Marchio et al., 2019). Moreover, hyperlipidemia stimulates EC activation before monocyte recruitment (Yin et al., 2015) and activated ECs promote the infiltration of inflammatory cells into atherosclerotic lesions by increasing the release of adhesion molecules, resulting in plaque aggregation and eventually atherosclerosis (Libby et al., 2011). The subendothelial accumulation of foam cells is a major hallmark of early atherosclerotic lesions. It has been recently found that more than 50% of foam cells in plaques are contributed by VSMCs (Allahverdian et al., 2014; Wang Y. et al., 2019), which is the major constituent of the fibrous cap (Pan and Reilly, 2019). Therefore, the death of VSMCs and VSMCs-derived foam cells decreases lesion cellularity, weakens the fibrous cap of the plaque, and increases plaque instability (Clarke et al., 2010). Advanced plaques contain many macrophages with a proinflammatory phenotype, which secrete stromal degradation enzymes, growth factors, cytokines, and intracellular lipids into the extracellular space, leading to plaque instability, plaque rupture, and thrombotic events. Moreover, in advanced atherosclerotic plaques, up to 50% of dead cells are macrophages; the mechanisms of macrophage death involve the decay of lesion cellularity and the promotion of inflammation. Macrophage death is also a significant feature of advanced plaques in atherosclerosis and serves as a catalyst for the formation of necrotic core and plaque instability (Lutgens et al., 1999; Martinet et al., 2019). Atherosclerosis is still the leading cause of death worldwide because of the acute occlusion caused by the formation of a thrombus or blood clot. Hence, the different processes and mechanisms involved in plaque stabilization need to be further explored to find new therapies for atherosclerosis.
Regulated cell death (RCD) is a highly regulated cellular response that controls cell fate in multicellular organisms after they are subjected to various cellular pressures and/or external stimuli. The most common modulated form of cell death is called apoptosis (Kerr et al., 1972); other forms of RCD have been gradually discovered, such as autophagy (Ashford and Porter, 1962), pyroptosis (Fink and Cookson, 2005), and ferroptosis (Dixon et al., 2012). Different types of RCD display distinct features, meanwhile sharing many similar characteristics with considerable overlap and crosstalk (Table 1). The interactions between these cell death programs play a role in controlling the ultimate outcome during cell death (Lockshin and Zakeri, 2004). Under normal circumstances, various forms of RCD remove damaged or infected cells from the affected tissues so that the surrounding healthy cells can better perform their proper functions. Nevertheless, the loss of control over single or mixed types of RCD can lead to human diseases, such as cancer, neurodegeneration, autoimmune diseases, infectious diseases, and cardiovascular diseases. Multiple types of RCD have been identified in the pathological process of atherosclerosis, but the intricate overlapping effects and interactions have rarely been systematically summarized. Based on this, the present review provided a current overview of the known signal cascade and interaction of the common patterns of RCD, namely autophagy, pyroptosis, and ferroptosis, and the latest understanding of their functional role and significance in atherosclerosis.
TABLE 1 | The main features of autophagy, pyroptosis, and ferroptosis.
[image: Table 1]2 THE ROLES OF AUTOPHAGY IN ATHEROSCLEROSIS
2.1 Overview of Autophagy
Autophagy is an evolutionarily conservative homeostatic mechanism consisting of three general subtypes: macroautophagy, microautophagy and chaperone-mediated autophagy (CMA) (Klionsky et al., 2016). Macroautophagy (hereafter referred to as autophagy) is a lysosome-dependent intracellular degradation system by which cytoplasmic organelles, macromolecules, proteins, and invading pathogens are degraded in the lysosome, with the ability to produce new building blocks and energy for cellular renovation and homeostasis (Mizushima and Komatsu, 2011; Parzych and Klionsky, 2014). Morphologically, autophagy begins in the pre-autophagosomal structure in the cytoplasm and gradually develops into a phagophore, followed by an autophagosome, a double-membraned vacuole containing damaged organelles and denatured macromolecules. Subsequently, the outer membrane of autophagosome fuses with the lysosomal membrane to form autolysosome, and the inner membrane and encapsulated substances of autophagosome enter the lysosomal cavity and are degraded by activated lysosomal hydrolases (Klionsky and Emr, 2000).
Autophagy is a continuous and dynamic process that tightly regulated by autophagy-related genes (ATG) (Kang et al., 2011; Xie et al., 2015). Mammalian target of rapamycin (mTOR) is negatively involved in autophagy regulation. When the cell in the absence of growth factors and amino acids or is stimulated by rapamycin, unc-51 like autophagy-activating kinase 1 (ULK1) is separated from mTOR and undergoes rapid dephosphorylation; activated ULK1 promotes ATG13 phosphorylation and autophagy (Jung et al., 2009; Kim et al., 2011). The class III phosphatidylinositol 3-kinase (Class III PI3K) complex, which includes phosphatidylinositol 3-kinase, catalytic subunit type 3 (PIK3C3)/VPS34, Beclin-1, and ATG14, promotes the nucleation of phagophores by generating the phosphatidylinositol-3-phosphate and recruiting other factors involved in the process of autophagosome formation (Thi and Reiner, 2012; McKnight and Zhenyu, 2013; Bernard and Klionsky, 2014). Subsequently, the phagophore expands by membrane addition though two ubiquitin-like modification processes, among which ATG12-conjugation and microtubule-associated protein 1A/1B-light chain 3 (LC3)-modification play the most crucial roles (Ohsumi, 2001; Tanida et al., 2004). ATG12 is activated by ATG7, and then combines with ATG5 and ATG16L to form a ATG12-ATG5-ATG16L complex at phagophores. In the process of LC3-modification, proLC3 is first processed into LC3-I with the help of ATG4, activated by ATG7, transported to ATG3, and then processed into LC3-II, which is the membrane-bound form localized on preautophagosomes and autophagosomes. After the extension, the outer membrane of autophagosome fuses with lysosomes to form autolysosome and degrade encapsulated substances.
Autophagy plays a dual role, either preventing or promoting cell death, depending on the environment (Fitzwalter and Thorburn, 2015). On the one hand, autophagy-related stress tolerance protects cells against various kinds of cellular death stimuli. Free amino acids and fatty acids produced by the autophagy degradation of unused protein aggregates or damaged organelles can be used for protein synthesis and energy production to adapt to environmental stress (Kroemer et al., 2010). On the other hand, excessive or uncontrolled autophagy can result in the degradation of prosurvival proteins and promote cell death, termed “autophagy-dependent cell death” (Denton and Kumar, 2019). Autophagy regulates inflammatory responses and cell death pathways, thereby influencing the pathogenesis of diseases, including atherosclerosis.
2.2 Effects of Autophagy on Atherosclerosis
Autophagy is closely associated with atherosclerosis, which has been confirmed by the expression profile of ARGs (Chen Y. et al., 2021). Multiple autophagy triggers are present in atherosclerotic plaques, such as reactive oxygen species (ROS), LDL, inflammatory mediators, and tumor necrosis factor-α (TNF-α) (Shao et al., 2016; Zhu et al., 2019). Mild cellular stress, including oxidative stress, ox-LDL, and endoplasmic reticulum (ER) stress, stimulates mild adaptive autophagy of vascular cells (Menghini et al., 2014), which promotes cell survival by degrading damaged organelles and proteins, thereby protecting vascular tissues from oxidative stress or inflammation. It has been confirmed that autophagy can diminish the atherosclerotic plaque area and effectively preserve the stable plaque phenotype, including reduced lipid deposition and proinflammatory macrophages; increased anti-inflammatory macrophages, collagen content, and VSMCs; and lessened cell death within the plaques (Li et al., 2013). Nevertheless, similarly, dysfunction of autophagy has also been found to occur in the progression of atherosclerosis, regardless of the presence or absence of these autophagy stimulators in atherosclerotic plaques. The expression of autophagy markers ATG13 and LC3 in aortic intimal ECs with severe atherosclerosis was found to be significantly higher than the expression in those without atherosclerosis (Chen et al., 2017). Severe oxidative stress or inflammation stimulates excessive autophagy, leading to autophagy-dependent cell death, decreased collagen synthesis, thinning of the fibrous cap, plaque instability, lesions thrombosis, restenosis, and acute coronary events (Cai et al., 2018; Ge et al., 2021). Thus, the resistance to excessive autophagy in an early stage is critical in preventing arteriosclerosis, further leading to serious cardiovascular complications. Except excessive autophagy, the loss of autophagy is more prevalent and may be an important determinant of atherosclerosis. In addition, autophagy may also become insufficient, especially in advanced lesions with a large amount of oxidative stress. In this case, autophagy is functional, but is subsequently unable to cope with excess stress in the plaques, leading to cell apoptosis (Mollace et al., 2015). Therefore, the cytoprotective autophagic pathway may be transformed into a maladaptive pathway depending on the developmental stage of the plaques (Figure 1).
[image: Figure 1]FIGURE 1 | Effects of autophagy on atherosclerosis. Autophagy dysfunction induces endothelial dysfunction and inflammation, promoting monocyte recruitment and cell death. Autophagy dysfunction aggravates plaque instability and promotes the formation of foam cells by influencing VSMC death and phenotypic conversion. Autophagy dysfunction induces lipid accumulation, macrophage foam cell formation and cell death.
2.2.1 Autophagy Dysfunction Induces Endothelial Dysfunction and Inflammation
Endothelial dysfunction, leukocyte adhesion, and foam macrophage formation are the main pathogeneses of atherosclerosis. Endothelial dysfunction, in particular, is thought to be the first step in atherosclerosis (Gimbrone and Garcia-Cardena, 2016). The known mechanisms related to atherosclerosis and endothelial dysfunction include impaired eNOS ability to produce NO, increased oxidative stress, inflammation and impaired autophagy. EC autophagy deficiency improves the levels of vascular cell adhesion molecule-1 (VCAM-1), intercellular adhesion molecule-1 (ICAM-1), von Willebrand factor, and P-selectin, thus promoting the infiltration of macrophages and foam cells, as well as increasing the risk of arterial thrombosis (Wu Q. et al., 2019; Perrotta et al., 2020). Furthermore, Vion et al. reported that specific deficiency in endothelial autophagy only stimulated the development of atherosclerotic lesions in atheroresistant areas, but not in atheroprone areas, in which the endothelial autophagic flux was already blocked (Vion et al., 2017). Thus, increasing basal autophagy and preventing the age-dependent decline in the autophagic flux are effective strategies for restoring endothelial health and inhibiting atherogenesis.
Current evidence supports the central role of EC inflammation in atherosclerosis. Oxidative stress is considered as a key signal in the progression of inflammation, and autophagy is a protective mechanism that protects plaque cells and ECs from certain stimulation on the arterial wall, especially oxidative damage (Cho and Choi, 2019). During oxidant stress, damaged mitochondrial DNA (mtDNA) that escaped autophagy resulted in a potent inflammatory response in atherosclerosis (Ding et al., 2013a). Increased autophagy significantly suppressed chronic vascular inflammation, restrained the formation of plaques, decreased plaque area, and attenuated atherogenesis (Pankratz et al., 2018; Meng Q. et al., 2021), whereas the inhibition or impairment of autophagy exacerbated the inflammation response (Guo F. X. et al., 2019). These studies implied that autophagy was a protective mechanism against endothelial inflammation and a potential target for treating atherosclerosis and related cardiovascular diseases.
Given the protective effect of autophagy on atherosclerotic resistance, the mechanisms of EC autophagy regulation in atherosclerosis have been gradually revealed. Arterial wall shear stress is considered to be one of the important factors in regulating EC autophagy. High shear stress triggers protective autophagy to limit atherosclerotic plaque formation by preventing endothelial apoptosis, senescence, and inflammation, whereas low shear stress, a potential proatherogenic factor, suppresses autophagy by activating the mTOR pathway (Vion et al., 2017; Yuan et al., 2020). The defect in endothelial autophagy may be the missing link between low shear stress and atherosclerosis. Moreover, caveolin-1 (CAV1) plays a critical role in atherogenesis by controlling NO production, vascular inflammation, and extracellular matrix remodeling (Pavlides et al., 2014; Ramirez et al., 2019). A recent study further found that CAV1 could interact with the ATG5–ATG12 complex and regulate the autophagosome formation by influencing the cellular localization of autophagosome components in lipid rafts. The increased autophagy activation and the autophagic flux of ECs caused by CAV1 deficiency mediated atheroprotection by attenuating EC activation in response to proatherogenic cytokines, inhibiting inflammation and macrophage recruitment (Zhang X. et al., 2020). Sun et al. reported that the deficiency of proprotein convertase subtilisin/kexin type 9 (PCSK9), which bound to the LDL reporter (LDLR) and thereby promoted its intracellular degradation, could affect atherogenesis by modulating the levels and properties of apolipoprotein B (ApoB)-containing lipoproteins dependent on increased autophagy signaling pathway and autophagic flux, rather on the effect of PCSK9 on cell surface LDLRs (Sun H. et al., 2018). This result revealed a critical mechanism by which PCSK9 inhibited atherosclerosis, in which autophagy was a major participant. Moreover, microRNAs (miRNAs), which have been identified as the critical regulators of gene expression in many organisms and biological processes, were studied extensively. MiR-214-3p regulates ox-LDL-initiated EC autophagy by directly targeting 3′-UTR of ATG5, which may play an appropriate role in the pathogenesis of atherosclerosis (Wang et al., 2018). Santovito et al. reported a noncanonical inhibition of caspase-3 by miR-126-5p, which was transported into the nucleus and bound to caspase-3, preventing caspase dimerization and downregulating activity to limit apoptosis. The aforementioned antiapoptotic effect conferred endothelial protection by autophagy in atherosclerosis, and the nuclear import of miR-126-5p was blocked by the ablation of ATG5 (Santovito et al., 2020), reflecting the potential effect of ECs autophagy in cell death resistance and atheroprotection.
2.2.2 Autophagy Dysfunction Aggravates Plaque Instability by Influencing Vascular Smooth Muscle Cell Death and Phenotypic Conversion
Defective autophagy caused by VSMC-specific HuR knockout has recently been reported to trigger off plaque formation and plaque instability (Liu S. et al., 2021). Actually, the death of VSMCs and VSMC-derived foam cells is adverse to maintaining plaque stability, while autophagy promotes cell survival. Autophagy and mitophagy induced by oxidized lipids in the plaques protect VSMCs against apoptosis (Martinet et al., 2008; Swiader et al., 2016). In addition, several cytokines and growth factors, such as TNF-α and platelet-derived growth factor (PDGF), also promote autophagy to resist cell death (Jia et al., 2006; Salabei et al., 2013). Compared with healthy human VSMCs, VSMCs isolated from carotid plaque specimens showed increased autophagy (Yu et al., 2017). However, a fivefold decrease in LC3β expression was observed when comparing carotid plaques in symptomatic and asymptomatic patients, suggesting that decreased autophagy was associated with the clinical stage of atherosclerosis (Swaminathan et al., 2014). VSMC-specific ATG7 knockout in ApoE−/− mice significantly increased the susceptibility of VSMCs to apoptotic cell death, leading to plaque growth, medial disruption and aneurysm formation, which provided the evidence that autophagy deficiency of VSMCs aggravated atherosclerosis via inducing VSMC death (Osonoi et al., 2018). ATG7 deletion also accelerated the development of premature senescence, which was characterized by increased total collagen deposition, nuclear hypertrophy, and CDKN2A-RB-mediated G1 proliferative arrest (Grootaert et al., 2015). Furthermore, VSMC autophagy in ApoE−/− mice stimulated cholesterol efflux and inhibited lipid accumulation and necrotic core formation (Michiels et al., 2016), reflecting a regulatory effect of VSMC autophagy on lipid metabolism.
Phenotypic conversion promotes the migration and proliferation of VSMCs and the formation of VSMC-derived foam cells (Rong et al., 2003). Autophagy may play a critical role in the phenotypic conversion of VSMCs, as diverse stimuli promoting phenotypic conversions, such as ROS, oxidized lipids, and metabolic stress, are also associated with autophagy (Tai et al., 2016). Some autophagy-inducing stimuli, including PDGF-BB, POVPC, and osteopontin, promoted the loss of contractile phenotype and motivated VSMC proliferation and migration, whereas inhibiting autophagy could promote the maintenance of the contractile phenotype and prevent hyperproliferation (Chaulet et al., 2001; Li et al., 2012; Salabei and Hill, 2013). Furthermore, Wang et al. reported that nicotine-mediated autophagy in VSMCs triggered off phenotypic transition and accelerated atherosclerosis via the nAChRs/ROS/NF-κB signaling pathway (Wang Z. et al., 2019). Moreover, nicotine promoted the synthesis and secretion of cathepsin S that stimulated VSMC migration by activating autophagy (Ni et al., 2020). These results reflected that nicotine-modulated autophagy disorder in VSMCs induced and aggravated atherosclerosis, revealing the potential role of smoking in VSMCs and vascular diseases through the autophagic-lysosomal machinery. In brief, autophagy served as a safeguarding mechanism against VCMCs senescence and death; however, excessive activation of autophagy might aggravate atherosclerosis by triggering a synthetic phenotype of VSMCs.
2.2.3 Autophagy Dysfunction Induces Lipid Accumulation and Macrophage Foam Cell Formation
In macrophages, ox-LDL and one of its primary oxysterols, 7-ketonecholesterol, can directly or indirectly stimulate autophagy through ER stress, promoting the survival of macrophages by promoting the clearance of damaged proteins and organelles. Sergin et al. first described the functional status of the autophagy-lysosome system in murine and human atherosclerotic plaques through two key autophagy markers LC3 and SQSTM1/p62 (Sergin et al., 2017). They found that early atherosclerotic lesions had high levels of LC3 co-localized with SQSTM1, indicating the recruitment of autophagy as a stress response to burgeoning plaques. However, advanced lesions were characterized by reduced LC3 and dissociation from SQSTM1, suggesting an extensive dysfunction during the autophagic process (Sergin et al., 2017).
Autophagy of macrophages plays an important role in the pathogenesis of atherosclerosis by inhibiting oxidative stress, inflammation, and the formation of foam cells. For example, macrophage-specific overexpression of TFEB, a master transcriptional regulator of autophagy-lysosome biogenesis, induces a broad atheroprotection by reversing the autophagy dysfunction, including reduction of overall plaque burden and characteristics of plaque complexity, while the effect cannot be achieved in the absence of ATG5 or SQSTM1 (Sergin et al., 2017). Moreover, TFEB also modulates the inflammatory status and enhances the antioxidative capacity by increasing the transcription of genes encoding antioxidant factors (Lu et al., 2017). Arsenic trioxide promoted autophagy and autophagosome-lysosome fusion by triggering the nuclear translocation of TFEB, thus preventing atherosclerosis (Fang et al., 2021). MiR-761 regulates autophagy via the mTOR–ULK1 pathway and subsequently represses the production of inflammatory cytokines, as well as the formation of foam cells (Wang C. et al., 2020), reflecting the critical role of macrophage autophagy in inflammatory resistance and foam cell formation. The activation of autophagy in monocytes also prevents plaque vulnerability and subsequent plaque rupture (Cheng et al., 2015).
The formation of macrophage-derived foam cells is the initial stage of atherosclerosis. Autophagy activation of macrophages caused by sirtuin 6 (Sirt6) overexpression can restrain apoptosis, reduce macrophage foam cell formation, and stabilize atherosclerosis plaques (He et al., 2017; Wang T. et al., 2020). The upregulation of Sirt1 expression or enhanced interaction between Sirt1 and FOXO1 also promotes autophagy and subsequently modulates macrophage polarization, thus attenuating foam cell formation (Luo et al., 2020; Hui et al., 2021). Vitamin D3 can recover ox-LDL-impaired autophagy and attenuate the lipid accumulation in macrophages, and scavenger receptor class B type I (SR-BI) can also promote autophagy by regulating Tfeb expression and recruiting VPS34-Beclin-1 complex, which all inhibit the conversion of macrophages into foam cells (Kumar et al., 2021; Tao et al., 2021).
The differences in the polarization of macrophages lead to differences in the number and distribution of polarized macrophages in plaques. Classically activated (M1) and alternatively activated (M2) macrophages connect to produce atherosclerotic plaques, and M2 macrophages can suppress foam cell transformation (Moore et al., 2013). Sun et al. found that rapamycin stimulated M1 macrophages and inhibited early atherosclerosis by inducing autophagy, and FTY720 could transform foam cells into M2 macrophages through the autophagy pathway, alleviating advanced atherosclerosis (Sun R. Z. et al., 2018). Therefore, autophagy played a role in alleviating atherosclerosis by selectively removing macrophages or changing the polarization state within plaques.
The accumulation of lipid-rich macrophages is considered as a marker of plaque instability, and intact autophagic machinery is essential in limiting lipid uptake by macrophages. Macrophage-specific ATG7-deficient mice exhibited increased susceptibility to atherosclerosis by increasing macrophage LDL uptake and foam cell formation. Compared with ApoE−/− mice, the suppressed autophagic flux caused by mammalian Ste20-like kinase 1 (Mst1) overexpression increased plaque area, lipid core, and macrophage accumulation (Wang et al., 2016). Furthermore, acetaldehyde dehydrogenase 2 (ALDH2) has been reported to interact with adenosine monophosphate-activated protein kinase (AMPK) and then disturb lysosomal function and autophagy, thus repressing cholesterol hydrolysis in lysosomes and promoting lipid deposition and foam cell formation. LDLR can block the effect of ALDH2 through interaction with AMPK, whereas ALDH2 rs671 mutant attenuates this interaction and further promotes the release of ALDH2 to the nucleus where ALDH2 inhibits the transcription of a lysosomal proton pump protein ATP6V0E2 (Zhong et al., 2019). This result provides a possible molecular mechanism to explain why East Asians carrying the single nucleotide polymorphism ALDH2 rs671 have an increased risk of cardiovascular disease (Han et al., 2013). To sum up, the data revealed the function of macrophage autophagy in atherosclerosis and supported several practical methods of enhancing autophagy and degradative capacity of macrophages as a therapy for atherosclerotic vascular disease.
2.2.4 Effect of Lipophagy and Mitophagy in Atherosclerosis
In atherosclerosis, a majority of lipids stored in the foam cells in the form of lipid droplets consist mainly of free cholesterol and cholesterol esters. Therefore, promoting lipid droplet degradation and cholesterol efflux is an effective strategy to restrain foam cell formation and atherosclerosis process. Lipophagy prevents cellular lipid accumulation by autophagic degradation of lipid droplets via lysosomal acid lipases, thus playing a protective role in atherosclerosis (Ouimet et al., 2017). Sirt6 overexpression in foam cells accelerates cholesterol efflux via the autophagic pathway, which can be largely reversed by miR-33 (He et al., 2017). Ouimet et al. found that miR-33 restrained lipid droplet catabolism and cholesterol mobilization by repressing lipophagy. Importantly, the effect of miR-33 in regulating lipophagy lies the upstream of its effect on the ATP-binding cassette transporter A1-dependent cholesterol efflux, as miR-33 inhibitors cannot enhance the cholesterol efflux in autophagy-deficient macrophages, highlighting the importance of lipophagy in cellular lipid metabolism (Ouimet et al., 2017). Moreover, with aging and lipid accumulation, lipophagy activity decreases, leading to the excessive accumulation of lipid droplets, which further impairs lipophagy activity. Thus, improving the decreased activity of lipophagy may play a critical role in the blockage of foam cells formation and atherosclerosis development.
Aging within the aorta during normolipidemia results in mitochondrial dysfunction and an increase in the IL-6 level, accompanied by elevated mitophagy. Enhanced mitophagy pharmacologically during hyperlipidemia increased aortic mitochondrial function and inhibited atherosclerosis by removing damaged or dysfunctional mitochondria, implying that novel therapies to improve vascular mitochondrial bioenergy prior to hyperlipidemia may attenuate age-related atherosclerosis (Tyrrell et al., 2020). Furthermore, mitophagy in macrophages induced by melatonin scavenged mitochondrial ROS and subsequently repressed prolonged NLRP3 inflammasome activation, thus markedly attenuating atherosclerotic plaque area and vulnerability (Ma et al., 2018). These findings confirmed that mitophagy avails to atherosclerosis resistance. However, ox-LDL-stimulated nuclear receptor subfamily 4 group A member 1 (NR4A1) overexpression caused Parkin-mediated mitophagy through the post-transcriptional modification of Ca2+/calmodulin-dependent protein kinase II, while excessive mitophagy significantly consumed mitochondrial mass, resulting in energy shortage and mitochondrial dysfunction and thus aggravating endothelial apoptosis and atherosclerosis (Li P. et al., 2018).
Taken together, the dysregulation of autophagy is present in atherosclerosis. Basic autophagy protects plaque cells from oxidative stress by degrading damaged intracellular substances, whereas overstimulated or deficient autophagic flux may lead to the death of vascular cells and plaque instability in a variety of ways, including promoting inflammation and lipid accumulation. Skyrocketing researches provide insight into the regulation of autophagic homeostasis as a critical way for therapeutic intervention for atherosclerosis. However, notably, in contrast to the proatherogenic role, a counter-regulatory response of autophagy disruption occurs in dendritic cells or T cells, which maintains immune homeostasis and limits atherogenesis (Amersfoort et al., 2018; Clement et al., 2019). Therefore, different types of cell-specific autophagy regulation have different effects on the development of atherosclerosis.
3 THE ROLES OF PYROPTOSIS IN ATHEROSCLEROSIS
3.1 Overview of Pyroptosis
Pyroptosis is a new caspase-dependent proinflammatory form of regulatory cell death, characterized by cell swelling, pore formation, and membrane rupture, resulting in the massive leakage of cytoplasmic components (Hoseini et al., 2018). Different from the immunologically silent cell death presented by apoptosis, pyroptosis is a response to pathogen-associated molecular patterns (PAMPs) derived from invading pathogens or damage-associated molecular patterns (DAMPs) induced by endogenous stress that leads to RCD and inflammatory response following the release of cytokines (Tavakoli Dargani et al., 2018). Caspases are cysteine proteases that initiate or execute cellular programs causing inflammation or cell death (Schroder and Tschopp, 2010). Pro-caspase-1 is stored in secretory lysosomes, where it awaits exocrine-induced stimulation; otherwise, these molecules may undergo lysosomal degradation (Andrei et al., 1999).
Caspase-dependent pyroptosis requires the activation of the typical inflammatory response (Xue et al., 2019). As proinflammatory caspases, the catalytic activity of caspase-1/4/5/11 is strictly regulated by signal-dependent autoactivation within multiprotein complexes called inflammasomes (Martinon et al., 2002). Inflammasomes are molecular platforms activated in response to cellular infection, toxic insults impinging on the cell, or intracellular stress releasing interleukin (IL)-1 family members, triggering the maturation of proinflammatory cytokines and inducing cell death in the form of pyroptosis (Schroder and Tschopp, 2010; Del Re et al., 2019). An important mechanism of inflammation is the induction of inflammasomes, which requires two signals: the priming signal occurs in response to receptor activation, including interferon (IFN) signaling and Toll-like receptors (TLR) ligands, and induces the transcriptional upregulation of inflammasome components via nuclear factor κB (NF-κB); then, the activating signal provided by an inflammasome activator in the form of a PAMP (e.g., Gram-positive and -negative bacteria, bacterial toxins, DNA and RNA viruses, and fungi) or DAMP (e.g., ATP, uric acid crystals, silica crystals, cholesterol crystals, saturated fatty acids, extracellular histones, lysophosphatidylcholine, mitochondrial ROS and DNA, and aluminum hydroxide) induces the assembly of the inflammasome mediated by kinase NEK7, apoptosis-associated speck-like protein (ASC), and caspase-1 (Bauernfeind et al., 2009; Mathur et al., 2018; Tang et al., 2019). Typical inflammasomes, such as NLRP1b, NLRP3, NAIP-NLRC4, AIM2, and Pyrin, have been found to activate caspase-1, ultimately inducing pyroptosis (Schroder and Tschopp, 2010).
Once activated in response to many stimuli, caspase-1 cleaves the N-terminal and C-terminal domains of the executive protein of pyroptosis, named gasdermin D (GSDMD). These peptides contain the N-terminal active domain of GSDMD, which oligomerizes on the cytoplasmic membrane, generating pores that act as the mediators of pyroptosis and as direct conduits for the transport of IL-1β and IL-18 (Shi J. et al., 2015; Boucher et al., 2018), ultimately causing pyroptosis and inflammatory response (Liu X. et al., 2016). Moreover, caspase-1 results in the cleavage of pro-IL-1β and pro-IL-18 and the release of active IL-1β and IL-18 (Miao et al., 2011), which recruit inflammatory cells and further amplify the inflammatory response. The plasma membrane pores allow the flow of ions, leading to the usual equilibrium of ion gradients between the intracellular and extracellular environments; the water then enters the cell, causing swelling and dissolution (Fink and Cookson, 2006). In the noncanonical caspase-4/5/11-dependent pathway of pyroptosis, the inflammatory agents, such as bacterial lipopolysaccharides (LPS), activate caspase-4/5/11, cleave GSDMD, and release GSDMD-p30 (Kayagaki et al., 2011; Kayagaki et al., 2015), which binds to the plasma membrane and the mitochondrial membrane to kill cells by forming the pyroptotic pores (Aglietti et al., 2016). Besides GSDMD, other members of the gasdermin family, such as GSDMA, GSDMB, GSDMC, GSDME/DFNA5, and GSDMA3, have similar functions in the cytotoxicity of cell membrane disruption (Ding et al., 2016). In the absence or blocking of canonical or noncanonical pyroptosis pathway (caspase1/4/5/11-GSDMD), pyroptosis can be engaged by mechanisms such as caspase-8-GSDMD (Orning et al., 2018) and caspase-3-GSDME (Wang et al., 2017), but their contribution to pyroptosis has not been determined in vivo.
Although originally discovered in bacterial immunity, pyroptosis has gradually become a recognized form of RCD in biological scenarios. Pyroptosis serves as an effective antimicrobial defense for the host during infection (Aachoui et al., 2013). However, the mutations in NOD-like receptor (NLR) proteins or the persistence of sterile inflammatory stimuli can lead to excessive pyroptosis, which is harmful to the host and can increase the levels of inflammatory mediators IL-1β, IL-18, and alarmin high mobility group box-1 (HMGB-1), leading to disease if left unchecked (Bergsbaken et al., 2009).
3.2 Effects of Pyroptotic Cell Death and Inflammation on Atherosclerosis
Inflammation is a primary response of innate immunity and is considered to be the initiator and driver of atherosclerosis. Pyroptosis, an inflammatory form of cell death, has been shown to be involved in atherosclerosis (An et al., 2019). Important functional molecules that result in pyroptosis, including NLRP3, AIM2, and caspase-1, are abundantly expressed and activated in atherosclerosis and are associated with the occurrence, accumulation, and destabilization of atherosclerotic plaques (Ozaki et al., 2015; Hoseini et al., 2018; Pan et al., 2018). The expression of NLRP1 and NLRC4 genes is upregulated in patients with atherosclerosis, and their receptors may result in the systemic alteration in inflammasome activation (Borborema et al., 2020). Caspase-11-GSDMD-mediated pyroptosis and the subsequent proinflammatory response in the pathogenesis of atherosclerosis have also been proved (Jiang M. et al., 2021). Considering that inflammasome and caspase-1 are important factors that induce pyroptosis, both the absence of inflammasome and caspase-1 deficiency alleviate atherosclerosis (Zheng et al., 2014). Caspase-1 deficiency reduces endothelial cell activation and infiltration of monocytes into intima (Gage et al., 2012; Yin et al., 2015) and attenuates ox-LDL-induced VSMC pyroptosis and IL-1β processing (Li et al., 2020), which all suppress the development of atherosclerosis. The pyroptosis of ECs, VSMCs, and monocytes/macrophages is involved in the repair and injury of the intima, but plays different roles in the progression of atherosclerosis (Figure 2).
[image: Figure 2]FIGURE 2 | Effects of pyroptosis on atherosclerosis. DAMPs induce the activation of NLRP3 or AIM2 inflammasome, which further activate caspase-dependent pyroptosis. ECs pyroptosis triggers monocyte recruitment into the intima in early atherogenesis. VSMC pyroptosis weakens fibrous caps and contributes to pathological instability in atherosclerosis. Macrophage pyroptosis promotes the formation of necrotic core and aggravates plaque instability in advanced atherosclerotic lesions.
3.2.1 Endothelial Cells Pyroptosis Triggers Monocyte Recruitment Into the Intima in Early Atherogenesis
Caspase-1-dependent pyroptotic cell death of ECs and resulting increased inflammatory response are involved in atherosclerosis, especially in early atherosclerotic vascular injury. In the context of dyslipidemia and inflammation, the caspase-1–inflammasome pathway in ECs can sense the elevated lipids or DAMPs and other inflammatory mediators and activate ECs (Yin et al., 2015), which is the foremost step in the progress of atherosclerosis. The significantly increased levels of VCAM-1 and ICAM-1 caused by EC activation in ApoE−/− mice fed a high-fat diet were significantly reduced after caspase-1 knockout, indicating that hyperlipidemic stimulation triggered endothelial activation and upregulated adhesion molecule expression and cytokine secretion by activating caspase-1 and promoting EC pyroptosis (Yin et al., 2015). The upregulated expression of these adhesion molecules, which might be caused by pyroptosis, triggered monocyte adhesion. Based on this, EC pyroptosis promoted the recruitment of monocytes into the intima, exposure to hyperlipidemia, uptake of lipids, differentiation into macrophages, and lipid plaque formation, thus contributing to the formation and progression of atherosclerosis (Lopez-Pastrana et al., 2015; Yin et al., 2015). However, if caspase-1 activation and pyroptosis of ECs were attenuated, monocytes were not recruited into the intima and macrophages were removed from the atherosclerotic plaques (Potteaux et al., 2011; Lopez-Pastrana et al., 2015). In addition, the inhibition of caspase-1 in dyslipidemic and inflammatory environments prevented EC pyroptosis and improved EC survival and angiogenesis mediated by vascular endothelial growth factor receptor 2, thereby preserving vascular intima integrity (Lopez-Pastrana et al., 2015). This inhibited the migration and deposition of lipids, monocytes, and SMCs into the intima and further attenuated the progression of atherosclerosis. A recent study found that the protective effects against atherosclerosis of atorvastatin, as a commonly used lipid-lowering drug in clinical practice, did not depend on cholesterol-lowering capacity, but on the ability to restrain the pyroptosis of ECs through the lncRNA NEXN-AS1/NEXN pathway (Wu L. M. et al., 2020). These results proved that caspase-1-dependent pyroptosis induced by lipid metabolism disorder played a critical role in EC activation, inflammation, and early atherosclerosis.
Except for hyperlipidemia, ECs are affected by many other factors. Smoking has long been considered a risk factor for atherosclerosis. Recent studies revealed that the pyroptosis of ECs and macrophages might be a cellular mechanism for the pro-atherosclerotic properties of nicotine with the stimulation of ROS and activation of the NLRP3 inflammasome as the upstream mediators (Wu et al., 2018; Mao et al., 2021). Moreover, trimethylamine N-oxide (TMAO), an endothelial toxic factor, promoted EC pyroptosis through the increased ROS level induced by mitochondrial respiratory complex II subunit succinate dehydrogenase B (SDHB) oxidation, thereby promoting the development of atherosclerosis (Wu P. et al., 2020). The upregulation of SDHB expression and activity could also be induced by low shear stress-mediated TET2 deletion and reduced recruitment of histone deacetylase 2 (Chen J. et al., 2021). A low shear force also could to promote EC pyroptosis through the miR-181b-5p/STAT-3 axis, causing damage to the vascular wall and tissue remodeling and hence leading to the onset and development of atherosclerosis (Xu et al., 2021). In conclusion, ECs play a central role in mediating inflammation. Hyperlipidemia and other proatherogenic risk factors can promote the activation of the inflammasome and pyroptosis of ECs, increase the secretion of adhesion factors, and significantly promote monocyte recruitment and atherosclerosis progression.
3.2.2 Vascular Smooth Muscle Cell Pyroptosis Weakens Fibrous Caps and Contributes to Pathological Instability in Atherosclerosis
The death of VSMCs in atherosclerotic plaques can lead to significant thinning of fibrous caps, loss of collagen and extracellular matrix, and severe vascular inflammation, aggravating plaque instability. Except apoptosis, the pyroptosis of VSMCs is also tied up with the pathogenesis of atherosclerosis. The active pyroptotic indicators, including caspase-1 and IL-1β, overlapping with SMC marker α smooth muscle actin (α-SMA), were examined in human and mice atherosclerotic plaques, especially near the necrosis core, on the plaque surface, and in the intraplaque hemorrhage area, providing evidence that VSMC pyroptosis participated in atherosclerosis and contributed to plaque instability (Li et al., 2020). Pan et al. also reported the increased expression of GSDMD-N in ApoE−/− mice. AIM2 irritates GSDMD activity and pyroptosis through the ASC-caspase-1 pathway in VSMCs, thereby accelerating the atherosclerotic plaque progression (Pan et al., 2018). LPS derived from porphyromonas gingivalis (Pg-LPS) caused the pyroptosis of VSMCs and instability of atherosclerotic plaques, which played an important role in the occurrence and development of atherosclerosis (Liu G. et al., 2016). However, the blockage of circular RNA serine/threonine protein phosphatase PP1-gamma catalytic subunit (circPPP1CC) relieved the Pg-LPS-induced pyroptosis of VSMCs and atherosclerosis by inhibiting the HMGB-1/TLR9/AIM2 pathway (Liu J. et al., 2021). In advanced plaques, the proliferation of VSMCs promoted fibrous cap formation and contributed to plaque stability (Basatemur et al., 2019). To sum up, as a form of cell death of VSMCs in plaques, pyroptosis weakened the fibrous cap and promoted plaque rupture.
3.2.3 Macrophage Pyroptosis Promotes the Formation of Necrotic Core and Aggravates Plaque Instability in Advanced Atherosclerotic Lesions
Ox-LDL and cholesterol crystals could also trigger NLRP3 inflammasome activation and caspase-1 production in macrophages, leading to caspase-1-mediated pyroptosis (Duewell et al., 2010; Rajamaki et al., 2010). Rajamäki et al. reported that the silencing of NLRP3 receptors, one of the key components of the NLRP3 inflammasome, completely eliminated the cholesterol crystals-induced IL-1β secretion, thus confirming NLRP3 inflammasome as the cholesterol crystal-reactive element in macrophages (Rajamaki et al., 2010). The effect of cholesterol crystals and ox-LDL to activate the NLRP3 inflammasome depends on the destruction of lysosomes and the leakage of cathepsin, all of which promote the cleavage and activation of pro-caspase-1 and pyroptosis (Duewell et al., 2010; Karasawa and Takahashi, 2017; Grebe et al., 2018). Sequential pyroptosis occurs in response to ox-LDL or cholesterol crystals, in which one macrophage cannot digest the crystals and dies via pyroptosis. Then, another macrophage engulfs the same crystals and dies via pyroptosis repeatedly. This circulation reduces lesion cellularity, causes and exacerbates pronounced inflammation by releasing inflammatory mediators from pyroptotic cells, and promotes lesion instability (Chang et al., 2013).
Growing evidence shows that the pyroptosis of macrophages increases the risk of atherosclerotic plaque rupture, hence contributing to the formation of necrotic core and plaque instability in atherosclerotic lesions (Lu et al., 2021). Proinflammatory cytokines and mediators relying on caspase-1 in response to proatherogenic risk factors, such as ox-LDL and cholesterol crystals, trigger off pyroptosis of macrophage foam cells, resulting in the formation of lipid-rich pools, the necrotic core of plaques, in late stages of the lesion (Yan and Hansson, 2007). Additionally, the molecules including NLRP3, ASC, caspase-1, IL-1β, and IL-18 are more expressed in unstable plaques compared with stable plaques (Shi X. et al., 2015). Subsequently, Varghese et al. also demonstrated the close relationship between the upregulation of NLRP3 inflammasome-related components and plaque vulnerability, suggesting the possibility of NLRP3 inflammasome activation in promoting plaque instability (Paramel Varghese et al., 2016). Inhibiting NLRP3 expression and reducing macrophage pyroptosis could stabilize atherosclerotic plaques, which undoubtedly hinted at the potential value of blocking pyroptosis (Lin et al., 2021).
Vulnerable plaques are characterized by the accumulation of dead cells, in which up to 50% cells are macrophages. A large majority of dead cells in human atherosclerotic plaques had a typical cell lysis ultrastructure compared with apoptosis (Naghavi et al., 2003). The ruptured plaque showed strong immunoreactivity to caspase-1, but weak immunoreactivity to caspase-3, the executor caspase of apoptosis (Kolodgie et al., 2000). In plaque macrophages, the suppression of apoptosis by the targeted deletion of caspase-3 or p53, which all induced apoptosis, did not subside inflammation and atherosclerotic lesions (Merched et al., 2003). Conversely, macrophages showed the characteristics of cells undergoing pyroptosis accompanied by the increased caspase-1 activation in response to triglyceride treatment, suggesting that the cells in plaque died mainly via pyroptosis, not apoptosis (Son et al., 2013). Taken together, these data suggested that pyroptosis was involved in macrophage death in advanced atherosclerotic lesions and exacerbated inflammation through proinflammatory cytokines, ultimately leading to plaque rupture and acute coronary syndromes.
3.2.4 Recent Discovery of Inhibiting Pyroptosis and Improving Atherosclerosis
Based on the aforementioned understanding, the focus on novel targets and mechanisms has increased in recent years, so as to discover new approaches to intervene pyroptosis and atherosclerosis. For example, IFN regulatory factor-1, which has been found to be upregulated in macrophages of patients with acute coronary syndrome (Guo M. et al., 2019), facilitated macrophage pyroptosis and plaque rupture in atherosclerosis by restraining circ_0029589 through promoting its m6A modification (Guo et al., 2020). Brain-derived neurotrophic factor, which is found at lower levels in patients with coronary artery disease (CAD) than in those without CAD, inhibited ox-LDL-induced NLRP3 inflammasome formation and pyroptosis of ECs through KLF2/HK1-mediated regulation of glucose metabolism and mitochondrial homeostasis (Jin et al., 2021). Aldehyde dehydrogenase 2 has been reported to suppress ox-LDL-induced NLRP3 inflammasome priming and activation by attenuating oxidative stress (Xu et al., 2020). MicroRNA-302c-3p could directly target NLRP3 and ameliorate aortic inflammation and pyroptosis in ApoE−/− mice (Bai et al., 2021). Further studies are needed on the detailed mechanism of pyroptosis promoting atherosclerosis to find out better targets for atherosclerosis intervention.
4 THE ROLES OF FERROPTOSIS IN ATHEROSCLEROSIS
4.1 Overview of Ferroptosis
Ferroptosis is an iron-dependent form of RCD resulting from the overwhelming accumulation of lipid hydroperoxides and redox imbalance, characterized by a loss of plasma membrane integrity, cytoplasmic and organelles swelling, dysmorphic shrunken mitochondria with the loss of cristae, as well as condensed and ruptured outer membrane, but the morphology of the nucleus remains unchanged (Dixon et al., 2012; Dixon and Stockwell, 2014; Galluzzi et al., 2018). Ferroptosis occurs through iron-catalyzed lipid peroxidation initiated by nonenzymatic mechanisms such as Fenton reaction, and enzymatic mechanisms including lipoxygenases (LOXs) and EGLN prolyl hydroxylases (PHD), which are enzymes responsible for lipid peroxidation and oxygen homeostasis. The increased uptake of iron by transferrin receptor 1 (TFR1) and reduced iron export by ferroportin-1 (FPN1) trigger off iron overload, in which Fenton reaction-generated ferric iron (Fe3+) increases ROS, activates LOXs or PHD, and results in ferroptosis (Yang and Stockwell, 2008; Gao et al., 2015; Yang et al., 2016). Therefore, the lipid peroxidation and ferroptosis can be prevented by iron chelators such as deferoxamine and dexrazoxane (Dixon et al., 2012; Friedmann Angeli et al., 2014) or by knocking down TFR1 (Gao et al., 2015), whereas decreased expression of ferritin or FPN1 has been testified to be sensitized to ferroptosis (Bao et al., 2020; Chen et al., 2020). In addition to LOXs and PHD, the two other enzymes involved in phospholipid metabolism, especially in the oxidation of specific phosphatidylethanolamine-containing polyunsaturated fatty acids (PUFAs), acyl-CoA synthetase long-chain family member 4 (ACSL4) and lysophosphatidylcholine acyltransferase 3 (LPCAT3), also contribute to ferroptosis (Dixon et al., 2015; Doll et al., 2017; Muller et al., 2017; Xiao et al., 2019). In the presence of iron, PUFAs generate lipid hydroperoxides and then produce toxic lipid free radicals, which transfer protons near PUFAs and trigger a new round of lipid oxidation reactions (Yang et al., 2016). Some radical-trapping antioxidants, such as vitamin E, ferrostatin-1, and liproxstatin-1, exhibit oxidation resistance and ferroptosis resistance (Dixon et al., 2012; Hofmans et al., 2016); they directly trap chain-carrying peroxyl radicals rather than repressing LOXs (Zilka et al., 2017).
Except for increasing iron release into the labile iron pool (LIP) mentioned earlier, impeding the activation of glutathione peroxidase 4 (GPX4) is the classical channel that acts on the occurrence of ferroptosis. As the major protective mechanism of biomembranes against lipid peroxidation by catalyzing the conversion of lipid hydroperoxides into lipid alcohols, the function of GPX4 depends on its cofactor glutathione (GSH) and the plasma membrane cystine/glutamate antiporter system xc−, which imports cystine in exchange for intracellular glutamate and generates GSH (Seiler et al., 2008; Yang et al., 2014). GPX4 can be inactivated by the deprivation of GSH through the inhibition of the system xc−, as a result of the restrained function of overloaded extracellular glutamate, erastin, sulfasalazine, sorafenib, p53, and activating transcription factor 3 (ATF3) (Yang et al., 2014; Jiang et al., 2015; Hayano et al., 2016; Wang L. et al., 2020). Buthionine-(S, R)-sulfoximine (BSO) is also able to decrease GSH synthesis (Yang et al., 2014), furthermore, some compounds that directly bind and inactivate GPX4, such as RAS-selective-lethal compound 3 (RSL3), ML162, ML210, FINO2, FIN56, and withaferin A, also have the ability to inhibit GPX4 and subsequently induce lipid peroxidation and ferroptosis (Weiwer et al., 2012; Friedmann Angeli et al., 2014; Yang et al., 2014; Shimada et al., 2016; Gaschler et al., 2018; Hassannia et al., 2018). In contrast, the Nrf2–Keap1 pathway has been confirmed to stimulate the system xc− and enhance resistance to ferroptosis through Nrf2 overexpression or Keap1 downregulation (Fan et al., 2017). Moreover, several other pathways that manage to regulate the peroxide state and prevent ferroptosis are gradually being discovered and studied. A newly discovered ferroptosis-resistance factor, FSP1, has also been shown to confer protection against ferroptosis as an oxidoreductase that catalyzes the regeneration of ubiquinone (also known as coenzyme Q10, CoQ10), which can trap lipid peroxyl radicals that mediate lipid peroxidation (Bersuker et al., 2019; Doll et al., 2019). GTP cyclohydrolase-1 (GCH1) and its metabolic derivatives tetrahydrobiopterin/dihydrobiopterin (BH4/BH2) have also recently been found to protect against ferroptosis because of the effect of BH4 that selectively deters the autoxidation of phospholipids and accelerates CoQ10 (Kraft et al., 2020). These redox pathways act on the progress of ferroptosis, but their roles and in-depth mechanisms in the pathophysiology of ferroptosis need to be further explored.
Ferroptosis induces the opening of plasma membrane pores, which may be caused by the lipid peroxidation-induced conformational changes in lipid domains and plasma membrane regions (Runas et al., 2016; Agmon et al., 2018). The formation of plasma membrane pores contributes to solute exchange with the external environment, resulting in cell swelling, and then ferroptotic cells undergo rupture and death (Riegman et al., 2020). Moreover, the intercellular propagation of the ferroptosis-inducing signal, including erastin and C’ dot nanoparticles but not GPX4 inhibitor, occurs upstream of cell rupture and involves the spread of cell swelling effects through cell populations in an iron- and lipid peroxide-dependent manner (Dolma et al., 2003; Kim et al., 2016; Riegman et al., 2020). Because this wave-like propagation may cause widespread tissue damage (Katikaneni et al., 2020), ferroptosis has been demonstrated to be involved in multiple acute injury and degenerative diseases in various tissues including kidney, liver, heart, and brain (Abdalkader et al., 2018; Fang et al., 2019; Wang M. et al., 2020; Li et al., 2021), and also be a target in the treatment of cancers (Badgley et al., 2020).
4.2 Effects of Ferroptosis on Atherosclerosis
Ferroptosis is a nonapoptotic form of RCD driven by abnormal iron metabolism and lipid peroxidation, which are related to the pathogenesis of atherosclerosis (Vinchi et al., 2020) (Figure 3). Nontransferrin-bound serum iron-induced iron overload triggers off ROS production and stimulates monocyte recruitment, leading to vascular oxidative stress and plaque formation (Vinchi et al., 2020). Lipid peroxidation, intraplaque hemorrhages, and iron deposition, which are hallmarks of advanced plaques (Martinet et al., 2019), are also considered as indirect evidence for the onset of ferroptosis. Therefore, it is reasonable to believe that ferroptosis may participate in the occurrence and development of atherosclerosis. Indeed, a recent study confirmed this hypothesis and revealed that the inhibition of ferroptosis alleviated atherosclerosis by reducing lipid peroxidation and endothelial dysfunction in mouse aortic ECs (Bai T. et al., 2020).
[image: Figure 3]FIGURE 3 | Effects of ferroptosis on atherosclerosis. Ferroptosis and lipid peroxidation induce endothelial dysfunction, macrophage activation, and foam cell formation, contributing to the generation of atherosclerosis. ACSL4, LOXs, and hepcidin promote atherosclerosis by inducing lipid peroxidation and iron overload; in contrast, PDSS2 and ferrostatin-1 can inhibit ferroptosis and atherosclerosis by suppressing lipid peroxidation.
Studies on the pathways and regulatory factors related to ferroptosis can also reflect the correlation between ferroptosis and atherosclerosis. GPX4 is responsible for transforming lipid hydroperoxides into nontoxic lipid alcohols, which can effectively abate the damage caused by oxidized lipids to vascular cells. A decreased GPX level has been demonstrated in atherosclerosis. Guo et al. found that the overexpression of GPX4 that could suppress ferroptosis reduced lipid peroxidation and alleviated atherosclerotic lesions in ApoE−/− mice (Guo et al., 2008). Moreover, the positive correlation between the severity of atherosclerosis and ACSL4 also implied that ferroptosis regulated the occurrence and progression of atherosclerosis (Zhou et al., 2021). Increased expression of ferroptosis-associated LOXs promoted atherosclerosis, while inhibiting 12/15-LOX significantly diminished ox-LDL subendothelial deposition and weakened the development of atherosclerosis (Li C. et al., 2018). Yang et al. recently found that prenyldiphosphate synthase subunit 2 (PDSS2), which was a key enzyme for the synthesis of CoQ10, could alleviate ferroptosis and atherosclerosis by activating antioxidant Nrf2 and suppressing ROS release and iron content (Yang et al., 2021). Radical-trapping antioxidant ferrostatin-1 has also been found to ameliorate iron overload, lipid peroxidation, and upregulation of ROS production induced by high glucose and high lipids, thereby effectively reducing ferroptosis and atherosclerosis (Meng Z. et al., 2021).
Ferritin-mediated iron homeostasis is instrumental in the cardiovascular system (Vinokur et al., 2016), and excessively increased ferritin levels can promote early atherosclerosis and its related complications (Sung et al., 2012). A clinical study found that circulating ferritin levels were independently associated with the changes in carotid intima-media thickness, suggesting that it could be used to monitor the risk of atherosclerosis (Prats-Puig et al., 2016). TFR1 promoted iron absorption and ferritin synthesis, and was found to accumulate significantly in the nuclear region of many foam cells, contributing to the development and rupture of atherosclerotic plaques (Li et al., 2008). Hepcidin, another hormone modulator of iron homeostasis, served as a catalyst for ferroptosis by increasing intracellular iron levels (Nemeth et al., 2004) and enhanced inflammatory atherosclerosis by inducing iron deposition (Habib et al., 2015). Therefore, the factors related to iron metabolism are important targets to the resistance of atherosclerosis, but whether they protect against atherosclerosis by affecting ferroptosis needs further exploration.
5 POSSIBLE ASSOCIATION BETWEEN AUTOPHAGY AND PYROPTOSIS IN ATHEROSCLEROSIS
As shown in Figure 4, the level of autophagy has a regulatory effect on pyroptosis. The effect has been verified and applied in treating tumors, infectious diseases, and cardiovascular and cerebrovascular diseases. In recent years, great strides have been made in the mutual regulation of autophagy and pyroptosis in atherosclerosis. Inducing an increase in autophagic activity in vulnerable atherosclerotic plaques restrains NLRP3 inflammasome activation and secretion of inflammatory cytokines, thus ameliorating inflammation and attenuating lipid deposition and pyroptosis (Peng et al., 2018; Cong et al., 2020). In contrast, repressing autophagy aggravates NLRP3 inflammasome activation and pyroptosis (Jiang et al., 2018). As previously mentioned, autophagy defects or autophagy deficiency are normally present in the progression of atherosclerosis. Autophagy deficiency has been shown to lead to atherosclerosis through multiple complementary mechanisms, including overactivation of the inflammasome, accumulation of cytotoxic protein aggregates, and impaired lipid degradation, which are all triggers of pyroptosis.
[image: Figure 4]FIGURE 4 | Association between autophagy and pyroptosis. Mitochondrial dysfunction and NOXs induce the massive production of ROS and stimulate the activation of inflammasome and caspase-1. LPS and oxidized mtDNA induce caspase-4/5/11 activation. Activated caspase-1/4/5/11 cleaves GSDMD, induces pyroptotic cell death, and promotes the release of IL-1β and IL-18. Mild oxidative stress triggers off autophagy, which inhibits inflammasome signaling and ROS production, thus protecting against pyroptosis.
5.1 Autophagy, Pyroptosis and Oxidative Stress
Various signaling pathways of pyroptosis regulated by autophagy have always been a hot spot for research, especially oxidative stress signaling pathways. Oxidative stress occurs when the production of pro-oxidants or ROS exceeds the capacity of endogenous antioxidants. ROS, which are produced mainly by mitochondria and nicotinamide adenine dinucleotide phosphate (NADPH) oxidase (NOX), refer to the general term of oxygen-containing free radicals and peroxides that can easily form free radicals related to oxygen metabolism in the organism. Wang et al. found that NOX-mediated accumulation of ROS which stimulated by hypoxia promoted pyroptosis, meanwhile, autophagic activity was lessened in this process, suggesting that severe oxidative stress induced the upregulation of pyroptosis, as well as the inhibition of autophagy (Wang S. et al., 2019).
The increase in the levels of intracellular ROS give rise to pyroptosis through the execution of caspase (Li et al., 2015). The activation of caspase depends on the inflammasome, and oxidative stress is an initial signal that induces inflammasome activation and influences the priming phase of inflammasomes (Bauernfeind et al., 2011; Swanson et al., 2019). The massive accumulation of ROS can trigger off the activation of the NLRP3 inflammasome and then induce caspase-1-dependent pyroptosis (Qiu et al., 2017), which may be related to an ROS-sensitive NLRP3 ligand, thioredoxin-interacting protein (TXNIP/VDUP1) (Zhou et al., 2010). Ox-LDL, which is abundant in atherosclerotic lesions, has been certified to increase the activity of ROS and promote the activation of inflammasome and caspase-1, leading to pyroptosis (Ding et al., 2013b; Lin et al., 2013). Furthermore, increased mitochondria-derived ROS and oxidation of liberated mtDNA from damaged or dysfunctional mitochondria can also drive the assembly and activation of the NLRP3 inflammasome (Zhou et al., 2011; Zhong et al., 2018). Oxidized mtDNA was found to bind to NLRP3 directly, promoting inflammasome function and subsequent caspase-1 activation (Shimada et al., 2012). In contrast, the downregulation of NLRP3 inflammasome activation by ROS scavenger could effectively suppress caspase-1 cleavage, IL-1β production, and pyroptosis (Chen et al., 2016; Long et al., 2020). Antioxidants extracellular superoxide dismutase and catalase also showed the ability to prevent caspase-1 activation and pyroptosis (Xi et al., 2016). In addition, c-Jun N-terminal kinase (JNK) signaling played a role in the noncanonical caspase-4/5/11-dependent pathway of pyroptosis (Abe and Morrell, 2016). ROS activated JNK and transferred it into the nucleus, promoted the expression of caspase-11, and initiated pyroptosis (Lupfer et al., 2014). These results suggested that the activation of inflammasomes associated with oxidative stress induced the initiation of pyroptosis, and the extent of pyroptosis seemed to increase with the increase in inflammasome stimulation.
ROS mediates NLRP3 inflammasome activation, but also upregulates autophagy to inhibit the excessive activation of NLPR3 inflammasome (Jiang L. et al., 2021). For autophagy, ROS is one of the upstream modulator (Szumiel, 2011). Under acute or chronic oxidative stress, autophagy is increased or decreased, respectively (Mitter et al., 2014). Mild oxidative stress triggers some cellular survival and repair mechanisms, including autophagy pathways. Indeed, autophagy increases the bioavailability of NO and restrains oxidative stress and vascular inflammation (LaRocca et al., 2012). Autophagy can also selectively clear dysfunctional mitochondria which leads to massive production of ROS, thus inhibiting ROS accumulation and subsequent inflammasome activation (Li Q. et al., 2018; Lin et al., 2019). In addition, as a mitochondrial outer membrane protein that directly interacted with LC3, NIX was found to promote the degradation and removal of excess mitochondria and ROS by regulating autophagy, thus inhibiting ox-LDL-induced pyroptosis of macrophages in atherosclerosis (Peng et al., 2020). However, tumor necrosis factor receptor-associated factor 3 (TRAF3) has been reported to form a complex with TRAF2 and cIAP1 and mediate ubiquitin and degradation of ULK1, in which mitochondrial ROS production and pyroptosis were promoted (Shen et al., 2020). Therefore, ROS-activated autophagic machinery may represent a negative feedback mechanism that limits ROS-regulated caspase-1 activation through removing ROS-damaged organelles and proteins. Nevertheless, conversely, severe oxidative stress produces a large number of damaged proteins, which may lead to an overload of the autophagosome system, resulting in a reduced autophagic activity. Wang et al. reported that a decreased miR-103 level in oxidatively stressed ECs suppresses the interaction between autophagosomes and lysosomes, restraining the end-stage of autophagy, promoting the accumulation of inflammatory mediators, and thus increasing the occurrence of pyroptosis (Wang Y. et al., 2020).
Accordingly, considering that ROS can promote inflammasome activity but autophagy can suppress ROS production, the suppression of autophagy on inflammasome activity and pyroptosis are related to oxidative stress. ROS blockade with subsequently suppressed inflammasome activity by autophagy is one of the important mechanisms to antagonize pyroptosis. An important feedback network exists between autophagy, NF-κB signaling pathway, and pyroptosis (Gao Y. et al., 2020). Wang et al. reported that enhanced autophagy prevented pyroptotic cell death by eliminating excess ROS and negatively mediating the nuclear translocation of NF-κB P65 and NLRP3 inflammasome activation (Wang X. et al., 2019). Li et al. found that adrenomedullin protected the steroidogenic functions of Leydig cells against pyroptosis by activating autophagy through the ROS-AMPK-mTOR axis (Li et al., 2019). Autophagy activation reversed the expression of pyroptosis-related proteins by downregulating the level of IL-13 and inhibiting the Janus kinase (JAK)-1/signal transducers and activators of transcription (STAT)-1 signaling pathway (Gao C. et al., 2020). Nrf2/ARE, one of the key pathways involved in oxidative stress, can regulate the expression of scavenger receptor-B in the macrophages of ApoE−/− Nrf2+/+ mice, stimulate the rapid uptake of ox-LDL by macrophages, and promote the formation of atherosclerotic plaques (Bozaykut et al., 2014). A recent study further revealed that activation of the Nrf2/ARE pathway might be influenced by autophagy. The blockage of autophagy promoted the pyroptosis of ox-LDL-treated macrophages through the malignant activation between p62 and Nrf2/ARE pathway, which might provide a novel therapeutic target for atherosclerosis (Liu J. et al., 2021). Thereout, autophagy suppresses pyroptosis partly due to its regulation of oxidative stress, while devastating oxidative stress induces pyroptosis by inhibiting autophagy.
5.2 Autophagy, Pyroptosis and Inflammation
Atherosclerosis is a chronic inflammatory disease, and pyroptosis can release the cytoplasmic contents of dead host cells, thus providing an effective signal to initiate an inflammatory cascade, which exacerbates vascular inflammation and atherosclerosis (Man et al., 2017). Some proinflammatory cytokines are expressed in human atherosclerotic lesions, particularly in relation to infiltrating macrophages. Macrophages are considered as the primary sources of IL-1β and IL-18, which are two major substrates of caspase-1 and are mainly responsible for caspase-1-mediated pyroptosis in atherosclerosis, promoting plaque destruction and arterial thrombosis through the release of chemokines, matrix metalloproteinases, and proteases (Dinarello, 2011). Vromman et al. found that IL-1β inhibition promoted the tilt of monocytes toward a less inflammatory state during atherosclerosis and reduced the size of established atherosclerosis (Vromman et al., 2019). Moreover, IL-1β inhibition could recede the expression of VCAM-1 and monocyte chemotactic protein-1 (MCP-1), thus preventing the recruitment of monocytes or macrophages into the intima and significantly reducing atherosclerotic lesions (Kirii et al., 2003). The Canakinumab Anti-inflammatory Thrombosis Outcome Study trial involving 10,061 patients with previous myocardial infarction also revealed that anti-inflammatory therapy targeting the IL-1β innate immune pathway resulted in a significant reduction in the recurrence rate of cardiovascular events, independent of a decrease in lipid levels (Ridker et al., 2017). These results established a pivotal role for IL-1β in driving inflammation during atherogenesis and the evolution of advanced atheroma. Similarly, IL-18 has been found to promote the development of atherosclerosis by promoting lipoprotein oxidation, macrophage-derived foam cell formation, and immune cell activation (Bahrami et al., 2021). Even so, Gomez et al. demonstrated the atheroprotective effects of IL-1β in advanced atherosclerotic lesions. The results highlighted the importance of promoting inflammatory resolution, while the excessive repression of inflammation disrupted the formation and maintenance of SMC- and collagen-rich fibrous caps, leading to atherosclerotic plaque instability (Gomez et al., 2018). Thus, the excessive release of IL-1β and IL-18 attributed to pyroptosis is one of the factors that aggravate atherosclerosis, but meanwhile, the over-inhibition of inflammation also leads to plaque instability.
Pyroptosis and the release of these inflammatory factors requires the activation of inflammasome. Recent evidence has revealed a complex interplay between autophagy and inflammasome. Autophagy may be accompanied by the activation of inflammasomes. Pseudomonas aeruginosa can activate the NLRP3 inflammasome to trigger macrophage autophagy so as to escape intracellular killing (Deng et al., 2016). In addition, as mentioned earlier, mitochondria are involved in inflammasome activation; mitophagy is also stimulated in this process and regulates inflammasome activity by removing damaged mitochondria, thereby providing an important negative feedback mechanism (Green et al., 2011; Nakahira et al., 2011; Zhong et al., 2016). Autophagy moderates inflammation by eliminating active inflammasomes; however, lack of autophagy leads to the opposite effect and thus exacerbates inflammation. Resolvin D2, which is an innate suppressor of inflammation, has been found to promote the degradation of NLRP3 in an autophagy dependent manner; the suppression of autophagy could reverse the inhibition of NLRP3 inflammasome (Cao et al., 2021). LPS-dependent inflammasomes are activated in macrophages whose autophagy is blocked by the genetic ablation of the autophagy regulators ATG16L1 or ATG7, but not in wild-type macrophages, suggesting that autophagy generally suppresses inflammasome activation induced by LPS (Saitoh et al., 2008). The NLRP3 inflammasome can also be activated by oxidative or apoptosis-induced mtDNA, which is released during autophagy repression (Sollberger et al., 2015). Impaired CMA has also been proven to increase NLRP3 inflammasome activation and secretion of IL-1β, promoting vascular inflammation and atherosclerosis (Qiao et al., 2021). Therefore, autophagy can negatively regulate pyroptosis by restraining the activation of the inflammasome and caspase-1/GSDMD pathway (Wang X. et al., 2020). A clinical trial found that excessive inflammation and the pyroptosis of vascular ECs triggered off atherosclerosis in postmenopausal women, which could be ameliorated with estrogen treatment by alleviating EC pyroptosis through estrogen receptor α-mediated activation of autophagy (Meng Q. et al., 2021). For the mechanism underlying autophagy-dependent inflammation inhibition, it has been suggested that autophagy typically restrains inflammasome signaling and IL-1β production by directing ubiquitinated inflammasome complexes and pro-IL-1β to lysosomes for degradation (Katsnelson et al., 2016; Kimura et al., 2017). In other words, the inflammasome itself may serve as a target for autophagic degradation, thereby facilitating the resolution of the inflammatory responses.
In spite of an activation effect on autophagy, the NLRP3 inflammasome has also been found to suppress protective autophagy through the E2/ERβ/AMPK/mTOR pathway or through caspase-1-mediated cleavage of the TLR adaptor (Lai et al., 2018; Wei et al., 2019). Moreover, the triggering of pyroptosis releases a large number of proinflammatory factors, further aggravating the inflammatory response, which in turn aggravates the autophagy defect; the two synergistically exacerbate atherosclerosis. For example, a high level of myeloid cells trigger receptors 1 (TREM-1) and a low level of Sirt6 are associated with increased risk for all-cause mortality and major adverse cardiovascular events. Also, TREM-1 negatively regulates the expression of Sirt6. TREM-1-mediated pyroptosis may underlie the proatherogenic effects of ox-LDL, which may be limited by Sirt6-induced EC autophagy (Zi et al., 2019). In conclusion, autophagy activation could inhibit pyroptosis and excessive inflammation, thereby improving atherosclerosis and reducing the incidence of adverse cardiovascular events, which associated with decreased inflammasome activity.
5.3 Autophagy, Pyroptosis and Lipid Accumulation
Dyslipidemia, which involves pathologically elevated concentrations of cholesterol and other lipids, is a major risk factor for atherosclerotic diseases (Kopin and Lowenstein, 2017). The inflammasome may be a potential target of atherosclerosis induced by abnormal lipid metabolism. The NLRP3 inflammasome is positively correlated with the severity and prognosis of atherosclerosis in patients with acute coronary syndrome (Afrasyab et al., 2016). When the LDLR−/− mice were transplanted with NLRP3-deficient, ASC-deficient, or IL-1α/β-deficient bone marrow and fed a high cholesterol diet, they had significantly reduced early atherosclerosis and inflammasome-dependent IL-18 levels (Duewell et al., 2010), suggesting that the deficiency of the NLRP3 inflammasome significantly protected proatherogenic mice from disease. Given that pyroptosis is an inflammasome-dependent form of cell death, possible lipotoxic mediators including ox-LDL, cholesterol crystals, saturated fatty acids, and palmitic acid were found to induce pyroptosis in ECs (Hu et al., 2018), which involve mitochondrial injury, oxidative stress, activation of JNK and release of DAMPs. LDL entered the arterial wall and was transformed into ox-LDL due to changes in endothelial permeability and extracellular matrix composition located under the endothelium (Tabas et al., 2007). Ox-LDL might induce EC pyroptosis and promote the development of atherosclerosis by regulating the miR-125a-5p/ten-eleven translocation 2 (TET2) pathway, resulting in mitochondrial dysfunction, increased ROS generation, and NF-κB nuclear transposition that triggered the activation of the NLRP3 inflammasome and inflammatory response (Zhaolin et al., 2019). The effect of ox-LDL on the NLRP3 inflammasome also depended on the upregulated expression of mixed lineage kinase domain-like protein (Wu Q. et al., 2020). Cholesterol crystals, a key pathological marker of atherosclerotic plaque vulnerability, which were observed in human atherosclerotic lesions as they progressed from fatty streaks to more advanced lesions (Katz et al., 1976), could induce ROS production, NLRP3 inflammasome activation, and ultimately pyroptosis of ECs (Yang et al., 2020). The major lipid component of the plasma membrane, lysophosphatidylcholine, was also proved to elicit the activation of the inflammasome and pyroptosis though potassium efflux and lysosomal damage in both ECs and monocytes; this process was involved in the maintenance of inflammation in tissues adjacent to blood vessels and the pathological process of atherosclerosis (Correa et al., 2019). These results suggested that dyslipidemia was an important factor to induce pyroptosis, and inflammasome activation might be an important link between lipid metabolism and inflammation in atherosclerotic lesions. Therefore, regulation of lipid metabolism and inhibition of lipid overaccumulation are important ways to inhibit inflammasome activation and pyroptosis in atherosclerosis.
Besides pyroptosis, lipid accumulation may also lead to defects in autophagy. In advanced human carotid atherosclerosis, accompanied by lipid accumulation, the levels of autophagic proteins ATG5 and LC3β were decreased, while the levels of dysfunctional autophagy markers SQSTM1/p62 and ubiquitin were increased (Li et al., 2016). Defects in autophagic machinery might occur during the formation and maturation of autophagosomes or during the fusion of autophagosomes with lysosomes or lysosomal-mediated degradation. It was widely considered that an autophagy defect in atherosclerosis was attributable to defects in the lysosomal-dependent pathway. Abundant cholesterol crystals in atherosclerotic plaques jeopardized the lysosomal membrane, consequently impeding the autophagy process (Duewell et al., 2010). These findings suggested that lysosomal-mediated cytoplasmic degradation might be restrained in advanced atherosclerosis, rather than the initiation of autophagy itself. Therefore, autophagy may still be actuated in response to the autophagy activator in the plaques, such as ROS and oxidative lipids, but the process becomes dysfunctional in the second stage of lysosomal-dependent degradation.
Endothelial autophagy represents an important mechanism to regulate excess, exogenous lipids and limit lipid accumulation in the vascular wall. Oxidized and natural LDL promotes the formation of autophagosomes, while excess natural or modified LDL appears to be engulfed in the autophagic structure, which is intercepted by endothelial-specific ATG7 knockdown, showing an increase in lipid deposition (Torisu et al., 2016). Recently, Kim et al. found that endothelial lipid accumulation in atherosclerosis is caused by autophagy-related lysosomal dysfunction (Kim et al., 2021). Moreover, autophagy deficiency disturbs the degradation of CAV1, which interacts with caveolae associated protein 1 (CAVIN1) and LC3B, and is used to form more caveolae in the cell membrane, contributing to LDL transcytosis across ECs (Bai X. et al., 2020). Therefore, the absence of autophagy of ECs is responsible for the prolonged retention of oxidized and natural LDL and increased atherosclerotic burden. Some researchers reported that ox-LDL in atherosclerosis induced EC autophagy, accompanied by apoptosis and increased monolayer permeability; however, when ox-LDL-mediated autophagy was partly inhibited, apoptosis and monolayer permeability were further increased (Wei et al., 2013; Wang Y. et al., 2019).
A recent study demonstrated that activation of the P2RY12 receptor reduced cholesterol efflux and promoted the formation of VSMC-derived foam cells by blocking autophagy in advanced atherosclerosis, suggesting that autophagy is essential in maintaining lipophagic flux and cholesterol homeostasis in VSMCs (Pi et al., 2021). Similarly, as mentioned earlier, intact autophagic machinery is also essential in limiting lipid uptake by macrophages. C1q/tumor necrosis factor-related protein 13 can diminish ox-LDL uptake, retention, and foam cell formation, meanwhile reducing inflammatory responses and lesion areas, which is attributed to the enhanced autophagy in macrophages and accelerated autophagy-lysosome-dependent degradation of CD36 (Wang C. et al., 2019). Gustafsson and colleagues also found that perilipin-2, whose Pro251 variant had a negative correlation with intima-media thickness at baseline and over 30 months of follow-up, initiated a feed-forward cycle in which liver-X-receptor and autophagy activate each other, thus influencing the susceptibility to atherosclerosis through the increased activation of autophagy and stimulation of cholesterol efflux (Saliba-Gustafsson et al., 2019). Based on this, we have reason to believe that enhancing autophagy can inhibit pyroptosis by regulating lipid accumulation in vascular cells, although there is no clear literature confirming this viewpoint.
6 POSSIBLE ASSOCIATION BETWEEN AUTOPHAGY AND FERROPTOSIS IN ATHEROSCLEROSIS
6.1 Regulation of Autophagy on Ferroptosis
It has shown that the knockout or knockdown of ATG5 and ATG7 prevents erastin-induced ferroptosis by diminishing intracellular iron levels and lipid peroxidation (Hou et al., 2016), suggesting that autophagy may play a critical role in the progress of ferroptosis. As shown in Figure 5, Song et al. found that the autophagy regulator Beclin-1 was phosphorylated by AMPK and translocated to the plasma membrane, which ultimately facilitated ferroptosis through binding and blocking the activity of system xc− (Song et al., 2018). Autophagy also decreases intracellular GSH levels, and thus, autophagy inhibitors such as 3-MA and Baf-A1 can prevent GSH depletion-dependent ferroptosis (Desideri et al., 2012; Sun Y. et al., 2018). Since lysosomes recycle endogenous iron sources like ferritin and mitochondria, it participates in ferroptosis by influencing cellular iron equilibria and ROS generation (Torii et al., 2016). STAT3 positively regulated ferroptosis by mediating cathepsin B (CTSB) expression. Erastin increased lysosomal membrane permeability and subsequent lysosomal cell death, which could be inhibited by the pharmacological blockade of cathepsin activity. The repression of lysosomal activity and the release of acidic hydrolases into the cytoplasm could restrain ferroptosis (Torii et al., 2016; Gao et al., 2018).
[image: Figure 5]FIGURE 5 | Association between autophagy and ferroptosis. Several types of selective autophagy, including ferritinophagy, lipophagy, clockophagy, and CMA, promote lipid peroxidation and ferroptosis by promoting the degradation of ferritin, lipid droplets, ARNTL, and GPX4, respectively. Beclin-1 is phosphorylated by AMPK and then facilitates ferroptosis by binding and blocking the activity of system xc−. Autophagy inhibitors (e.g., 3-MA, Baf-A1) can prevent GSH depletion-dependent ferroptosis. STAT3-mediated CTSB expression and lysosomal cell death promote ferroptosis.
Apart from nonselective autophagy, the excessive activation of selective autophagy that recognizes specific targets and recruits corresponding receptors for subsequent lysosomal degradation mediates ferroptosis. Excess iron can prompt the overproduction of mitochondrial ROS and actuate ferroptosis. Ferritin is the main iron storage protein, which inhibits oxidative stress caused by Fe2+-mediated Fenton reaction and maintains iron homeostasis. Excessive degradation of ferritin can significantly increase intracellular unstable iron levels and enhance sensitivity to ferroptosis (Dufrusine et al., 2019). Ferritin-targeted autophagy, known as ferritinophagy, induces ferroptosis by promoting the release of iron stored in ferritin to the LIP and also lipid peroxidation (Tang et al., 2018). An increasing number of studies reported that activating ferritinophagy promoted ferroptosis by degrading ferritin and inducing TFR1 expression (Du et al., 2019; Sui et al., 2019; Sui et al., 2021), while ferritinophagy deficiency led to cell survival during ferroptosis (Masaldan et al., 2018; Zhang Z. et al., 2020). Ferritinophagy is mediated by nuclear receptor coactivator 4 (NCOA4), which is a cargo receptor for the degradation of ferritin. NCOA4 increases the amount of intracellular iron by binding to FTH1 in autophagosomes and sending the autophagosomes to lysosomes to degrade ferritin (Mancias et al., 2014). Therefore, silencing NCOA4 prevents ferroptosis by abrogating the accumulation of iron and ROS, while the overexpression of NCOA4 increases ferritin degradation and promotes ferroptosis (Gao et al., 2016; Qin et al., 2021). Furthermore, Park et al. confirmed that ferritinophagy was indeed actuated by erastin-induced ROS, providing evidence that the activation of ferritinophagy induced by the ferroptosis inducer was necessary for the initiation of ferroptosis (Park and Chung, 2019).
In addition to ferritinophagy, Yang et al. first revealed that clockophagy, which was a novel mode of selective autophagy, could degrade the core circadian clock protein aryl hydrocarbon receptor nuclear translocator-like protein 1 (ARNTL) depending on the cargo receptor sequestosme 1 (SQSTM1), and favored lipid peroxidation and ferroptosis resulting from type II ferroptosis activators such as RSL3 and FIN56 (Yang et al., 2019). ARNTL could directly repress transcriptional factor egl-9 family hypoxia inducible factor 2 (EGLN2) expression and subsequently increase the level of prosurvival factor hypoxia-inducible factor 1 subunit α (HIF1A), while HIF1A suppressed ferroptosis by regulating lipid metabolism and facilitating the storage of lipids in droplets (Bai et al., 2019). Thus, the clockophagy-mediated degradation of ARNTL induced ferroptosis through the activation of lipid peroxidation. In addition, lipid droplets or increased lipid storage protected against ferroptosis (Kamili et al., 2015). Lipophagy was found to promote ferroptosis by degrading lipid droplets into free fatty acids that then trigger off mitochondrial oxidation, which could be suppressed by the knockout of ATG5 (Bai et al., 2019). In lipophagy, as the key mediator of transporting multivesicular bodies and lysosomes to the lipid droplet surface, RAB7A (a member of the RAS oncogene family) promoted lipid peroxidation and ferroptosis (Schroeder et al., 2015; Bai et al., 2019). Moreover, CMA is a selective autophagy that uses molecular chaperone such as heat shock proteins (HSPs) to stimulate the direct translocation of certain cytoplasmic proteins across the lysosomal membrane by recognizing specific amino acid sequences. It has been shown that autophagy of HSP70 stabilizes lysosomes and inhibits ferroptosis by promoting the transformation of lysosomal redox-active iron into a non-redox-active form (Kurz and Brunk, 2009). HSP member 5 (HSPA5) protected against GPX4 degradation and lipid peroxidation by bounding GPX4 (Zhu et al., 2017). However, Wu et al. found that ferroptosis activators facilitated the degradation of GPX4 protein by increasing the levels of lysosome-associated membrane protein 2a (LAMP2A) and inducing CMA, besides, the inhibition of CMA stabilizes GPX4 and reduces ferroptotic cell death through HSP90 inhibitor (Wu Z. et al., 2019), supporting that HSPs-mediated CMA plays a critical role in ferroptosis. In a nutshell, these findings overturned the previous conclusion that ferroptosis was non-autophagic cell death and confirmed that ferroptosis was an autophagy-mediated form of cell death. The initiation of ferroptosis required autophagy, and ferroptosis was an autophagic process.
6.2 Effect of Ferroptosis on Inflammation
Like pyroptosis, ferroptosis can also promote sterile inflammation and the development of inflammatory diseases by releasing DAMPs (Gong et al., 2020), in which GSH and GPX4 play an important role. As the most abundant antioxidant, GSH can buffer increasing ROS and protect cell from inflammation-associated damage (Mak et al., 2017). Moreover, GPX4 inhibited inflammatory response by suppressing arachidonic acid oxidation and NF-κB pathway activation, meanwhile reducing ROS production (Li C. et al., 2018). In contrast, the disruption of GPX4 could upregulate the expression of 12-lipoxygenase and cyclooxygenase 1, thereby triggering an inflammatory response (Chen et al., 2003). Kang et al. have found that the deficiency of GPX4 in myeloid cells increased the production of caspase-1/11-mediated GSDMD and promoted pyroptosis, which also could promote inflammatory response by releasing plenty of inflammatory factors (Kang et al., 2018).
Ferroptosis-associated peroxidation of LDL induces endothelial dysfunction and macrophages activation; besides, lipid peroxidation increases ROS, decreases NO, and promotes the formation of foam cells, all of these contributing to atherosclerosis (Yu et al., 2021). A recent study found that activation of Sirt1 inhibited excess iron-induced ferroptosis of foam cells through autophagy, providing a novel therapeutic target for atherosclerosis (Su et al., 2021). However, as mentioned earlier, autophagy induces ferroptosis through a variety of pathways, but the role of these regulatory mechanisms of autophagy in ferroptosis of vascular cells in atherosclerosis remains unclear. Furthermore, although we have manifested a correlation between atherosclerosis and ferroptosis, of course, which mainly involved the ferroptosis-related factors including iron overload and redox pathways, whether ferroptosis is active or passive, in other words, whether it is an automatic response to a stimulus that disrupts metabolic homeostasis or it is a stimulus that directly disrupts the homeostasis is still controversial. Therefore, further studies are needed to explore the exact relationship between ferroptosis and pathophysiological conditions of atherosclerosis, and also the interaction between autophagy and ferroptosis in atherosclerosis.
7 CONCLUSIONS AND FUTURE PERSPECTIVES
Oxidative stress plays a key role in the pathogenesis of numerous types of vascular diseases including atherosclerosis. Once exceeding the capacity of the cellular reductase mechanisms, an overwhelming concentration of ROS triggers off direct or indirect functional damage to different molecules, such as proteins, lipids, and nucleic acids, eventually leading to cell death, which unfortunately leads to, rather than ameliorating, atherosclerosis and plaque instability. ROS-induced inflammasome activation and lipid peroxidation are important features of atherosclerosis, therefore, pyroptosis and ferroptosis as nexus linking oxidative stress, inflammation and lipid metabolism are inevitable to play important roles in the pathogenesis of atherosclerosis. Autophagy is a promising pathway for maintaining plaque cell survival and function. Increasing evidence has shown the crosstalk between autophagy, pyroptosis, and ferroptosis, but whether these different modes of RCD can be integrated into a complete regulatory network remains to be explored.
In atherosclerosis, excessive oxidative stress, inflammation, and lipid peroxidation lead to autophagy dysfunction, pyroptosis, and ferroptosis. The regulation of autophagy, pyroptosis, and ferroptosis is thought to be the potential therapeutic option of atherosclerosis. However, the current studies still have significant limitations. Firstly, atherosclerosis is a complex pathological process involving multiple cells, and the results of a single cell type or a single cell process can hardly explain the actual disease. It is a pity that although we have found clues from separate studies, the specific mechanism of mutual regulation of multiple RCDs and the mutual influence of multiple vascular cells on atherosclerosis has not been implemented. Second, although some studies have used animal models, a large number of experiments in vivo are still urgently needed, especially clinical experiments.
In summary, the abnormal states of autophagy, pyroptosis, and ferroptosis in vascular cells including ECs, VSMCs and macrophages associated with oxidative stress, inflammation, and lipid peroxidation are important pathogenesis of atherosclerosis. However, their regulatory mechanisms of atherosclerosis need to be further explored, especially the interaction between multiple RCDs. Therefore, further researches on RCD will develop a broader field for exploring the pathogenesis of atherosclerosis and provide a better clinical treatment for atherosclerosis.
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Objectives: Radiotherapy improves the survival rate of cancer patients, yet it also involves some inevitable complications. Radiation-induced heart disease (RIHD) is one of the most serious complications, especially the radiotherapy of thoracic tumors, which is characterized by cardiac oxidative stress disorder and programmed cell death. At present, there is no effective treatment strategy for RIHD; in addition, it cannot be reversed when it progresses. This study aims to explore the role and potential mechanism of microRNA-223-3p (miR-223-3p) in RIHD.
Methods: Mice were injected with miR-223-3p mimic, inhibitor, or their respective controls in the tail vein and received a single dose of 20 Gy whole-heart irradiation (WHI) for 16 weeks after 3 days to construct a RIHD mouse model. To inhibit adenosine monophosphate activated protein kinase (AMPK) or phosphodiesterase 4D (PDE4D), compound C (CompC) and AAV9-shPDE4D were used.
Results: WHI treatment significantly inhibited the expression of miR-223-3p in the hearts; furthermore, the levels of miR-223-3p decreased in a radiation time-dependent manner. miR-223-3p mimic significantly relieved, while miR-223-3p inhibitor aggravated apoptosis, oxidative damage, and cardiac dysfunction in RIHD mice. In addition, we found that miR-223-3p mimic improves WHI-induced myocardial injury by activating AMPK and that the inhibition of AMPK by CompC completely blocks these protective effects of miR-223-3p mimic. Further studies found that miR-223-3p lowers the protein levels of PDE4D and inhibiting PDE4D by AAV9-shPDE4D blocks the WHI-induced myocardial injury mediated by miR-223-3p inhibitor.
Conclusion: miR-223-3p ameliorates WHI-induced RIHD through anti-oxidant and anti-programmed cell death mechanisms via activating AMPK by PDE4D regulation. miR-223-3p mimic exhibits potential value in the treatment of RIHD.
Keywords: RIHD, MiR-223-3p, apoptosis, oxidative stress, AMPK
INTRODUCTION
With the increasing cancer incidence, radiotherapy (RT) has become an important treatment approach. On the one hand, RT improves the survival rate of cancer patients, but on the other, it also involves some inevitable complications of RT (Wang et al., 2019). Radiation-induced heart disease (RIHD) is one of the most serious complications, which is characterized by oxidative stress and cell loss (Ping et al., 2020). Mediastinal radiation therapy stimulates the atherosclerosis process, resulting in early onset coronary artery disease. Valvular disease caused by RT usually affects the left valve, with aortic regurgitation being the most common. In rare cases, it can lead to aortic stenosis that requires surgical intervention. Pericardial involvement includes acute and chronic pericardial disease and pericardial effusion (Raghunathan et al., 2017). A number of large clinical studies have confirmed that radiation therapy increases the risk of heart disease-related deaths (Laugaard Lorenzen et al., 2020). There is no clear treatment program to avoid or effectively eradicate the onset and subsequent development of RIHD. It is currently believed that RIHD is the result of the interaction of multiple mechanisms through multiple perturbed pathways; however, oxidative stress is considered to be the main one of them (Ping et al., 2020).
MicroRNAs (miRNAs) have gradually become the hot spot of RIHD research (Sarkozy et al., 2019). It has been considered that miRNAs regulate the signaling pathways and thus play a key role in the development of RIHD (Hawkins et al., 2019). miRNA is a type of single-stranded non-coding RNA with a length of approximately 19–25 nucleotides, which acts as a negative regulator of gene expression by binding to the 3′-untranslated region (UTR) of the target mRNA (Gomes et al., 2020). Emerging studies have shown that miRNAs participate in the regulation of the development of RIHD by influencing inflammation and oxidative damage (O'Connell et al., 2012; Bodega et al., 2019). A number of studies have shown that miR-223-3p is expressed in macrophages, platelets, hepatocytes, and cardiomyocytes and other cells (Zhang MW. et al., 2020). By targeting a variety of genes to regulate its cell activity, it is involved in the pathological progress of a variety of cardiovascular diseases (Zhang MW. et al., 2020). Chen et al. demonstrated that miR-223-3p inhibits the activation of inflammasomes by regulating the polarization of dendritic cells and then reduces the injury of autoimmune myocarditis (Chen et al., 2020). A recent study from Wu and colleagues showed that the expression level of serum miR-223-3p is closely related to the prognostic efficacy of patients with coronary heart disease (Wu et al., 2021). In addition, Han et al. demonstrated that miR-223-3p can inhibit atherosclerotic vascular calcification by regulating IL-6/STAT3 signal-mediated vascular smooth muscle cell (VSMC) transdifferentiation (Han et al., 2021). The results from Qin et al. showed that miR-223-3p can inhibit cardiac necrosis induced by myocardial ischemia-reperfusion. Adenosine monophosphate activated protein kinase (AMPK) is a key signal molecule that regulates energy metabolism, cell fate, and oxidative stress signal transduction in cardiomyocytes (Sun et al., 2006). Recent studies have shown that activating AMPK alleviated oxidative stress and apoptosis (Ichihara et al., 2006). Furthermore, miR-223-3p exhibited an indispensable role in regulating apoptosis and redox homeostasis in a variety of diseases (Matsuzaki and Ochiya, 2018; Tang et al., 2018; Zhang and Cheng, 2021). In this study, we aim to explore the role and potential mechanism of miR-223-3p in the progression of RIHD.
MATERIALS AND METHODS
Material
Enzyme-linked immunosorbent assay (ELISA) assay including lactate dehydrogenase (LDH), creatine kinase MB isoenzyme (CK-MB), were purchased from MyBioSource (CA, United States). PKA (protein kinase A) colorimetric activity kit. Dihydrodichlorofluorescein diacetate (DCF-DA) and caspase-3 assay kit were obtained from ThermoFisher Scientific (CA, United States). Total antioxidant capacity (TAOC) assay kits, total superoxide dismutase (SOD) activity assay kits, malondialdehyde (MDA) assay kits, 3-nitrotyrosine (3-NT) assay kits, and 8-hydroxy 2 deoxy guanosine (8-OHdG) assay kits were purchased from Abcam (Cambridge, United Kingdom). ELISAPLUS kit was purchased from Roche Applied Science (Mannheim, Germany). Caspase 3/7 activity using a kit from Promega (WI, United States). Total collagen assay kit and soluble collagen assay kit were purchased from Abcam (Cambridge, United Kingdom). Phosphorylated (P−) AMPK, total (T−) AMPK, antibodies, and β-actin were purchased from Cell Signaling Technology (MA, United States). p53, cAMP, PKA, NRF2, HO-1, α-SMA, fibronectin, and phosphodiesterase 4D (PDE4D) were purchased from Abcam (Cambridge, United Kingdom). Compound C was obtained from Selleck Chemicals (Texas, United States). An AAV9 system harboring shPDE5D, shRNA, miR-223-3p mimic, miR-223-3p mimic inhibitor, or negative control was generated by HanBio Technology (Shanghai, China).
Animals
C57BL/6 mice (6–8 weeks) were purchased from Chinese Academy of Medical Sciences and Peking Union Medical College. Mice received a single dose of 20 Gy whole-heart irradiation (WHI) or sham therapy under anesthesia using an X-RAD 160–225 radiator (CT, United States) with a 2 mm AI filter (Lee et al., 2012). To overexpress miR-223-3p, mice received 1 × 1011 viral genome of AAV9-miR-223-3p mimic (mimic) or AAV9-scramble (con) by tail vein injection according to a previous study. To investigate miR-223-3p deficiency in WHI model, mice received 1 × 1011 viral genome of AAV9-miR-223-3p inhibitor (inhibitor) or AAV9-negative control (NC) by tail vein injection. After the 4th week injection, mice were subjected to WHI. For AMPK inhibition, compound C (20 mg/kg) was intraperitoneally injected every 2 days at 1 week before WHI stimulation (Zhang X. et al., 2020). For PDE4D inhibition, mice received 1 × 1011 viral genome of AAV9-shPDE4D (shPDE4D) or AAV9-shRNA (shRNA) by tail vein injection at 4 weeks before WHI therapy (Ma et al., 2021). After 15 weeks WHI, the cardiac echocardiographic and hemodynamic measurements were performed, and then all mice were sacrificed with euthanasia by an overdose of sodium pentobarbital. The animal experiments were performed according to the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health. The protocol was approved by the institutional animal care and use committee of Renmin Hospital of Wuhan University.
Echocardiography and Hemodynamic
Serial transthoracic echocardiography was performed according to previously described method (Fan D. et al., 2017; Liu et al., 2019). For pressure–volume loops, a pressure probe catheter (TX, United States) was inserted into the left carotid artery and then retrogradely advanced into the left ventricle to record the hemodynamic parameters.
ELISA Assay
The DNA damage biomarkers, apoptosis biomarkers, and oxidation/antioxidation biomarker level in serum or cardiac from each group were detected by utilizing ELISA kits according to the manufacturer's protocol.
Collagen Assay
Total collagen content was determined by measuring hydroxyproline levels in the left ventricles as previously described. In order to evaluate the content of soluble collagen, mouse heart tissues of each group were placed in pepsin solution, and the supernatant was precipitated with trichloroacetic acid. The precipitate was hydrolyzed with HCL, and the hydroxyproline level was detected by the commercial kit. The total collagen content minus the amount of soluble collagen equals the insoluble collagen content.
Cardiac Injury Biomarkers Measurement
To detect plasma LDH and CK-MB levels, blood samples were collected from mice. CK-MB and LDH were detected to reflect the cardaic injury according to standard procedures.
Real-Time PCR
We used TRIzol reagent to isolate total mRNA. We used the SmartSpec Plus Spectrophotometer (Bio-Rad) to detect mRNA purity with OD260/OD280 ratios. A total of 2 μg of mRNA was reverse transcribed into cDNA with cDNA Synthesis Kit (Roche Diagnostics). Gene expression analysis was carried out using the Fast SYBR Green master mix (Applied Biosystems) and the QuantStudio 12k Flex real-time PCR (RT-PCR) system (Switzerland). Results were normalized to β-actin mRNA as an internal control. miRNA level was determined using Bulge-Loop miRNA qRT-PCR Starter Kit (Guangzhou, China). U6 was used as the internal control of miRNA.
Western Blotting
Western blotting was performed according to previously described method (Guo et al., 2020). Protein samples were prepared from heart tissues. Whole-cell lysates or tissue lysates were prepared in radioimmunoprecipitation assay (RIPA) buffer supplemented with 1 mmol/L phenylmethanesulfonyl fluoride (PMSF) and 1% protease inhibitor cocktail before use. For Western blotting analysis, the lysates were clarified, denatured, separated on 10% polyacrylamide gels by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to polyvinylidene difluoride (PVDF) membranes. Detection of the target proteins on membranes was performed using standard techniques. The abundance 1 of the proteins was determined by densitometry. Raw data of band intensity were normalized to a control protein such as β-actin.
Data and Statistical Analysis
All experiments were randomized and blinded. Data are presented as means ± standard deviation. Statistical analysis was performed with GraphPad Prism version 8.0.1 and the SPSS 18.0 software package (IL, United States). Multiple comparisons were carried out using Tukey's test following significant one-way or two-way ANOVA. Unpaired t-test was to compare significance between the two groups. p-values <0.05 were considered to be statistically significant.
RESULTS
miR-223-3p Mimic Reduces Myocardial Damage and Dysfunction in RIHD Mice
As shown in Figure 1A, WHI treatment significantly reduced the expression of miR-223-3p in mice hearts in a radiation-time dependent manner. At the 15th week after WHI stimulation, the level of miR-223-3p reached the lowest. To clarify the role of miR-223-3p, mice were injected with adenovirus harboring miR-223-3p mimic, the efficiency of which is shown in Figure 1B. After 15 weeks of WHI therapy, the levels of heart failure biomarkers ANP and BNP were increased, while miR-223-3p mimic alleviated this alternation (Figure 1C). The serum CK-MB and LDH, indicators associated with cardiac injury, were reduced with miR-223-3p mimic treatment (Figure 1D). Then, we examined the cardiac function and found that miR-223-3p mimic ameliorated WHI-induced cardiac dysfunction by improving the left fractional shortening (FS), left ventricular ejection fraction (EF), maximal rate of the left ventricular pressure fall or increase (±dP/dt), and cardiac output (CO) (Figures 1E, F). In addition, the end-diastolic pressure in the left ventricle (LVEDP) of WHI mice was restored with miR-223-3p mimic treatment (Figure 1G). These data indicate that miR-223-3p mimic alleviates cardiac injury and dysfunction in mice with WHI stimulation.
[image: Figure 1]FIGURE 1 | miR-223-3p mimic attenuates cardiac injury and dysfunction. (A) Relative level of miR-223-3p in cardiac with 20 Gy WHI were detected at the indicated times (n = 6). (B) Relative level of miR-223-3p in mice hearts with or without miR-223-3p mimic treatment (n = 5). (C) Relative mRNA levels of ANP and BNP in the hearts (n = 6). (D) Serum biomarkers related to cardiac injury with or without miR-30d-5p mimic treatment upon WHI stimulation, including CK-MB and LDH (n = 6). (E–G) Echocardiographic and hemodynamic parameters were detected at 16 weeks after WHI or sham therapy (n = 6). CO, cardiac output; All data are presented as means ± SD. *p < 0.05 vs. the matched group.
miR-223-3p Mimic Inhibits Oxidative Stress Damage and Programmed Cell Death
Due to the critical role of oxidative stress and programmed cell death in the progression of RIHD, we assessed the effect of miR-223-3p mimic on redox reaction and cell loss in the hearts of RIHD mice. As shown in Figures 2A, B, WHI increased the accumulation of reactive oxygen species (ROS) and superoxide but decreased in miR-223-3p mimic-treated mice. The increase of peroxides needs to be swept by antioxidants, such as SOD and glutathione (GSH). We tested the TAOC and the levels of SOD and GSH and found that miR-223-3p mimic also reduced WHI-related SOD and GSH consumption and increased the TAOC (Figure 2B). In addition, increased production of 4-HNE and MDA were found in WHI mice, indicating increased oxidative stress, which were also alleviated with miR-223-3p mimic treatment (Figure 2C). Radiation, both acute and chronic exposure, induces oxidative stress, causing oxidative damage and DNA damage. Cellular DNA damage includes single strand breaks and double strand breaks in cellular DNA and also 8-OHdG in cellular DNA. Therefore, by detecting DNA biomarkers in myocardial tissue, we detected that DNA biomarkers, such as 8-OHdG, p53, and DNA fragments, were elevated in the myocardial tissue of WHI mice and reduced by miR-223-3p (Figure 2D). RT-PCR results showed that the hearts of WHI mice exhibited higher programmed cell death compared with WHI mice treated with miR-223-3p mimic, as reflected by levels of Bax and Bcl-2 and the ratio of Bax/Bcl-2 (Figure 2E). Consistent with the RT-PCR results, the levels of Caspase-3 and Caspase3/7, as programmed cell death executive molecules, were decreased in miR-223-3p mimic-treated mice, detected by ELISA (Figure 2F). It has been reported that NRF2 acts as a redox-sensitive transcription factor, which inhibits oxidative damage in RIHD (Fan Z. et al., 2017; Cao et al., 2021). As shown in Figures 2G, H, WHI significantly reduced the protein levels of NRF2 and its downstream HO-1 in mice hearts, which was rescued by miR-223-3p mimic treatment. Therefore, we conclude that miR-223-3p mimic inhibits oxidative stress damage and programmed cell death in radiated hearts.
[image: Figure 2]FIGURE 2 | miR-223-3p mimic inhibits oxidative stress and programmed cell death in WHI mice. (A) ROS and superoxide level in the hearts with or without miR-223-3p mimic (n = 6). (B) TAOC and total SOD activity and GSH level detected by ELISA assay (n = 6). (C) Oxidative products levels in mice hearts (n = 6). (D) Quantitative results of 8-OHdG, p53, and DNA fragment in each group (n = 6). (E) Relative mRNA levels of Bax and Bcl-2 and the ratio of Bax/Bcl-2 in the hearts (n = 6). (F) Quantitative results of caspase-3 and caspase-3/7 activity in each group (n = 6). (G, H) Relative protein expression of NRF2 and HO-1 in each group (n = 6). All data are presented as means ± SD. *p < 0.05 vs. the matched group.
miR-223-3p Mimic Reduces Myocardial Fibrosis in RIHD Mice
Radiation-induced myocardial fibrosis is a chronic stage of RIHD, which is the main cause of cardiac stiffness and cardiac dysfunction (Ma et al., 2019; Sarkozy et al., 2019). Next, we assessed the role of miR-223-3p mimic on the transcription of key molecules related to myocardial fibrosis, such as TGF-β, Ctgf, col-1, col-3, and α-SMA. As shown in Figure 3A, after the mice received 15 weeks WHI, the mRNA elevation of the pro-fibrosis markers induced by WHI was alleviated by miR-223-3p mimic administration. MMP2 and MMP9 are both main components of the extracellular matrix, which are elevated in WHI mice (Figure 3B). Interestingly, MMP2 (WHI+Con vs. WHI+mimic, 3.63 vs. 3.40) and MMP9 (WHI+Con vs. WHI+mimic, 2.89 vs. 2.74) in WHI mice were unaffected by miR-223-3p mimic. ELISA data also showed that the total insoluble (mainly cross-linked) collagen content in the left ventricle of mice was decreased in miR-223-3p mimic treatment mice with WHI stimulation, without alteration of the soluble forms (Figure 3C). Western blot detection revealed that the elevation of α-SMA and fibronectin expression induced by WHI were alleviated by miR-223-3p mimic injection (Figures 3D, E). These data indicated that miR-223-3p mimic reduced myocardial fibrosis in RIHD mice.
[image: Figure 3]FIGURE 3 | miR-223-3p mimic reduces myocardial fibrosis in RIHD mice. (A) Relative mRNA levels of Tgf-β, Ctgf, Col-1, Col-3, and α-SMA in the hearts (n = 6). (B) Relative mRNA levels of MMP2 and MMP9 in each group (n = 6). (C) Total, soluble, and insoluble collagen content were assessed in each group (n = 6). (D, E) Relative protein expression of α-SMA and fibronectin in each group (n = 6). All data are presented as means ± SD. *p < 0.05 vs. the matched group.
miR-223-3p Inhibitor Aggravates Oxidative Stress and Programmed Cell Death in RIHD Mice
We also used miR-223-3p inhibitor to determine whether inhibiting miR-223-3p would aggravate oxidative stress and programmed cell death in RIHD mice. As shown in Figures 4A–C, the miR-223-3p inhibitor significantly increases the accumulation of ROS and peroxide in the hearts after WHI therapy, with lower levels of the TAOC, SOD, and GSH, Correspondingly, the productions of MDA and 4-HNE were enhanced with miR-223-3p inhibitor injection. Correspondingly, miR-223-3p inhibitor administration increased the DNA damage, as determined by the levels of 8-OHdG, p53, and DNA fragments (Figure 4D). As expected, we found that miR-223-3p inhibitor significantly increased the level of pro-apoptotic marker Bax mRNA and reduced the anti-apoptotic Bcl-2 mRNA expression under WHI stimulation (Figure 4E). Accordingly, miR-223-3p inhibitor further promoted the increase of Caspase-3 and Caspase-3/7 levels in WHI mice. These data provide evidence that miR-223-3p inhibitor aggravate oxidative stress and programmed cell death induced by WHI therapy.
[image: Figure 4]FIGURE 4 | miR-223-3p inhibitor aggravates oxidative stress and programmed cell death in RIHD mice. (A) ROS and superoxide level in the hearts with or without miR-223-3p inhibitor (n = 6). (B) The relative levels of TAOC and total SOD activity and GSH (n = 6). (C) Oxidative products levels in mice with or without miR-223-3p inhibitor (n = 6). (D) Quantitative results of 8-OHdG, p53, and DNA fragment in each group (n = 6). (E) Relative mRNA levels of Bax and Bcl-2 and the ratio of Bax/Bcl-2 in the hearts (n = 6). (F) Quantitative results of caspase-3 and caspase-3/7 activity in each group (n = 6). All data are presented as means ± SD. *p < 0.05 vs. the matched group.
miR-223-3p Inhibitor Aggravates Myocardial Damage and Dysfunction in RIHD Mice
Because of miR-223-3p aggravating oxidative stress and programmed cell death in RIHD mice, we also investigated the effect of miR-223-3p inhibitor on cardiac injury and dysfunction induced by WHI. As shown in Figure 5A, compared with WHI mice, miR-223-3p inhibitor further increased the levels of ANP and BNP (Figure 5A). As expected, miR-223-3p inhibitor also promotes cardiac injury, as reflected by serum levels of CK-MB and LDH, as well as LDH levels in cardiac tissue (Figure 5B). The greater deterioration of EF and FS in the mice with pretreatment of miR-223-3p inhibitor compared with WHI+NC group was detected by echocardiographic examination (Figure 5C). Correspondingly, the hemodynamic analysis showed that CO, ±dP/dt, and LVEDP further worsened after miR-223-3p inhibitor injection (Figures 5D, E). Furthermore, mice pretreated with miR-223-3p inhibitor promoted the transcription of the pro-fibrotic gene (TGF-β and CTGF) with WHI stimulation and accordingly increased the deposition of total collagen and insoluble collagen in the left ventricle (Figures 5F, G). Besides, the levels of MMP2 and MMP9 were not significantly different between the WHI+NC group and WHI+inhibitor group, further indicating that miR-223-3p unaffected the MMP2 and MMP9 (data not shown). Therefore, we concluded that miR-223-3p inhibitor aggravates cardiac injury and dysfunction induced by WHI.
[image: Figure 5]FIGURE 5 | miR-223-3p inhibitor aggravates myocardial damage and dysfunction in RIHD mice. (A) Relative mRNA levels of ANP and BNP in the hearts (n = 6). (B) Serum and cardiac biomarkers related to cardiac injury with or without miR-30d-5p mimic treatment upon WHI stimulation, including CK-MB and LDH (n = 6). (C–E) Echocardiographic and hemodynamic parameters (n = 6). (F) Total and insoluble collagen content were assessed in each group (n = 6). (G) Relative mRNA levels of Tgf-β and Ctgf in the hearts (n = 6). All data are presented as means ± SD. *p < 0.05 vs. the matched group.
miR-223-3p Mimic Improves WHI-Induced RIHD by Activating AMPK
To further explore the mechanism of miR-223-3p in RIHD, we collected heart tissues from each group of mice. Western blot data showed that miR-223-3p mimic prevented the decrease of AMPK phosphorylation induced by WHI, while miR-223-3p inhibitor further aggravated the reduction of AMPK phosphorylation (Figures 6A, B). Next, the AMPK inhibitor CompC was used to block AMPK activity in vivo to verify whether the effect of miR-223-3p was dependent on AMPK activation. We found that miR-223-3p mimic-mediated cardiac protection was significantly eliminated by CompC administration, as shown by unchanged ANP, BMP, and serum CK-MB levels (Figures 6C, D). Consistent with unaltered cardiac injury markers, the protective effect of miR-223-3p mimic on RIHD was also blocked by AMPK inhibitors, as reflected by FS, EF, and LVEDP (Figures 6E, F). In addition, CompC also blocked the effect of miR-223-3p mimic on oxidative stress, as determined by ROS, superoxide, MDA, 4-HNE, and TAOC (Figure 6G). Correspondingly, miR-223-3p mimic failed to ameliorate myocardial fibrosis, DNA damage, and programmed cell death in WHI mice with CompC administration (Figures 6H–J). Hence, we consider that miR-223-3p exerted a cardioprotective role in WHI mice by activating AMPK.
[image: Figure 6]FIGURE 6 | miR-223-3p mimic improves WHI-induced RIHD by activating AMPK (A, B) Protein expression of total AMPK and phosphorylation AMPK (n = 6). (C) Relative mRNA levels of ANP and BNP (n = 6). (D) Serum CK-MB level (n = 6). (E, F) The alteration in FS, EF, and LVEDP in mice with or without compound C administration (n = 6). (G) ROS content and oxidative products in mice (n = 6). (H) Determination of the total collagen content and relative mRNA level of TGF-β (n = 6). (I) Quantitative results of DNA fragments (n = 6). (J) Quantitative results of caspase-3 activity and caspase-3/7 activity (n = 6). All data are presented as means ± SD. *p < 0.05 vs. the matched group.
miR-223-3p Regulates PDE4D/AMPK Signaling
Finally, we investigated the possible mechanism of AMPK activation regulation by miR-223-3p. In predicting the miR-223-3p regulatory target site by TargetScan Mouse 7.1, we revealed that the supposed banding site of miR-223-3p is in the 3′-UTR of PDE4D (Figure 7A). PDE4D is a specific phosphodiesterase (PDE) isoenzyme that regulates the hydrolysis of cAMP and the downstream PKA pathway (Yun et al., 2019). Therefore, the reduction of PDE4D downstream cAMP and PKA activity were found in the mice with miR-223-3p inhibitor treatment, while it is increased by miR-223-3p mimic (Figures 7B, C). In addition, miR-223-3p significantly inhibits the expression of PDE4D in WHI mice (Figures 7D, E). In order to verify whether miR-223-3p is involved in the regulation of AMPK activation via PDE4D, mice were injected with AAV9-shPDE4D into the tail vein to silence the expression of PDE4D in the mice hearts. As shown in Figure 7F, shPDE4D significantly inhibited the protein expression of PDE4D in myocardial tissue and rescued the inhibition of AMPK phosphorylation mediated by miR-223-3p inhibitor. Moreover, PDE4D deficiency restored the deterioration of cardiac dysfunction mediated by miR-223-3p inhibitor (Figure 7G), as suggested by EF and FS. miR-223-3p inhibitor-associated increased level of serum CK-MB was also blunted by shPDE4D injection (Figure 7H). Consistent with the cardiac function, AAV9-shPDE4D reduced the effects of miR-223-3p inhibitor in WHI mice, as suggested by the levels of total collagen, superoxide, ROS, and caspase-3 activity (Figures 7I–K). Collectively, we demonstrated that miR-223-3p suppressed the expression of PDE4D by directly binding to the 3′-UTR of PDE4D and subsequently activated AMPK to regulate the progression of RIHD.
[image: Figure 7]FIGURE 7 | miR-223-3p regulates PDE4D/AMPK signaling (A) Putative binding site of miR-223-3p by TargetScan Mouse 7.1. (B, C) Relative cAMP level and PKA activity in the hearts (n = 6). (D, E) Protein expression of PDE4D detected by Western blot (n = 6). (F) The protein expression alteration of PDE4D and AMPK in the hearts (n = 6). (G) The alteration in FS and EF in mice (n = 6). (H) Serum CK-MB level detected by ELISA kit (n = 6). (I) Total collagen content in the mice hearts (n = 6). (J) ROS content in the hearts (n = 6). (K) Quantitative results of caspase-3 activity (n = 6). All data are presented as means ± SD. *p < 0.05 vs. the matched group.
DISCUSSION
With the increasing cancer incidence, RT has become an important treatment approach. Long-term radiation therapy, especially chest cancer radiation therapy, leads to RIHD. In this study, we aimed to explore the role and mechanism of miR-223-3p in RIHD. The main findings are as follows: 1) the expression of miR-223-3p in the hearts of WHI mice with a radiation time-dependent manner; 2) miR-223-3p exerted cardioprotective effects on WHI induced heart injury via reducing cardiac oxidative damage and programmed cell death; 3) miR-223-3p mimic ameliorates WHI-induced radiocardiotoxicity via AMPK activation; and 4) PDE4D is involved in AMPK activation by miR-223-3p. In conclusion, our results demonstrated for the first time that miR-223-3p showed potential value in RIHD treatment.
As we know, the heart is an organ with high oxygen consumption, and cardiomyocytes contain a large number of mitochondria. The ROS are mainly produced by the mitochondria in the heart (Pohjoismaki and Goffart, 2017). Therefore, it is important to explore the mechanism of ROS regulation in the progression of heart disease. When ROS are produced in large quantities, excess free radicals are neutralized by increasing the production of intracellular antioxidants (including GSH, SOD, etc.). However, along with the antioxidants consumed, the fracture of the balance between the oxidation and the antioxidant system leads to ROS accumulation, which causes cardiac injury (Boengler et al., 2017). Studies have shown that oxidative stress also plays an important role in RIHD (Cuomo et al., 2016). Myocardial tissue contains a large amount of water, and the onset of water decomposition during radiation exposure subsequently produces a large amount of ROS (Vorotnikova et al., 2010). When the production of oxygen-free radicals exceeds the antioxidant capacity of cardiomyocytes, DNA damage occurs. According to previous reports, there are many forms of DNA damage, which can significantly change the structure of DNA and ultimately lead to cell cycle arrest, cell death, mutation, and other effects (Marnett et al., 2003; Yamamori et al., 2012). The DNA damage repair (DDR) pathway is mediated by a variety of functional proteins and is an important mechanism for repairing DNA damage and ensuring the integrity of the genome (Martinet et al., 2002). The p53 gene is one of the main effectors of the DDR signaling pathway (Bhattacharya and Asaithamby, 2016). Analogously, the Bax family also alters with radiation stimulation, leading to increased apoptosis (Sridharan et al., 2014). In addition to DNA damage, ROS can also cause lipid and protein peroxidation and activate a variety of signaling pathways (Dent et al., 2003). Consistent with the results of previous studies, we found that the markers of myocardial injury in WHI mice were significantly increased, accompanied by cardiac dysfunction and hemodynamic alternation. However, cardiac injury and dysfunction was improved in WHI mice with miR-223-3p mimic pretreatment. In addition, we found that WHI increased the production of ROS, superoxide, MDA, and 4-HNE and reduced the antioxidant-related biomarkers, including TAOC, SOD, and GSH. However, miR-223-3p mimic alleviated the alternations of oxidative stress induced by WHI. NRF2 is an antioxidant transcription factor that regulates the expression of a variety of antioxidant enzymes (Tonelli et al., 2018) and is particularly important for maintaining the balance of the oxidation/antioxidant system in WHI mice. In this study, we observed that miR-223-3p mimic significantly upregulated the protein levels of NRF2 and its downstream HO-1 in WHI mice, which also partly accounts for the fact that miR-223-3p mimic alleviated oxidative stress level induced by WHI stimulation.
Apoptosis is a main form of myocardial programmed cell death that is regulated by the Bcl-2 family and caspase family of proteins (Brentnall et al., 2013; Shi et al., 2017). Numerous studies have shown that animal models with cardiac disease involve apoptosis (Baba et al., 2018; Bruni et al., 2018). Programmed cell death is a tightly regulated signaling process required for myocardial homeostasis. Intrinsic apoptosis, mediated by the mitochondrial outer membrane permeabilizatione, is mitochondrial-centered cell death. The initiation and execution of these processes are regulated by the Bcl-2 and caspase protein family (Danial and Korsmeyer, 2004; Galluzzi et al., 2012). The activation of Bcl-2 family member Bax results in the release of mitochondrial outer membrane permeabilization and cytochrome c from the interstitial space into the cytoplasm (Eskes et al., 2000; Wei et al., 2000; Wei et al., 2001). Subsequently, cytochrome c binds Apaf-1 to form apoptotic bodies and activate caspase-9. Once activated, caspase-9 directly cleaves and activates caspase-3 and caspase-7 (Li et al., 1997; Srinivasula et al., 1998). Hence, the level of caspase-3 and caspase-7 together with mRNA levels of Bcl-2 and Bax reflect the degree of programmed cell death. Our data suggested that miR-223-3p mimic ameliorated WHI-induced programmed cell death. The reduction of programmed cell death implied more viable cardiomyocytes involved in the pumping force of the heart. Replacement fibrosis replaces dead cardiomyocytes with extracellular matrix tissue and fibroblasts, preserving tissue integrity at the expense of muscle bundle continuity (Talman and Ruskoaho, 2016). The reduction of myocardial fibrosis improves the elevation of myocardial compliance, which partly accounts for the effects of miR-223-3p mimic in improving cardiac function. Consist with the result of cell death. The DNA damage and myocardial fibrosis were aggravated in mice with miR-223-3p inhibitor but alleviated with miR-223-3p mimic treatment. Overall, our data indicated that miR-223-3p prevents WHI-induced cardiac injury and dysfunction through anti-oxidant and anti-programmed cell death mechanisms.
Many studies have shown that AMPK, as the core protein of heart energy metabolism, plays a critical role in the regulation of oxidative stress (Lai et al., 2016). AMPK activating promotes Nrf2 nuclear transfer, and then Nrf2 enters the nucleus and combines with the HO-1 promoter to promote the transcription of antioxidants (Lv et al., 2017). Meanwhile, activated AMPK is also essential for the introduction of cytosolic fatty acids into mitochondria. Phosphorylation of AMPK inactivates acetyl-CoA carboxylase (ACC), resulting in a decrease in the concentration of malonyl-CoA (Qi and Young, 2015). Consistently, we found miR-223-3p mimic alleviated WHI-induced cardiac injury by activating AMPK and further verified that inhibition of AMPK by the CompC administration completely offset the anti-apoptotic and antioxidant effects of miR-223-3p mimic in WHI mice. According to TargetScan Mouse 7.1 software, we determined the putative binding site of miR-223-3p in PDE4D 3′-UTR. Western blot results verified that miR-223-3p inhibits the expression of PDE4D. PDE4D, as a hydrolase of cAMP, inhibits the activity of downstream PKA by reducing the concentration of cAMP. PKA is a key kinase activated by AMPK (Chen et al., 2019). Furthermore, PDE4D inhibition by AAV9-shPDE4D injection reversed the inhibitory effect of miR-223-3p inhibitor on AMPK phosphorylation. Consequently, the pro-inflammatory and pro-oxidant effects of miR-223-3p inhibitor in WHI mice were also alleviated with AAV9-shPDE4D injection.
However, there are still some limitations in the current research. First, why is miR-223-3p downregulated in WHI mice hearts? Secondly, it is uncertain whether miR-223-3p inhibits WHI-induced programmed cell death depending on the production of ROS. Third, whether there are other signal pathways involved in the regulation of miR-223-3p on RIHD is not known. Finally, does miR-223-3p inhibit the effect of RT on tumors? All these issues need to be explored in future research.
In conclusion, we found for the first time that miR-223-3p inhibits programmed cell death and oxidative stress at least in part by regulating AMPK activation to protect against RIHD. This study provides potential ideas for RIHD treatment.
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Objectives: The study was designed to explore the role of endogenous gaseous signaling molecule sulfur dioxide (SO2) in the control of cardiomyocyte apoptosis and its molecular mechanisms.
Methods: Neonatal mouse cardiac myocytes (NMCMs) and H9c2 cells were used in the cell experiments. The endogenous SO2 pathway including SO2 level and the expression of SO2-generating enzyme aspartate aminotransferase 1/2 (AAT1/2) were detected in NMCMs. The apoptosis of cardiomyocytes was examined by a TUNEL assay. The cleavage and the activity of apoptotic proteins caspase9 and caspase3 were measured. The content of ATP, the opening of mitochondrial permeability transition pore (mPTP), and the cytochrome c (cytc) leakage were detected by immunofluorescence. The sulphenylation of cyclophilin-D (CypD) was detected by biotin switch analysis. The four CypD mutant plasmids in which cysteine sites were mutated to serine were constructed to identify the SO2-affected site in vitro.
Results: ISO down-regulated the endogenous SO2/AAT pathway of cardiomyocytes in association with a significant increase in cardiomyocyte apoptosis, demonstrated by the increases in apoptosis, cleaved-caspase3/caspase3 ratio, and caspase3 activity. Furthermore, ISO significantly reduced ATP production in H9c2 cells, but the supplement of SO2 significantly restored the content of ATP. ISO stimulated mPTP opening, resulting in an increase in the release of cytc, which further increased the ratio of cleaved caspase9/caspase9 and enhanced the protein activity of caspase9. While, the supplementation of SO2 reversed the above effects. Mechanistically, SO2 did not affect CypD protein expression, but sulphenylated CypD and inhibited mPTP opening, resulting in an inhibition of cardiomyocyte apoptosis. The C104S mutation in CypD abolished SO2-induced sulphenylation of CypD, and thereby blocked the inhibitory effect of SO2 on the mPTP opening and cardiomyocyte apoptosis.
Conclusion: Endogenous SO2 sulphenylated CypD at Cys104 to inhibit mPTP opening, and thus protected against cardiomyocyte apoptosis.
Keywords: sulfur dioxide, cardiomyocyte, apoptosis, sulphenylation, CypD
1 INTRODUCTION
Myocardial injury is an important pathophysiological process in a variety of cardiovascular diseases (Jin et al., 2013), including hypertension, heart failure, and coronary heart disease (Leong et al., 2017). Cardiomyocyte apoptosis plays a crucial part in cardiovascular diseases (Singh et al., 2011). Therefore, clarifying the mechanisms underlying cardiomyocyte apoptosis in cardiovascular diseases has always been the focus of the research (Abbate and Narula, 2012). However, the exact mechanisms for cardiomyocyte apoptosis have not yet been fully clarified.
Sulfur dioxide (SO2) had been regarded as a waste gas in air pollution. Recent literature has shown that cardiovascular tissues can produce SO2 endogenously (Du et al., 2008a). Increasing evidences have confirmed that the endogenous SO2 exerts crucial cardiovascular pathophysiologic functions (Zhou et al., 2020). Our previous animal study showed that the down-regulated endogenous SO2/AAT pathway might be involved in the mechanisms underlying isoproterenol (ISO)- induced myocardial damage, and the protective role of SO2 might be related to the enhancement of myocardial antioxidant capacity in rats (Liang et al., 2011). In addition, Jin et al. (2013) found that myocardial injury is related to the inhibition of the bcl2/cytc/caspase9/caspase3 pathway mediated by SO2. However, the molecular mechanisms by which endogenous SO2 protected cardiomyocyte injury and apoptosis are completely not clear.
Mitochondrial permeability transition refers to the process that the inner membrane of mitochondria allows solutes up to 1.5 kDa to pass freely (Kwong and Molkentin, 2015). Prolonged opening of mitochondrial permeability transition pore (mPTP) can lead to mitochondrial energy dysfunction, swelling, rupture, apoptosis, and necrotic cell death (Zhou et al., 2019). Cyclophilin-D (CypD) locates in the mitochondrial matrix and is a peptidyl-prolyl isomerase. CypD translocates from mitochondrial matrix to mitochondrial inner membrane and binds to adenine nucleotide translocator (ANT) to initiate the formation of mPTP complex. Therefore, CypD acts as an important regulator of switching the mPTP opening (Sun et al., 2019). It has been reported that a variety of post-translational modifications occur in CypD (Elrod and Molkentin, 2013), such as S-nitrosylation (Nguyen et al., 2011), acetylation (Amanakis et al., 2021), and phosphorylation (Hurst et al., 2020). As a small gaseous signaling molecule, SO2 regulates downstream proteins and exerts biological effects through post-translational sulphenylation. As a reversible form of post-translational modification, sulphenylation can oxidize cysteine mercaptan to sulphenic acid (Cys-SOH) and regulate protein function (Song et al., 2020). According to the amino acid sequence analysis of the CypD, the human CypD protein contains four cysteines. However, it is not clear whether endogenous SO2 can inhibit the opening of mPTP to reduce cardiomyocyte apoptosis through the sulphenylation of CypD.
Therefore, in this study, the role of the endogenous SO2 in the development of ISO-induced cardiomyocyte apoptosis was investigated. Moreover, we explored its mechanism from a new point of view that SO2 likely inhibits the opening of mPTP by chemically modifying CypD, thus alleviating cardiomyocyte apoptosis.
2 MATERIALS AND METHODS
2.1 Reagent
Sodium hydrogen sulfite and sodium sulfite (NaHSO3/Na2SO3, freshly mixed at 1:3 M ratio, pH 7.4) were used as SO2 donors and purchased from Sigma (Zhang et al., 2021). Isoprenaline hydrochloride was purchased from Sigma (I5627). A chemically selective fluorescent probe SS-1 was provided by Professor Kun Li and Xiaoqi Yu. DAz-2 was used as a protein sulphenylation probe (13382, Cayman, Michigan, USA) to capture and enrich the sulphenylated protein. The primary antibodies in the present study included CypD (abcam, USA), AAT1 (Sigma, USA), AAT2 (Sigma, USA), β-actin (Zsbio, China), caspase9 (CST, USA), caspase3 (Beyotime, China), cleaved caspase3 (Beyotime, China), cytc (santa, USA), His (Zsbio, China), and β-tubulin (Zsbio, China). Human CypD wild type (WT), and C104S, C82S, C157S, and C203S mutant plasmids were constructed by Sangon Biotech. The information of three kinds of ATP plasmids used in this study are as follows: EcAT3.10 (Conley et al., 2017) was deposited at Addgene by Mathew Tantama (Addgene plasmid #107215); pm-iATPSnFR1.1 (Lobas et al., 2019) (Addgene plasmid #102549) and cyto-iATPSnFR1.0 (Lobas et al., 2019) (Addgene plasmid #102550) were deposited at Addgene by Baljit Khakh.
2.2 Cell Culture and Treatment
Culture of NMCMs: The kit for isolation of primary mouse cardiomyocytes was purchased from Thermo Fisher (Waltham, USA). In brief, the ventricular tissue parts from 1–2 days old C57BL/6J mouse neonates were subjected to modified enzymatic digestion. The enriched cardiomyocytes were cultured in DMEM with 1% penicillin-streptomycin solution (PS) and 10% fetal bovine serum (FBS). A cardiomyocyte growth supplement was added to inhibit the growth of the remaining fibroblasts.
NMCMs were divided randomly into control, ISO, ISO + SO2, and SO2 groups. For the control group, the cells were treated with the equivalent amount of saline for 48 h. For the ISO group, they were treated with 10 μmol/L ISO for 48 h. For the ISO + SO2 group, the cells were given 100 μmol/L SO2 donor for 30 min and 10 μmol/L ISO for 48 h (Ding et al., 2005). For the SO2 group, cells were treated with 100 μmol/L SO2 donor for 0.5 h and the equivalent amount of saline for 48 h.
H9c2 cell culture: H9c2 rat embryonic cardiomyocytes were purchased from the National Infrastructure of Cell Line Resource (China) and they were cultured in DMEM medium containing 10% FBS, 1% PS, and 1% glutathione in 5% CO2 at 37°C. After a 6 h of synchronous treatment in serum-free medium, the cell treatment and grouping were similar to those in NMCMs, except that in H9c2 cells the ISO treatment was 200 μmol/L for 24 h (Deng et al., 2017).
2.3 In situ Fluorescent Imaging of SO2
SS-1 is a chemically selective fluorescent probe for in situ visualization of SO2, developed and presented by Kun Li from Sichuan University, Sichuan, China (Yang et al., 2017). As mentioned in the previous study, SO2 in NMCMs was tested with an SS-1 probe (Huang et al., 2021a). The cells were incubated with a 10 μM probe for 30 min at 37°C and then they were washed with PBS for removing the unlabeled probe. Subsequently, the cells were fixed with 4% paraformaldehyde solution. Finally, DAPI was added to stain nuclei. The green fluorescence detected by Olympus confocal laser scanning microscope (CK40, Olympus, Japan) is considered to be a positive signal.
2.4 AAT Activity Detected by Colorimetric Assay
AAT assay kit (Njjcbio, Nanjing, China) was used as described previously (Zhang et al., 2021). Firstly, cells were collected and lysed on ice with pre-cooled PBS for 30 min. The substrate solution and tested samples were added into the 96-well plate, and reacted at 37°C for 30 min. Then, 2,4-dinitrophenylhydrazine was added to each well, and the plate was placed at 37°C for 20 min. Finally, sodium hydroxide solution (200 μl, 0.4 mol/L) was added and gently mixed into each well. The plate was incubated at room temperature for 15 min. Finally, the optical density was measured at the absorption wavelength of 510 nm.
2.5 In situ Detection of Apoptosis in NMCMs and H9c2 Cells by TdT-Mediated dUTP Nick End Labeling Assay
In situ cell death detection kit (Roche, Mannheim, Germany) was used as described previously (Du et al., 2018). Firstly, after gently rinsed with PBS, the cells were fixed in 4% paraformaldehyde for 1 h. Subsequently, they were permeabilized in 0.3% triton-X100 solution for 2 min. They were incubated with the TUNEL reaction mixture for 60 min at 37°C, preventing from light after washing with PBS. Finally, the nuclei were stained by a DAPI dye. The fluorescence images were captured with the help of a confocal laser scanning microscope (CK40, Olympus, Japan). The cell apoptosis was measured by using the percentage of TUNEL positive cells to the total DAPI positive cells (Du et al., 2018).
2.6 ATP Fluorescence Intensity of Cytoplasm and Cell Surface Monitored by Immunofluorescence Method in H9c2 Cells
H9c2 cells were seeded and grown to 50% confluency, and then pmiATPSnFR1.1 and cyto-iATPSnFR1.0 were respectively transfected into H9c2 cells, which were replaced with a complete culture medium after a 6 h-transfection. The cells were imaged under a confocal laser scanning microscope (TCS SP8, Leica, Wetzlar, Germany) by the excitation at 473 nm and the emission at 525 nm.
2.7 ATP Fluorescence Intensity of Extracellular Matrix Monitored by Immunofluorescence Method in H9c2 Cells
The plasmid ecAT3.10 was transfected into 50% confluent H9c2 cells with a lipofectamine 3000 transfection reagent (Invitrogen, Carlsbad, CA, United States). After a 6 h-transfection, the freshly completed culture medium was replaced. The activity of the ecATeam sensor was measured by examining the fluorescence intensities in CFP, CFP-YFPFRET, and YFP channels as described in the previous study. The settings of the bandpass filter were identical to those previously reported (Conley et al., 2017). The ratio of CFP-YFPFRET to YFP is expressed as the activity of the ecATeam biosensor. The conformational change of the probe induced by ATP binding to the ecATeam probe increases the Förster resonance energy transfer (FRET) between the CFP donor and the YFP receptor (Imamura et al., 2009). Therefore, the higher the ratio of CFP-YFPFRET to CFP, the more extracellular ATP binding, which indirectly reflects the extracellular ATP content.
2.8 Detection of Enzymatic Activities of Caspase3 and Caspase9 in H9c2 Cells
The enzymatic activities of caspase3 and caspase9 in H9c2 cells were detected with the commercial caspase3 and caspase9 activity kit, respectively (Applygen, Beijing, China) (Wang X. et al., 2019). Briefly, with the lysis buffer, the cells were lysed for 30 min at 4°C, and then centrifuged at 12,000 g for 5 min to harvest the supernatant. The concentration of protein was measured by the Bradford method. Then, 50 μg of cell lysate mixed with a reaction reagent was added to each well in a 96-well plate in order and then incubated for a period of 2 h at 37°C away from light. The activity of caspase3 or caspase9 was calculated from the absorbance value at 405 nm.
2.9 Detection of the mPTP Opening in NMCMs and H9c2 Cells
The mPTP opening was detected using the mPTP detection kit (Genmed, Shanghai, China) according to the instruction of the manufacture. The detection principle is that the fluorescence of calcein-AM is quenched when it leaks from mitochondria via the opening mPTP. Therefore, the strong green fluorescence represents the closed mPTP while the faint green fluorescence represents the opening mPTP. After completing the cell experiment, the cells were rinsed and incubated with the staining working solution for 20 min at 37°C in the dark. The remaining staining solution was removed by twice rinse with the cleaning solution. After the fixation with 4% paraformaldehyde, the fluorescence was observed by using a laser confocal microscopy (CK40, Olympus, Japan) with 488 nm excitation (Ex) and 505 nm emission (Em) settings (Song et al., 2018).
2.10 Detection of the Leakage of Mitochondrial Cytc in NMCMs
To determine the cytc subcellular localization, NMCMs were firstly incubated with the pre-warmed medium which contained 200 nmol/L MitoTracker (Life Technologies, USA) for 1 h. After the fixation with 4% paraformaldehyde, the cells were permeabilized in 0.1% Triton-X100 solution for 30 min, and then the cells were incubated with the cytc primary antibody at 4°C overnight. After the triplicate rinses with PBS buffer, an Alexa 594-conjugated secondary antibody (Life Technologies, USA) was added and then incubated for 90 min at 37°C in a dark container. Finally, images were captured with laser confocal microscopy (SP8-STED, Leica, Germany) (Wang X. et al., 2019).
2.11 CypD Sulphenylation Detection by Biotin Switch Analysis
Sulphenylation of CypD in the H9c2 cells and purified CypD protein was detected by the BSA method as previously reported (Huang et al., 2021a). The H9c2 cells were lysed in a non-denaturing lysis buffer (Applygen, Beijing, China) containing 5 mM DAz-2 for 20 min. The supernatant was collected by centrifuging at 16,000 g for 4 min at 4°C and gently shaken for 2.5 h at 37°C to label the DAZ-2. The DAz-2-labelled samples reacted with 250 μM p-biotin in a water bath for 2 h at 37°C. Then, the hyperlinked Neutral Affinity Protein™ was added at a volume ratio of 1–10 (Thermo Fisher Science) and incubated in a shaker for 4 h to capture the sulfenylated protein at 4°C. The sulphenylated proteins were mixed with a non-denaturing sample buffer and boiled for 10 min. Then, the supernatant was collected by centrifuging at 5,000 g for 10 min and it was subjected to western blot for the sulphenylation of CypD.
The human purified CypD protein (Abnova) was randomly divided into 3 groups: control, SO2, and SO2+DTT groups. The amount of purified protein used in each group was 0.1 μg. The protein was incubated for 2 h at 37°C. After the termination of the incubation experiment, the purified protein was divided into two portions to detect the sulphenylation of CypD and total CypD, respectively. The CypD sulphenylation was detected according to the abovementioned protocol in the cell experiment.
2.12 In situ Detection of CypD Sulphenylation in H9c2 Cells
A sulphenylated protein cell-based detection kit (Cayman, USA) with a DAz-2-based fluorescence probe was used to visualize the sulphenylated proteins in cells (Song et al., 2020). The cells were treated with 100 μM SO2 for 1 h or SO2 plus 200 μM DTT for 15 min. The sulphenylation of CypD in H9c2 cells was observed by the co-localization of the fluorescent signals indicating CypD and sulphenylated proteins. Nuclei were stained with DAPI dye. The sulphenylated protein, CypD protein, and nuclei exhibited green, red, and blue fluorescence, respectively, with confocal laser-scanning microscope (Leica, Germany).
2.13 CypD Plasmid Transfection
The pcDNA3.1 vector for human CypD-WT, CypD-C82S, CypD-C104S, CypD-C157S, and CypD-C203S mutant plasmids was constructed by Sangon Biotech (Shanghai, China). When H9c2 cells grew to approximately 50–60% confluence, the cells were treated with jetPEI TM reagent (Polyplus-transfection, France) before treatment.
2.14 Western Blotting Analysis
The protein expression of AAT1, AAT2, cleaved caspase3, caspase3, cleaved caspase9, caspase9, CypD, and His in NMCMs and H9c2 cells was detected by a standard western blotting analysis as described in the previous study (Huang, et al., 2021a). Briefly, the cells were lysed using protein lysis buffer for 20 min at 4°C. The total protein was harvested and quantitated by the BCA method. The proteins were subjected to electrophoresis and they were subsequently transferred to nitrocellulose membranes. The protein bands were treated with primary antibodies at 4°C overnight, respectively. Then, at room temperature, they were incubated with the corresponding horseradish peroxidase-coupled secondary antibody for 1 h. Finally, the protein bands were incubated by using the enhanced chemiluminescent western blotting substrate kit (GE, Pittsburgh, PA, United States) in a FluorChem M MultiFluor System (Protein Simple, San Francisco, CA, United States).
2.15 Gene Ontology Cellular Component Analysis
A dataset containing a total of 658 SO2-mediated sulfenylated vascular smooth muscle cell (VSMC) proteins was from Huang’s research (Huang et al., 2021a). The gene ontology cellular component analysis of the 658 SO2-mediated sulfenylated VSMC proteins was performed by g: Profiler (https://biit.cs.ut.ee/gprofiler) (version e104_eg51_p15_3922dba). The parameters were set as follows: organism (Rattus norvegicus); statistical domain scope (only annotated genes); significance threshold (g:SCS threshold); and p values <0.05 indicated statistical significance.
2.16 Statistical Analysis
The statistical analysis was conducted using SPSS 17.0 (IBM, USA) and Graphpad Prism 8.0 (GraphPad Software Inc., San Diego, CA, United States). The data are expressed as mean ± standard error. A comparison among multiple groups was performed by ANOVA followed by LSD post-doc analysis if the data were normally distributed, while followed by Dunnett T3 post-doc analysis if the data were not normally distributed. A statistical significance is set by p < 0.05.
3 RESULTS
3.1 Endogenous SO2 Controls ISO-Induced Apoptosis of Cardiomyocytes
ISO-stimulated NMCMs showed a marked decrease in SO2 content as compared with the control group as evidenced by a significant decrease in SO2-specific green fluorescence, and an obvious decrease in AAT1 and AAT2 protein expression, and AAT activity in the ISO-stimulated NMCMs (Figures 1A–C), accompanied by a significant increase in cell apoptosis, as evidenced by an increase in apoptotic cells, the cleaved-caspase3/caspase3 ratio, and caspase3 activity demonstrated by colorimetric assay (Figures 1D–F). The supplementation of SO2 donors in ISO-stimulated NMCMs restored SO2 content while significantly reduced the apoptotic cells, lowered the cleaved-caspase3/caspase3 ratio, and inhibited caspase3 activity (Figure 1). Therefore, the abovementioned data suggested that ISO stimulation downregulated the endogenous SO2/AAT pathway and promoted cardiomyocyte apoptosis; whereas adequate endogenous SO2 inhibited the apoptosis of cardiomyocytes.
[image: Figure 1]FIGURE 1 | Endogenous SO2 controls ISO-induced apoptosis of cardiomyocytes. (A) SO2 production in NMCMs was tested with in situ fluorescent SO2 probe (green color, magnification, ×600; scale bar: 40 μm). (B) AAT1 and AAT2 expressions in NMCMs were measured by western blot. (C) AAT activity in NMCMs was detected by colorimetric assay. (D) The apoptosis of NMCMs was tested by TdT-mediated dUTP nick end labeling (TUNEL) assays (magnification, ×600; scale bar: 40 μm). (E) The caspase3 cleavage in H9c2 cells was measured by using western blot method. (F) A quantitative caspase3 activity analysis was done by the colorimetric kit. Data are expressed as mean ± SEM. ∗p < 0.05 versus control group; #p < 0.05 versus ISO group.
3.2 SO2 Blocked ISO-Induced mPTP Opening and Subsequent Cardiomyocyte Apoptosis
We performed a GO-enriched cellular component (CC) reanalysis of the SO2-affected redox proteomic dataset and showed that differential proteins regulated by SO2 were significantly enriched in mitochondria (p = 2.829 × 10–13) (Figure 2A). Furthermore, we compared the ATP fluorescence intensity in the cytoplasm, membrane, and extracellular matrix of H9c2 cells and found that ATP production was significantly reduced in H9c2 cells in the ISO group in comparison with the control group, and the supplementation with SO2 significantly restored the ATP content (Figures 2B,C), suggesting that mitochondria might be an important target for the cytoprotective effect of SO2 on cardiomyocytes.
[image: Figure 2]FIGURE 2 | SO2 blocked ISO-induced mPTP opening and subsequent cardiomyocyte apoptosis. (A) GO-enriched cellular component (CC) reanalysis of the SO2-affected redox proteomic dataset. (B) The fluorescence intensity of cell surface and cytoplasmic ATP were investigated by the transfection of H9c2 cells with pmiATPSnFR1.1 and cyto-iATPSnFR1.0, respectively (magnification, ×600; scale bar: 25 μm). The ATP fluorescence intensity of extracellular matrix monitored by immunofluorescence method in H9c2 cells. (C) The mPTP opening in H9c2 cells was tested with calcein-AM. The green fluorescence quenching indicated the opening of mPTP (magnification, ×600; scale bar: 20 μm). (D) The cytochrome c (cytc) leakage from the mitochondria was tested by using immunofluorescence microscopy, with red fluorescence representing cytc and green fluorescence representing mitochondria (magnification, ×600; scale bar: 50 μm). (E) Caspase9 cleavage measured by western blotting. (F) A quantitative caspase9 activity analysis was done by using a commercial colorimetric kit. Data are expressed as mean ± SEM. ∗p < 0.05 versus control group; #p < 0.05 versus ISO group.
The mPTP opening is an important event in the development of cardiomyocyte apoptosis under a variety of cardiac pathological conditions (Ahmad et al., 2019). Therefore, the present study analyzed the mitochondrial mPTP opening and downstream events. The results showed that ISO-stimulated NMCMs showed an increased mitochondrial mPTP opening, an increased cytc leakage from mitochondria, and an enhanced cleaved caspase9/caspase9 ratio and caspase9 activity in comparison with the control group; while SO2 inhibited ISO-induced mPTP opening, suppressed the cytc release and reduced the ratio of cleaved caspase9/caspase9, thereby inhibiting apoptosis (Figures 2D–F). The results suggested that SO2 significantly blocked ISO-opened mPTP, which might be involved in the mechanisms by which SO2 inhibited cardiomyocyte apoptosis.
3.3 SO2 Sulphenylated CypD and Thereby Blocked the mPTP Opening and Cardiomyocyte Apoptosis
CypD, a peptidyl-prolylcis-trans isomerase (PPI) present in the mitochondrial matrix, is an important redox-regulation-dependent mPTP regulator (Lam et al., 2015). Therefore, we tested if CypD was a candidate target of SO2 to explore the possible mechanism by which SO2 blocked mitochondrial mPTP opening.
Firstly, there were no significant effects of SO2 on the protein level of CypD either in NMCMs or in H9c2 cells as shown in Figures 3A,B (p > 0.05). However, the sulphenylation of CypD in human purified CypD protein in the SO2 group was markedly higher than that of the control group, which was blocked by a sulfhydryl reducing agent DTT treatment (p all<0.05) (Figure 3C).
[image: Figure 3]FIGURE 3 | SO2 sulphenylated CypD and thereby blocked mitochondrial mPTP opening and apoptosis. CypD expressions in NMCMs and H9c2 cells were measured by western blot in (A) and (B), respectively. (C) Sulphenylation of CypD in the purified protein with biotin switch analysis. (D) Sulphenylation of CypD in H9c2 cells with biotin switch analysis. (E) The co-localization of sulphenylated protein and CypD in H9c2 cells as detected with a DAz-2-based fluorescent probe and CypD antibody under a confocal laser-scanning microscope (magnification, ×600; scale bar: 25 μm). (F) The mPTP opening in H9c2 cells was detected with calcein-AM (magnification, ×400; scale bar: 40 μm). (G) The apoptosis of H9c2 cells was tested by using the TdT-mediated dUTP nick end labeling (TUNEL) method (magnification, ×600; scale bar: 25 μm).
Furthermore, the quantitative analysis and in situ visualization of CypD sulphenylation in the H9c2 cells were performed. The results revealed that in comparison with the control, the sulphenylation of CypD was increased in H9c2 cells of the SO2 group, which was also successfully blocked by DTT (p all<0.05) (Figure 3D). The multi-color confocal images showed that the co-localization of the fluorescent signals indicating CypD and sulphenylated proteins was strong in H9c2 cells of the SO2 group but weak in that of the control group and SO2+DTT group (Figure 3E). Correspondingly, the mPTP opening and cell apoptosis were inhibited in the cells of the ISO + SO2 group in comparison with the ISO group, while DTT treatment reversed the above protective effect of SO2 (Figures 3F,H).
The above facts indicate that SO2 can directly sulphenylate CypD protein, which might be associated with SO2-inhibited mPTP opening and cell apoptosis.
3.4 The CypD Cys104 Might Be a Novel Target for SO2 to Inhibit mPTP Opening and Cardiomyocyte Apoptosis
The human purified CypD protein has four cysteine sites: Cys82, Cys104, Cys157, and Cys203 (Linard et al., 2009). Homology analysis of CypD protein sequences among diverse species including human, goat, rat, mouse, pig, rabbit, chick and zebrafish showed that these four cysteine sites are all highly conserved among these different species (Figure 4A). Therefore, we mutated the four cysteine sites Cys82, Cys104, Cys157, and Cys203 to serine in the CypD protein, respectively, to clarify the precise site on which SO2 affected CypD and then inhibited the cardiomyocyte apoptosis. The sulphenylation site screening results showed that the sulphenylation of CypD-His could be induced by SO2 treatment in the H9c2 cells transfected with CypD-WT, C82S, C157S, and C203S plasmids, except in the cells transfected with CypD C104S plasmid (Figure 4B). The results suggested that the Cys104 in the CypD protein might be the sulphenylation site of SO2.
[image: Figure 4]FIGURE 4 | The CypD Cys104 might be a novel target for SO2 to inhibit cardiomyocyte apoptosis. (A) Analysis of sequence homology of CypD proteins from different species. The sequences were archived from the UniProt database. (B) Sulphenylation of CypD in H9c2 cells transfected with WT or C104S, C82S, C157S, C203S-mutated CypD plasmids was measured by biotin switch analysis. (C) The mPTP opening in H9c2 cells transfected with WT or C104S-mutated CypD plasmid measured by the mPTP detection kit (magnification, ×600; scale bar: 25 μm). (D) The apoptosis in H9c2 cells transfected with WT or C104S-mutated CypD plasmid measured by using the TdT-mediated dUTP nick end labeling (TUNEL) method (magnification, ×600; scale bar: 40 μm).
Furthermore, the mPTP opening and the apoptosis of H9c2 cells was examined to identify if the CypD Cys104 might be the target of SO2 affecting the cardiomyocyte apoptosis. The results showed that in the H9c2 cells transfected with CypD-WT plasmid, the mPTP opening in the ISO-stimulated cells was increased and the percentage of apoptotic cells was decreased by the SO2 treatment, while DTT could reverse the effect of SO2. In contrast, in the H9c2 cells transfected with CypD-C104S plasmid, SO2 treatment failed to affect the ISO-stimulated mPTP opening and the apoptosis (Figures 4C,D). The result further confirmed that SO2 sulphenylated CypD cysteine at Cys104, thereby inhibiting cardiomyocyte apoptosis.
4 DISCUSSION
In the present study, we revealed, for the first time, a novel mechanism by which the endogenous SO2/AAT pathway controlled ISO-induced cardiomyocyte apoptosis, and the SO2-induced CypD sulphenylation inhibited the opening of mPTP, the downstream cytc leakage, and the activation of caspase9, thereby attenuating cardiomyocyte apoptosis. The sulphenylation of CypD cys104 is a key target for SO2 to inhibit apoptosis in cardiomyocytes.
Previously, SO2 was considered to be a toxic gas and environmental pollutant. In recent years, it is shown that the SO2 can be endogenously synthesized via an enzymatic reaction catalyzed by AAT in cardiovascular tissues (Huang et al., 2016). The half-life time of SO2 was about 5–10 min, demonstrated by the fact that serum SO2 level was decreased by 50% about 5–10 min after the intravenous injection of SO2 donor (Du et al., 2008b). It has features of low molecular weight, continuous production, and fast diffusion and has extensive biological action independent of the membrane receptors (Huang et al., 2016). Endogenous SO2 exerts important cardiovascular effects. For example, the reduction of endogenous SO2 promotes the proliferation and migration of cardiac fibroblasts (Zhang et al., 2018). SO2 inhibits the VSMC proliferation by activating Cl−/HCO3- exchangers and acidifying cells (Wang Y. et al., 2019). Endogenous SO2 alleviates angiotensin II-induced myocardial hypertrophy and cardiomyocyte autophagy (Chen et al., 2016). It was reported that the downregulated endogenous SO2/AAT pathway might be involved in the possible mechanisms underlying the myocardial injury. Liang et al found that the in vivo protective effect of SO2 on the myocardial injury was related to the increased myocardial antioxidant capacity (Liang et al., 2011). Jin et al. (2013) found that SO2 attenuated myocardial injury, in association with the inhibition of myocardial apoptosis. However, the mechanisms by which SO2 protects cardiomyocytes against apoptosis have not yet been elucidated.
In this study, we showed that ISO treatment resulted in a downregulation of the endogenous SO2/AAT2 pathway in NMCMs, as evidenced by a significantly downregulated AAT2 expression and SO2 content in the ISO-stimulated cardiomyocytes. Simultaneously, cell apoptosis was evident. While the supplementation of SO2 donors in ISO-stimulated NMCMs restored SO2 content accompanied with a decreased cell apoptosis, cleaved-caspase3/caspase3 ratio, and caspase3 activity. These results demonstrate that endogenous SO2 significantly inhibits ISO-induced apoptosis in cardiomyocytes.
Up to now, the possible molecular mechanisms by which endogenous SO2 controls ISO-induced myocardial apoptosis have been unclear. A previous study suggested that SO2 could significantly affect signaling pathways associated with cellular energy metabolism in the VSMCs (Huang et al., 2021a). A cellular component reanalysis of gene ontology enrichment on the previously reported SO2-affected protein dataset was conducted in the present study. The data showed that mitochondrion is one of the important subcellular components in which SO2-affected proteins were highly enriched. Furthermore, considering that the mitochondrion acts as a cell energy mill, the change of ATP level affected by the ISO and/or SO2 treatment was investigated. As single-wavelength and genetically encoded fluorescent sensors, pmiATPSnFR1.1 and cyto-iATPSnFR1.0 were used for imaging cell surface and cytosolic ATP, respectively. The structure of pmiATPSnFR1.1 and cyto-iATPSnFR1.0 contains epsilon subunit F0F1-ATP synthase which binds to ATP. The conformation of these sensors changes and the fluorescence changes from dim to bright when bound to ATP (Lobas et al., 2019). Additionally, extracellular matrix ATP binding to ecAT3.10 induces a conformational change that increases FRET between the CFP donor and YFP acceptor (Conley et al., 2017). Therefore, the higher the ratio of CFP-YFPFRET to CFP, the more extracellular ATP binding, which indirectly reflects the extracellular ATP content. The results showed that ISO significantly reduced cytoplasmic ATP, cell surface ATP, and extracellular matrix ATP, while the supplementation with SO2 significantly reversed the reduced ATP fluorescence intensity in the H9c2 cells of the ISO group. Taken together, the abovementioned results suggested that SO2 might target the mitochondria to exert anti-apoptosis effects in cardiomyocytes.
The function of mitochondria is finely regulated by intrinsic factors, such as mPTP (Penna et al., 2013). Therefore, we, for the first time, examined the effect of SO2 on the opening of mPTP and its downstream events (cytc release, caspase9 activation, and apoptosis). The results showed that under ISO stimulation, the opening of mPTP was increased, the downstream leakage of cytc increased, the ratio of cleaved caspase9/caspase9 increased, and caspase9 activity was enhanced. While, SO2 supplementation reversed the above effects of ISO on the opening of mPTP and the downstream apoptosis, suggesting that SO2 might turn off mitochondrial mPTP and then inhibit cardiomyocyte apoptosis.
However, the possible mechanism by which SO2 blocks the mitochondrial mPTP opening has not yet been known. CypD is known to be the only protein identified to regulate the mPTP opening (Alam et al., 2015). CypD is a prolyl isomerase encoded by the Ppif gene and located within the mitochondrial matrix. Baines et al. (2005) found that the gene deletion of the Ppif in mice protected against ischemia/reperfusion-induced cell death, whereas the mice with CypD overexpression exhibited mitochondrial swelling and spontaneous cell death. Therefore, we firstly examined whether SO2 affected CypD protein expression in this study. The results revealed that SO2 did not impact the expression of CypD protein in the H9c2 cells with or without ISO stimulation. As discovered in the previous studies, the post-translational modifications might impact CypD activity (Nguyen et al., 2011; Sanchez et al., 2011; Hurst et al., 2020; Amanakis et al., 2021). For example, S-glutathionylation of CypD at the Cys203 prevented the binding between CypD and ANT, and therefore blocked mPTP (Nguyen et al., 2011; Sanchez et al., 2011). While, due to its oxidative capacity, SO2 was found to control the protein function by a sulfhydryl-dependent oxidative modification on the specific cysteinyl residue. Yao et al. found that SO2 promoted the disulfide-dependent dimerization of soluble guanylate cyclase to induce the vasodilate effect (Yao et al., 2016). More importantly, SO2 was reported to regulate the vascular function and structure by the sulphenylation, an important post-translational modification regulating protein function, on the target proteins such as AAT, Smad3 and NF-κB p65 (Chen et al., 2017; Song et al., 2020; Huang et al., 2021a). Sulphenylation refers to the oxidation of cysteine thiol groups (Cys-SH) to cysteine sulfenic acid (Cys-SOH) (Chen et al., 2017). Therefore, we explored whether CypD was able to be sulphenylated by SO2. Interestingly, the present cellular experiments and CypD purified protein assays demonstrated that SO2 could sulphenylate CypD protein to inhibit mPTP opening and cardiomyocyte apoptosis.
To further reveal the target site by which SO2 sulphenylated CypD and thereby inhibited cardiomyocyte apoptosis, we firstly performed the homology analysis of CypD protein sequences among diverse species and found that Cys82, Cys104, Cys157, and Cys203 are highly conserved. And then, the mutated CypD plasmids containing the site-directed mutant of C82S, C104S, C157S, and C203S were constructed and transfected into H9c2 cells, respectively. The screening results showed that the SO2 could sulfenylate the CypD in the H9c2 cells transfected with the mutant Cys82, Cys157, and Cys203, but, interestingly, SO2 failed to do so in the H9c2 cells transfected with the mutant CypD C104S. In accordance with the sulphenylation screening results, SO2 failed to prevent ISO-stimulated cell apoptosis in the H9c2 cells transfected with the mutant CypD C104S. These results further confirm that SO2 exerts an inhibitory effect on cardiomyocyte apoptosis by the sulphenylation of CypD at the Cys104.
As well known, the interaction among the different post-translational modifications on the same protein provided a fine mechanism for adjusting the protein function. For example, the persulfidation of p66Shc at Cys59 inhibited the phosphorylation at Ser36, and then blocked p66Shc activation to prevent H2O2-induced cellular senescence (Xie et al., 2014). In the oleic acid-induced A549 cell inflammatory experiment, endogenous SO2 sulphenylated NF-κB p65 in association with a decrease in the phosphorylation, nuclear translocation and DNA binding activity of NF-κB p65, suggesting that there might be interaction between the sulphenylation and phosphorylation of protein. While, it was reported that the phosphorylation of the Ser191 site of CypD leads to its binding to oligomycin sensitivity-conferring protein, which sensitizes mPTP opening (Hurst et al., 2020). Hence, the impact of the sulphenylation of CypD on the other post-translational modifications at other sites might also contribute to the sophisticated tuning of CypD and mPTP opening.
The mPTP opening and the loss of mitochondrial membrane potential (MMP) are two key elements involved in the cell apoptosis (Kroemer and Reed, 2000). Moreover, the opening of mPTP is closely related with the decrease in the MMP (Bossy-Wetzel et al., 1998; Hüser and Blatter, 1999; Joiner et al., 2012). Briefly, as a highly conductive and non-selective channel, the opening of mPTP increases the permeability of the inner mitochondrial membrane to ions and small solutes, and destroys the MMP and the proton gradient, resulting in the insufficient ATP production and cell apoptosis (Galluzzi et al., 2009; Kalani et al., 2018). Zhao et al. found that SO2 restored the destroyed MMP in the alveolar macrophages treated with the serum from rats of acute lung injury and prevented the cell apoptosis (Zhao et al., 2019). However, the effect of SO2-sulphenylated CypD on the MMP in the cardiomyocyte apoptosis is still unclear and merits further study.
5 CONCLUSION
Taken together, our data highlight the important protective role of SO2-dependent site-specific CypD S-sulphenylation in inhibiting mPTP opening and reducing apoptosis in cardiomyocytes (Figure 5). Along with the in-depth studies on the biological effect of endogenous SO2 and its mechanisms, the discovery of SO2-related prodrugs has become a hot topic for their potential therapeutic application (Day et al., 2016; Wang and Wang, 2018; Huang et al., 2021b). A variety of SO2 prodrugs based on the different releasing mechanisms, such as thiol-activated SO2 prodrug, thermally activated SO2 prodrug, hydrolysis-based SO2 prodrug, click reaction-based SO2 prodrug, and esterase-sensitive SO2 prodrug, developed to meet the different research requirement or clinical application in the future. Therefore, our results would not only deepen the understanding of the mechanisms by which endogenous SO2 inhibits myocardial apoptosis, but also provide new research ideas and potential therapeutic targets for myocardial protection in the future.
[image: Figure 5]FIGURE 5 | A diagram showing that a novel redox mechanism by which SO2 inhibits cardiomyocyte apoptosis. SO2 sulphenylated mitochondrial CypD at Cys 104, which acted as a switch-off to close the mPTP opening, thereby inhibiting mitochondria-dependent cardiomyocyte apoptosis.
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Ferroptosis is a new form of regulatory cell death characterized by iron-dependent and intracellular lipid peroxidation. Ferroptosis can be divided into two stages. The first stage is iron overload in the cell, which generates a large amount of reactive oxygen species through the Fenton reaction, and the second stage results from an imbalance of the intracellular antioxidant system. Excessive phospholipid hydroperoxides cannot be removed by reduction reactions, as this could destroy the cell membrane structure and interfere with mitochondrial function, eventually leading to ferroptosis of the cell. Cardiovascular diseases have gradually become the leading cause of death in modern society. The relationship between ferroptosis and the occurrence and progression of cardiovascular disease has become a research hotspot in recent years. In this review, we summarize the mechanism of ferroptosis and its specific role in cardiovascular disease.
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INTRODUCTION
Cell death is an important cornerstone for maintaining the balance of development and homeostasis of the body. There are two main types of cell death: regulatory cell death (RCD) and non-regulatory cell death (Lockshin and Zakeri, 2001). Nonregulatory cell death refers mainly to the severe damage of cells under the stimulation of various pathogenic factors, leading to passive cell death. However, according to the different signaling pathways involved in the process, regulatory cell death can be divided into apoptosis, necroptosis, pyroptosis, autophagy, and ferroptosis (Del Re et al., 2019). Among them, ferroptosis is a new type of regulatory cell death discovered only recently. In fact, in 2003, Dolma et al. (Dolma et al., 2003) identified a new type of compound that caused tumor cell death and named it erastin. However, due to limitations in research on regulatory cell death at that time, the authors failed to identify the special regulatory cell death mode induced by erastin. Until 2012, when Dixon et al. defined erastin-induced cell death as iron-dependent regulatory cell death induced by lipid peroxidation and named it ferroptosis (Dixon et al., 2012). The morphological characteristics of ferroptosis cells are as follows: mitochondrial shrinkage, decreased mitochondrial cristae, and decreased membrane density, which are different from the characteristic apoptotic body formation of apoptotic cells.
Cardiovascular disease is one of the most threatening diseases to human health today. Cardiovascular diseases mainly include coronary atherosclerotic heart disease, myocardial ischemia/reperfusion injury (IRI), and heart failure (HF). Severe coronary artery stenosis can lead to IRI after recanalization, HF after myocardial injury, and even ischemic cardiomyopathy (Ezekowitz et al., 2009). Therefore, a clear understanding of the pathophysiological basis behind the onset of cardiovascular diseases is of great significance for the prevention, early diagnosis, and precise treatment of cardiovascular diseases. At present, a variety of regulatory cell deaths are thought to regulate the death of related cells in cardiovascular disease (Choi et al., 2019; Dong et al., 2019; Zhaolin et al., 2019). Ferroptosis, as an emerging mode of regulatory cell death, has become a new focus of research in the field of cardiovascular disease. Understanding the mechanism by which ferroptosis occurs or is inhibited in cardiovascular disease is a prerequisite to reducing morbidity and mortality in the future. In this review, we enumerate the latest developments in different aspects of the mechanism of ferroptosis and then will specifically review the unique pathological characteristics of ferroptosis in different cardiovascular diseases, which will be a reference for the prevention and treatment strategies.
REGULATION OF IRON HOMEOSTASIS
Iron is an essential trace element for the human body; it participates in the formation of a variety of proteins, including hemoglobin, myoglobin, and ferritin, and various redox reactions in cells. It is not only involved in the above-mentioned biological processes but is also the most important initiation and promotion factor for ferroptosis. Under physiological conditions, the complex and precise mechanism of iron homeostasis regulation ensures that iron concentration in the cell remains stable and prevents intracellular iron overload from triggering the Fenton reaction, which in turn leads to ferroptosis (Ganz, 2013). The regulation of iron homeostasis mainly includes mechanisms involving import, export, storage, and utilization of iron.
Iron Export
Ferroportin (Fpn), also known as SLC40A1, is the only protein known to export nonheme iron to the outside of the cell. Fpn is widely distributed on the surface of duodenal epithelial cells, macrophages, and hepatocytes. The main source of iron in the human body is hemoglobin iron recovered by macrophages phagocytosing senescent red blood cells. The macrophages then transport the iron into plasma through Fpn. Simultaneously, the duodenum absorbs iron ions from food into the human body through Fpn (Figure 1) (Ganz, 2013). The lack of Fpn on the membrane surface of other tissues leads to intracellular iron enrichment (Donovan et al., 2005). Bao et al. found that Fpn was down-regulated, leading to accumulation of lipid peroxide and neuronal cell ferroptosis in a mouse model of Alzheimer’s disease (Table 1) (Bao et al., 2021). Hepcidin, a hepatic-secreted peptide hormone, binds to Fpn and promotes internalization and degradation of Fpn, resulting in the decreased export of non-heme iron (Nemeth et al., 2004). In addition to the Hepcidin-Fpn signaling pathway, the miR-124/Fpn signaling pathway has also been confirmed to affect the occurrence of ferroptosis. High levels of miR-124 in serum inhibit the expression of Fpn, leading to iron accumulation and ferroptosis in cells (Bao et al., 2020).
[image: Figure 1]FIGURE 1 | Plasma iron concentration is always maintained within a certain range. This relies on the precise dynamic balance of iron metabolism. FPN on the surface of macrophages, the duodenum, and liver transports iron into the plasma. The endogenous source of iron is mainly hemoglobin iron that is swallowed by macrophages, while the exogenous source is iron in food absorbed by the duodenum. Hepcidin secreted by the liver can degrade FPN to reduce iron export. Plasma iron is divided into TBI and NTBI according to whether it binds to transferrin. TBI binds to the TfR1 on the cell membrane surface and stores iron in the form of ferritin, avoiding the occurrence of Fenton reaction. However, labile iron pool, derived from NCOA4-mediated ferritinophagy or NTBI absorbed by SLC39A14, will cause an increase in intracellular ROS and ferroptosis. FPN, ferroportin; TBI, transferrin-bound iron; NTBI, non-transferrin-bound iron; TfR1, transferrin receptor.
TABLE 1 | The regulatory mechanism of ferroptosis.
[image: Table 1]Iron Import
Under physiological conditions, ferric iron exported from cells binds to transferrin, which is a protein secreted primarily by the liver and transports iron to the bone marrow and other tissues. Conversely, if transferrin in plasma decreases, iron binds to albumin and anions to form non-transferrin-bound iron (NTBI), which can be absorbed by tissue cells, causing iron overload (Ganz, 2013). Yu et al. reported that when transferrin levels in serum decreased, the vulnerability of liver fibrosis in both humans and mice increased significantly, which was due to the accumulation of NTBI in liver cells and leads to ferroptosis of liver cells. In this case, SLC39A14, which is not the main transporter under physiological conditions, can act as a transporter for NTBI to induce ferroptosis (Yu et al., 2020). However, research has found that SREBF2, the principal regulator of cholesterol synthesis, can directly induce transferrin expression at the transcription level, reduce intracellular iron pools, and suppress ferroptosis induced by iron accumulation (Hong et al., 2021). Transferrin receptor 1 (TfR1) can transfer transferrin into cells through receptor-mediated endocytosis, and release iron carried by transferrin into the iron pool. TfR1 has been identified as a specific target antigen related to ferroptosis (Feng et al., 2020). The research by Tang et al. (2021a) demonstrated that Ubiquitin-specific protease 7 (USP7) promotes ubiquitination of P53, leading to increased transcription of TfR1 and ferroptosis (Tang et al., 2021a).
Iron Storage and Utilization
Ferritin is an intracellular protein that oxidizes ferrous iron to ferric iron to avoid the occurrence of Fenton reaction, composed of light subunits (Ftl) and heavy subunits (Fth1). Ferritin is an inhibitor of ferroptosis, knockdown of Fth1 expression significantly increases the occurrence of ferroptosis (Rui et al., 2021). Ferritin is a form of iron storage in cells, and ferroptosis requires ferritin degradation to release stored iron. Quantitative proteomics found that NCOA4 can deliver ferritin to lysosomes and degrade ferritin in a selective cargo-mediated autophagy manner. Therefore, this process is called ferritinophagy (Mancias et al., 2014). Iron-independent ROS in the cell induces ferritinophagy and will increase intracellular iron levels (Park and Chung, 2019). The ferrous ions produced by ferritinophagy and the NTBI participate in the formation of labile iron pool in the cell, which is the chief culprit for the generation of ROS through the Fenton reaction (Ito et al., 2021). Therefore, iron storage and iron utilization are involved in the occurrence of ferroptosis.
Other Iron Metabolism
Novel regulators of iron homeostasis have been described. Sun et al. found that phosphorylated heat shock protein beta-1(HSPB1) acted as a negative regulator of ferroptosis by reducing iron uptake by cells and the production of lipids. Transphosphorylation of HSPB1 increases ferritin expression and reduces TfR1 expression. HSPB1 is expressed in a heat shock factor 1(HSF1) dependent manner. Protein kinase C (PKC) regulates the phosphorylation of HSPB1 and indirectly regulates ferroptosis (Sun et al., 2015). The HSF1-HSPB1 pathway and PKC are novel regulators of iron homeostasis.
ANTIOXIDANT METABOLISM
Glutathione Peroxidase 4
Not only does abnormal iron homeostasis regulation play an important role in ferroptosis but ferroptosis also requires the dysregulation of the intracellular antioxidant system. Yang et al. found that in ferroptosis cells, reduced glutathione (GSH), one of the most important endogenous antioxidants, was depleted, leading to the inactivation of glutathione peroxidase 4 (GPX4) (Yang et al., 2014). GSH-dependent GPX4 transforms toxic lipid peroxides in cells into non-toxic fatty alcohols, and prevents membrane phospholipids from reacting with ROS to produce lipid peroxides that directly lead to ferroptosis (Figure 2) (Magtanong et al., 2016). GSH is an essential substrate for GPX4 and exerts antiferroptosis activity. It is synthesized from cysteine and glutamic acid through a two-step enzymatic reaction and is oxidized to oxidized glutathione (GSSG) after reacting with lipid peroxides. Therefore, the antioxidant system comprising the GPX4 core is considered one of the most powerful regulators for protecting cells from ferroptosis. The appearance of a variety of diseases has been closely associated with the knockout of GPX4, such as neuronal degeneration (Hambright et al., 2017) and acute renal failure (Friedmann Angeli et al., 2014). Conversely, inhibiting GPX4 in drug-tolerant persisted cancer cells increases their vulnerability to ferroptosis. This discovery suggests a new treatment strategy for tumors (Hangauer et al., 2017; Viswanathan et al., 2017).
[image: Figure 2]FIGURE 2 | There are three independent antioxidant systems in cells. The antioxidant system with GPX4 as the core is the first antioxidant system discovered. It is regulated by mechanisms such as TFAP2C, SP1, mTOR-4EBP, and selenoproteins. SLC7A11, which provides a substrate for GPX4, is regulated by ATF3, ATF4, KEAP1-NRF2, and AMPK-BECN1. The FSP1-CoQ10-NADPH system, another antioxidant system in the cell membrane, can inhibit ferroptosis through CoQ10H2. DHODH primarily inhibits ROS in mitochondria by synthesizing CoQ10H2 to avoid the ferroptosis process in mitochondria. GPX4, glutathione peroxidase 4; mTOR, mechanistic target of the rapamycin complex 1; ATF3, activating transcription factor 3; ATF4, activating transcription factor 4; KEAP1, kelch-like ech-associated protein 1; NRF2, NF E2 Related Factor 2; AMPK, AMP-activated protein kinase; FSP1, Ferrop-Suppressor-Protein 1; NADPH, nicotinamide adenine dinucleotide phosphate; DHODH, dihydroorotate dehydrogenase; ROS, reactive oxygen species.
Selenoproteins are unique and rare proteins among a large protein family with unique physiological functions. Selenocysteine, which is not one of the 20 proteinogenic amino acids, is involved in the synthesis of GPX4. Selenocysteine ensures the need for unexpected antioxidant capacity (Ingold et al., 2018). Moreover, selenium is not only related to the synthesis of GPX4 but also promotes GPX4 transcription by coordinating and activating the transcription factors TFAP2C and SP1, allowing cells to respond to ferroptosis stimulation in an adaptive manner (Alim et al., 2019). In addition to the regulation of the transcription level, cystine and cysteine, as raw materials that simultaneously participate in the synthesis of GSH and GPX4, can activate the mechanistic target of rapamycin complex 1 (mTORC1) to inhibit the downstream 4EBP axis and promote GPX4 synthesis instead of indirectly regulating GSH levels (Zhang et al., 2021). In fact, mTORC1 acts as a bridge to link cystine and cysteine availability with the regulation of GPX4 and ferroptosis. Gaschler et al. recently discovered a new type of ferroptosis inducer FINO2 that inhibits GPX4. This is different from the class II ferroptosis inducer represented by RSL3. FINO2 can inhibit GPX4 while directly oxidizing polyunsaturated fatty acids (PUFAs), and provides a new perspective for the intervention of ferroptosis by adjusting GPX4 levels (Gaschler et al., 2018).
System Xc-
System Xc− is an amino acid reverse transporter located on the surface of the cell membrane, which can transport cystine outside the cell and glutamate inside the cell in a 1:1 ratio across the membrane. Therefore, System Xc− activity is closely related to intracellular GSH content and GPX4 function. Ferroptosis is induced if system Xc− activity is inhibited by erastin treatment (Dixon et al., 2012; Dixon et al., 2014). System Xc− is a dimer composed of two subunits, SLC7A11 and SLC3A2, of which SLC7A11 makes a critical difference in limiting the rate of amino acid transport (Lewerenz et al., 2013). Multiple regulatory mechanisms at transcription, post-translational modification (PTMS), and protein levels determine the ability of System Xc− to uptake cystine.
Activating transcription factors are a family of transcription factors that includes activating transcription factor 3 (ATF3) and activating transcription factor 4 (ATF4), which have been confirmed to be related to the function of the system Xc− (Wang J et al., 2020; Chen et al., 2017). In the presence of the intracellular redox imbalance, the mRNA level of ATF3 increased. Activated ATF3 binds tightly to the SLC7A11 promoter, inhibits the expression of SLC7A11, and promotes the occurrence of ferroptosis in oxidatively stressed cells (Wang L et al., 2020). Interestingly, the effects of ATF4 is completely opposite. Increased expression of ATF4 up-regulates system Xc− expression and increases cell resistance to ferroptosis (Chen et al., 2017). There are other transcription factors, such as the redox-sensitive transcription factor NF E2 Related Factor 2 (NRF2) and P53, which regulate the function of system Xc− (Habib et al., 2015). In the basal state, Kelch-like ech-associated protein 1 (KEAP1) ubiquitinates NRF2, and when cells are under oxidative stress, NRF2 separates from KEAP1. Subsequently, NRF2 enters the nucleus and binds to the antioxidant response element (ARE) of the proximal promoter of its target gene SLC7A11 to up-regulate the expression of SLC7A11 (Habib et al., 2015). As the most famous tumor suppressor gene, P53 has unique and diverse functions in the regulation of ferroptosis. Under stimulation of low or moderate levels of ROS, P53 can prevent the accumulation of lethal ROS, but when high levels of ROS are produced, P53 causes ferroptosis in cells by inhibiting SLC7A11 transcription (Jiang et al., 2015). Multiple transcription factors can be considered indirect regulatory targets of ferroptosis.
Unlike regulation at the transcriptional level, BECN1 can regulate the activity of system Xc− through post-translational modification. BECN1 binds directly to SLC7A11 to form the BECN1-SLC7A11 complex, rather than interfering with the transcription of SLC7A11. Prior to this, BECN1 requires phosphorylation at Ser90/93/96 via AMP-activated protein kinase (AMPK) (Song et al., 2018).
Amino acid metabolism is the main mechanism regulating protein levels, and both cysteine and glutamate within and outside the cell have an impact on system Xc−. High extracellular glutamate concentrations inhibit the activity of system Xc−, whereas elevated intracellular glutamate concentrations have the opposite effect. If cells are treated with erastin or sorafenib, the intracellular labile iron level will increase and subsequently induce ferritinophagy (Park and Chung, 2019). Wang et al. showed that ferritinophagy activated downstream AMPK and inhibited nuclear translocation of the sterol response element binding protein 1 (SREBP1), resulting in reduced transcription of the branched-chain amino acid aminotransferase 2 (BCAT2). BCAT2 is involved in the de novo synthesis of intracellular glutamate, and inhibition of BCAT2 reduces intracellular glutamate, which induces ferroptosis in cells (Wang et al., 2021). Similarly, inhibition of extracellular glutamine breakdown, which creates extracellular conditions of high glutamate, inhibits ferroptosis (Gao et al., 2015).
Recently, unique mechanisms by which immunotherapy and chemotherapy affect the system Xc− have been reported. It was found that immune-activated CD8+T cells secreted interferon γ (IFNγ) that downregulated the expression of SLC7A11 and SLC3A2 expression (Lang et al., 2019; Wang W et al., 2019). SLC7A11 has also been shown to be a key target for the simultaneous action of immunotherapy and radiation therapy to induce ferroptosis (Lang et al., 2019). These novel studies provide a new research perspective to explore the mechanism of regulation of the system Xc−, and future studies may focus on the effect of the intervention of physiological factors.
Other Parallel Antioxidant Mechanisms
Do cells have only one barrier against ferroptosis? Whether there is a parallel but completely independent antioxidant system with GPX4 and system Xc− has become the key question regarding its antioxidant mechanism. Two research groups, Doll et al. (2019) and Bersuker et al. (2019) described independent mechanisms for cell resistance to ferroptosis almost simultaneously. The researchers determined that in some tumor cell lines, cells were able to resist ferroptosis even when the antiferroptosis system with the core of GPX4 was absent. Through gene sequencing of a large number of cells, the authors identified a previously unrecognized new mitochondrial-associated 2 apoptosis inducing factor (AIFM2), and renamed it “Ferrop-Suppressor-Protein 1” (FSP1). FSP1 must be recruited to the lipid membrane after myristoylation to perform its reductase function (Bersuker et al., 2019). The lipid membrane is rich in ubiquinone (CoQ10), and its reduced form, ubiquinol, can act as a lipophilic radical that traps antioxidant harvesting lipid peroxyl radicals (Doll et al., 2019). To reduce CoQ10, FSP1 must be supported by the coenzyme nicotinamide dinucleotide phosphate (NADPH), so FSP1-CoQ10-NADPH constitutes an independent antiferroptotic system.
In fact, cells contain other parallel antioxidant mechanisms. According to a recent study by Mao et al., there is a unique ferroptosis resistance system in mitochondria, which is dominated by dihydroorotate dehydrogenase (DHODH) (Mao et al., 2021). DHODH in GPX4-deficient cells leads to significant mitochondrial lipid peroxidation. Similarly, to the activity of the FSP1-CoQ10-NADPH axis, DHODH promotes the regeneration of CoQ10, which traps lipid peroxides in the mitochondrial membrane. Intervention with other parallel antioxidant mechanisms is a promising target to inhibit ferroptosis.
LIPID METABOLISM
The Fenton reaction triggered by abnormal iron metabolism leads to an increase in ROS, and an antioxidant system represented by GPX4 can eliminate ROS toxicity to cells, but the link between the two is lipid metabolism within the cell. Phospholipids are a component of cell membranes. ROS generated by the Fenton reaction tends to react with phospholipids (PL) to form hydroperoxy-phospholipids (PLOOH), which are the main elimination target of GPX4 (Magtanong et al., 2016). Phospholipids are lipids containing phosphoric acid, including a hydrophobic part composed of fatty acids and a hydrophilic part containing phosphoric acid. Phospholipids composed of polyunsaturated fatty acids are the main substrate for ROS oxidation (Kagan et al., 2017). Polyunsaturated fatty acids refer to straight chain fatty acids containing two or more double bonds, divided mainly into the omega-6 and omega-3 series (Wiktorowska-Owczarek et al., 2015). In the process of lipid synthesis, the first reaction using fatty acids is to catalyze the conversion of fatty acids into fatty acyl-CoA. The acyl-CoA synthetase long-chain family (ACSLs) is the first enzyme to catalyze the synthesis of phospholipids by acyl-CoA. Among them, long-chain acyl-CoA synthetase 4 (ACSL4) was identified as the key executor of ferroptosis (Yuan et al., 2016).
The preferred substrate for oxidation is phosphatidylethanolamine containing arachidonic acid (AA) and adrenal acid (AdA), and ACSL4 has a strong selectivity for AA-CoA and AdA-CoA (Doll et al., 2017; Dierge et al., 2021). ACSL4 promotes more peroxidable fatty acids to participate in the phospholipid synthesis process, and changes the composition ratio of fatty acids in lipids (Doll et al., 2017). Long-chain acyl-CoA synthetase 1 (ACSL1) adjusts the lipid composition by assembling αESA into diacylglycerols (DAG) and triacylglycerols (TAG). ACSL4 and ACSL1 adjust the content of non-conjugated fatty acids and conjugated fatty acids in lipids to adjust the vulnerability to ferroptosis. Unlike ACSL, lipoxygenase consists of a series of enzymes that catalyze the oxidation of PUFA double bonds to form lipid peroxides. Arachidonate 12-lipoxygenase (ALOX12) mainly catalyzes the oxidation of arachidonic acid, which is closely related to P53-mediated ferroptosis (Chu et al., 2019). P53 can indirectly activate ALOX12 by inhibiting SLC7A11 transcription, causing ferroptosis. It should be noted that although the transcription of SLC7A11 is reduced, it does not have a significant effect on GPX4 and GSH, indicating that this is an independent ferroptosis mechanism of GPX4 and ACSL4 (Chu et al., 2019), which involves 15-lipoxygenase (15LOX) and phospholipid-ethanolamine binding protein-1 (PEBP1) to combine and form a complex. The 15LOX/PEBP1 complex oxidizes various PUFAs to form 15-hydroperoxy-eicosatetraenoyl phosphatidylethanolamine (15-HpETE-PE), an important signaling molecule of ferroptosis (Wenzel et al., 2017; Anthonymuthu et al., 2021).
MDM2 and MDMX are negative regulatory proteins of the P53 gene. However, their role in ferroptosis has nothing to do with P53, but with lipid metabolism (Venkatesh et al., 2020). During ferroptosis, the MDM2-MDMX heterodimer formed by MDM2 and MDMX inhibits the activity of the transcription factor PPARα in a post-translational manner. The PPAR transcription factor family is a large-scale regulator of lipid components, and reduced PPARα activity increases susceptibility to ferroptosis. At the same time, the MDM2-MDMX heterodimer can up-regulate the antioxidant system activity of FSP1-CoQ10 (Venkatesh et al., 2020). In conclusion, the lipid composition of the cell membrane is both the substrate and site of ferroptosis execution, and the regulation of the lipid composition of the cell membrane is an independent mechanism able to regulate ferroptosis.
FERROPTOSIS AND CORONARY ATHEROSCLEROTIC HEART DISEASE
Coronary artery disease refers to a series of diseases with angina pectoris as the main symptom caused by the inability of the coronary blood supply to meet the metabolic needs of the myocardium. Coronary artery disease is a general term for a series of diseases that include coronary atherosclerotic heart disease, coronary artery spasm, and myocardial bridge—of which coronary atherosclerotic heart disease accounts for the vast majority. Coronary atherosclerotic heart disease is a disease characterized by hyperplasia of atherosclerotic plaques. In the early stage of atherosclerosis, endothelial cell ability to resist blood cell attachment is reduced under stimulation of high levels of low-density lipoprotein (LDL) (Verhoye and Langlois, 2009; Trpkovic et al., 2015), hypertension (Quyyumi and Patel, 2010) and inflammation (Weissberg and Bennett, 1999). The expression of adhesion molecules on the surface of endothelial cells is dramatically increased, and the permeability of endothelial cells and the subendothelial extracellular matrix are simultaneously altered (Figure 3). This process is called endothelial dysfunction. Circulating monocytes adhere to the surface of the artery intima under the impact of endothelial cell adhesion molecules and gradually penetrate the arterial intima (Libby et al., 2011). Monocytes entering the intima differentiate into mononuclear macrophages under stimulation of inflammatory factors. Under stimulation of inflammation, the smooth muscle cells of the arterial media are recruited into the intima and merge with smooth muscle cells that settle in the inner membrane (Libby et al., 2011).
[image: Figure 3]FIGURE 3 | The ferroptosis of endothelial cells, smooth muscle cells and macrophages is involved in the pathogenesis of coronary atherosclerotic heart disease. The increased expression of ICAM-1 and VCAM-1 allows monocytes to adhere to the endothelial surface. Due to ferroptosis leading to endothelial dysfunction, monocytes have the opportunity to deform and enter the inner membrane. The monocytes under the inner membrane gradually transform into macrophages. Then some macrophages and smooth muscle cells phagocytose LDL and then form foam cells. In addition, some smooth muscle cells migrate to the plaque surface and secrete a large amount of extracellular matrix such as collagen fibers, forming thick fibrous caps. As the disease progresses, ferroptosis in smooth muscle cells leads to gradual thinning of the fibrous cap. Similarly, foam cells ferroptosis promotes the release of interleukins in the necrotic core. Exfoliation of the endothelium caused by ferroptosis exposes fibrinogen to the tissue. The combination of thin fibrous caps, endothelial stripping, and large amounts of interleukin released from the necrotic core leads to a rapidly forming thrombosis that blocks the coronary artery and causes ACS. LDL, low-density lipoprotein; ACS, acute coronary syndrome.
Endothelial dysfunction also causes the lipid composition of the blood to gradually accumulate under the inner membrane. To remove deposited lipids, especially LDL, monocytes, macrophages, and smooth muscle cells will phagocytose lipids to form foam cells. As lipids and foam cells accumulate and lipid deposition under the inner membrane, a fatty streak gradually forms in the intima, which are the early lesions of atherosclerosis (Maguire et al., 2019; Wang D et al., 2019). However, the phagocytic ability of foam cells is limited and the deposited lipid cannot be engulfed completely. Therefore, a large number of cell components are wrapped by the lipid pool formed by extracellular lipids, and these components together become the basis for the formation of the lipid core. Long-term hypoxia and inflammation in the lipid core cause foam cells to die in a variety of ways, including necrosis and apoptosis. This process releases components such as cell debris, which constitute the main component of the necrotic core (Tabas, 2010). Smooth muscle cells secrete a large amount of extracellular matrix, including collagen fibers and elastin, covering the surface of the necrotic core, which is called the fibrous cap. The necrotic core and fibrous cap together constitute the pathological basis of coronary atherosclerotic heart disease and coronary atherosclerotic plaque formation.
As plaque size increases, coronary lumen stenosis reduces blood supply to cardiomyocytes and presents as angina pectoris. A potentially more lethal process may occur if the plaque thrombus suddenly occludes the coronary arteries and blood flow is drastically reduced. The produces a lack of collateral circulation compensation and can cause acute coronary syndromes (ACS), including unstable angina (UA) and acute myocardial infarction (AMI) (Crea and Libby, 2017). According to current opinions, the causes of acute thrombosis on the plaque surface are divided mainly into two types: plaque rupture (Davies and Thomas, 1984) and plaque erosion (Dai et al., 2018). Plaque rupture is the main cause of ACS. About two-thirds of ACSs are caused by plaque rupture (Arbustini et al., 1999). Plaques that are prone to rupture are called vulnerable plaques. Pathological features of vulnerable plaques include thin fibrous caps, large necrotic cores, and few smooth muscle cells (Finn et al., 2010). Macrophages cause vulnerable plaque rupture and thrombosis through a variety of regulatory cell death methods, including apoptosis (Hutter et al., 2004) and necroptosis (Karunakaran et al., 2016). Unlike macrophages, smooth muscle cells secrete an extracellular matrix to protect vulnerable plaques. The reduction in smooth muscle cells caused by multiple cell death pathways can significantly increase plaque vulnerability (Bennett et al., 2016).
Another vital pathogen that causes the occurrence of ACS is plaque erosion, which is responsible for up to about a third of ACS incidence. Compared to plaque rupture, plaque erosion has smaller necrotic cores, a higher number of smooth muscle cells, and thicker fibrous caps (Crea and Libby, 2017). In fact, the current explanation for the mechanism of plaque erosion is the two-hit hypothesis. De-endothelization of the plaque surface is the initial step of plaque erosion, which is the first hit. Endothelial cell dysfunction or death leads to the activation of platelets in the blood and the release of neutrophil extracellular traps (NETs) by neutrophils (Döring et al., 2017). The above factors are called the second hit, which induces thrombosis on the surface of the plaque. Through the study of the atherosclerosis process, it is easy to see that the death of various cells plays a key role in the occurrence and development of atherosclerosis. Current studies have confirmed that RCD methods such as apoptosis (Hutter et al., 2004), necroptosis (Karunakaran et al., 2016), and pyrolysis (Zhou et al., 2021) all occur in the plaque evolution process. Thus, do macrophages, smooth muscle cells and endothelial cells undergo ferroptosis during plaque progression?
As early as 30 years ago, Sullivan proposed the iron hypothesis, which pointed out that iron accumulation in atherosclerosis increases the risk of cardiovascular disease (Sullivan, 1981). The iron hypothesis is still controversial because the mechanism of iron accumulation leading to coronary atherosclerotic heart disease is not yet fully understood. The iron hypothesis has been widely questioned because hereditary hemochromatosis, a disease characterized by iron deposition throughout the body, not only reduces the risk of coronary atherosclerotic heart disease but also reduces the incidence (Mascitelli and Goldstein, 2014). Recent studies have shown that HFE gene mutations in patients with hemochromatosis regulate the expression of LDL receptors in liver cells and Kupffer cells. Under iron stimulation, HFE-deficient Kupffer cells phagocytose LDL-C in large amounts and reduce blood lipid levels (Demetz et al., 2020). Therefore, the reduced risk of coronary atherosclerosis in patients with hemochromatosis patients is actually related to the secondary low plasma level of LDL-C, which once again perfects and verifies the correctness of the iron hypothesis. Since the iron hypothesis was proposed, it has been widely recognized after continuous improvement, but the specific mechanism of iron deposition leading to atherosclerosis has not yet been fully elucidated.
The discovery of ferroptosis may explain the biological effects of iron accumulation. A recent study found that the SIRT1 autophagy axis in foam cells can inhibit ferroptosis induced by excessive iron (Su et al., 2021). By adding the exogenous iron agent ferric ammonium citrate to THP-1 cells, Su et al. confirmed that excessive iron induced ferroptosis in foam cells. Excess iron inhibits the SIRT1-autophagy axis of foam cells and reduces GPX4, both of which together induce foam cell ferroptosis (Su et al., 2021). Ferroptosis foam cells will release large amounts of inflammatory mediators such as IL-1β and IL-18. IL-1β and IL-18 belong to the IL-1 family of cytokines, and both are processed by caspase-1 for their activation (Pfeiler et al., 2019). Furthermore, early studies have confirmed that IL-1β and IL-18 can not only promote the progression of atherosclerosis (Mallat et al., 2001; Kirii et al., 2003) but also cause late plaque instability (Mallat et al., 2001) and induce myocardial infarction (Seta et al., 2000). Therefore, macrophage ferroptosis and foam cells derived from macrophage ferroptosis are present throughout the process, from early plaque formation to late plaque instability.
Regulating macrophage ferroptosis and foam cells derived from macrophages has become a novel target for the treatment of coronary atherosclerotic heart disease. Iron is a necessary condition for macrophage ferroptosis, and the most important pathway for macrophage iron regulation is the hepcidin-FPN axis (Wunderer et al., 2020). Hepcidin degrades FPN on the surface of macrophages, the only iron export protein, thus increasing the iron content of macrophages (Donovan et al., 2005). If hepcidin expression is suppressed, macrophages can excrete excess iron and cholesterol, which reduces foam cell formation and the progression of atherosclerosis (Saeed et al., 2012). When the iron content is increased or under inflammatory conditions, bone morphogenetic protein (BMP) stimulates the expression of hepcidin. Similarly, inhibition of BMP can also significantly delay atherosclerosis and vascular calcification (Derwall et al., 2012). Although current studies have confirmed the two facts that macrophage ferroptosis promotes the progression of atherosclerosis and hepcidin interferes with the process of atherosclerosis by regulating iron content, the link between macrophage ferroptosis and hepcidin has not been confirmed. Whether hepcidin can affect the development of atherosclerosis by regulating macrophage ferroptosis has become a current research hotspot.
Smooth muscle cells are the cellular components of the fatty streak and the most important source of extracellular matrix secretion in plaques. Unlike macrophages, smooth muscle cell death interferes mainly with plaque vulnerability by affecting the components of the fibrous cap on the surface of the plaque (Bennett et al., 2016). Smooth muscle cells secrete collagen fibers, the main component of the fibrous cap. As smooth muscle cells die through various pathways, the thickness of the fibrous cap becomes thinner due to reduced secretion and degradation of collagen fibers (Allahverdian et al., 2018). Thin cap fibrous atheroma is usually responsible for acute cardiovascular events. Therefore, when smooth muscle cells die in the form of ferroptosis caused by various triggers, such as smoking and diabetes, it is likely to promote plaque rupture and lead to ACS. Sampilvanjil et al. extracted the components of the gas phase of cigarettes, which are the main components of cigarettes that induce cardiovascular disease, mainly including acrolein and methyl vinyl ketone (Sampilvanjil et al., 2020). Smooth muscle cells treated with components of the gas phase of cigarettes showed obvious ferroptosis characteristics, such as increased expression of PTGS2, increased active oxygen content of lipids, and depletion of GSH. Smooth muscle cells overexpressing GPX4 cannot escape ferroptosis induced by gas phase extracts. However, iron chelators and N-Acetyl-L-cysteine (an antioxidant that can replace GSH) can prevent ferroptosis of smooth muscle cells, demonstrating that cigarettes can induce ferroptosis by depleting GSH within smooth muscle cells (Sampilvanjil et al., 2020). Moreover, ferroptosis can also promote vascular calcification to cause coronary atherosclerotic heart disease (Durham et al., 2018).
Coronary artery calcification is an independent risk factor for coronary atherosclerotic heart disease and is closely related to plaque rupture (Nicoll and Henein, 2014). Smoking, diabetes, metabolic syndrome, chronic kidney disease, and oxidative stress are closely related to smooth muscle cell-induced vascular calcification (Durham et al., 2018). Oxidative stress has been identified as an initiating factor for smooth muscle cell-mediated phenotypic transformation and calcium salt secretion (Byon et al., 2008). Ma et al. used palmitic acid to stimulate smooth muscle cells to construct an in vitro model of oxidative stress, and found that smooth muscle cells produce ferroptosis and promote calcification deposition (Ma et al., 2021). In terms of mechanism, the extracellular matrix protein periostin (POSTN) negatively regulates the expression of SLC7A11 by inhibiting the expression of the smooth muscle cell P53 gene. After pretreatment with metformin, the ferroptosis of smooth muscle cells was significantly reduced, and the calcification deposition disappeared. In conclusion, metformin activates the antioxidant system of smooth muscle cells to resist ferroptosis and secondary calcification through the Nrf2 signaling pathway, which finally confirmed the close connection between ferroptosis and vascular calcification. Preventing coronary heart disease by intervening in smooth muscle cell ferroptosis will become another promising independent therapeutic target.
It was reported that endothelial cell ferroptosis contributes to the activation of adhesion factor and thrombus formation. The mechanism that triggers endothelial dysfunction is mainly related to endothelial cell oxidative stress, and ferroptosis also plays a role in oxidized low-density lipoprotein (oxLDL)-induced endothelial cell dysfunction (Bai et al., 2020). When endothelial cell dysfunction occurs, adhesion molecules on the surface of endothelial cells are overexpressed, including the intercellular adhesion molecule-1 (ICAM-1) and the vascular cell adhesion molecule-1 (VCAM-1) (Habas and Shang, 2018). The ferroptosis inhibitor Fer-1 reversed ICAM-1 and VCAM-1 expression secondary to the reduction in ferroptosis of endothelial cells and restored vascular endothelial cell function. GPX4, as an important protein of cellular antioxidant system, plays an important protective role in ferroptosis. Surprisingly, the endothelial cell-specific knockout of GPX4 did not damage vascular homeostasis in mice with a normal diet (Wortmann et al., 2013). Similarly, in vitro treatment of vitamin E deficient medium resulted in GPX4 knockout endothelial cell ferroptosis. Under these conditions, when mice were fed a diet deficient in antioxidant vitamin E, thrombotic events occurred in almost all mice. This may indicate that we can avoid ferroptosis and endothelial cell dysfunction by regular intake of antioxidants such as vitamin E. Besides, when the human body inhales PM2.5, the molecular mechanisms of ferroptosis in endothelial cells as the first line of defense include GSH depletion combined with iron metabolism disorder (Wang and Tang, 2019). Zinc oxide nanoparticles (ZnONPs), widely used in cosmetics, rubber, and pigments, promote NCOA4-mediated ferritinophagy in endothelial cells (Qin et al., 2021). Ferroptosis of endothelial cells mediated by ferritinophagy causes endothelial dysfunction and intense vascular inflammation. In summary, endothelial cells ferroptosis plays an important role in promoting atherosclerosis, and inhibition of ferroptosis by improving antioxidant metabolism may be a new target for protecting atherosclerosis.
FERROPTOSIS AND MYOCARDIAL ISCHEMIA REPERFUSION INJURY
Coronary artery subtotal occlusion or complete thrombosis-induced occlusion is likely to cause the onset of AMI. When AMI occurs, the blood supply to myocardial cells is interrupted and the cells are in a state of severe hypoxia. Unfortunately, the rapid improvement in blood supply in the ischemic myocardium can aggravate the degree of myocardial injury. Ischemia-reperfusion is one of the main mechanisms of myocardial injury (IRI) caused by AMI, and can be responsible for up to 50% of the infracted myocardial area (Lillo-Moya et al., 2021). The previous theory believed that IRI was related to xanthine oxidase and NADPH oxidase levels, and to mitochondrial activity, but new research shows that ferroptosis also plays an important role. (Tang et al., 2021b). found that only during the reperfusion period, the expression of ferroptosis markers MDA and ACSL4 was significantly increased, accompanied by a down-regulation of GPX4 expression in the Sprague-Dawley rats (SD) model of IRI (Tang et al., 2021a). SD rats injected with the ferroptosis inhibitor DFO before IRI have up-regulated GPX4 expression during reperfusion, accompanied by a decrease in myocardial infarction area and a decrease in creatine kinase (CK) levels. After ischemia-reperfusion, the up-regulation of USP7 expression promotes the progression of ferroptosis through the USP7/P53/TfR1 pathway (Tang et al., 2021b). TfR1 takes transferrin in the blood into cardiomyocytes and provides the initiating factor iron for cardiomyocyte ferroptosis. These studies confirmed that ferroptosis was involved in myocardial IRI. More importantly, ferroptosis of myocardial cells occurs primarily during reperfusion (Tang et al., 2021a).
Diabetes is one of the most important risk factors for AMI. The incidence of myocardial ischemia in patients with diabetes is significantly higher than in the normal population (Ndumele et al., 2016). If diabetic patients experience myocardial IRI, ferroptosis and stress of the endoplasmic reticulum can promote each other and aggravate myocardial IRI within a state of high glucose and hypoxia (Li et al., 2020). In the study, compared to the control group, the degree of myocardial damage in the diabetes group increased dramatically, accompanied by ferroptosis and endoplasmic reticulum stress. Application of the ferroptosis inhibitor Fer-1 or the endoplasmic reticulum stress inhibitor salubrinal or tunicamycin can significantly reduce ferroptosis and endoplasmic reticulum stress, demonstrating that ferroptosis and endoplasmic reticulum stress mutually induce and promote diabetic myocardial IRI.
Existing studies have confirmed the important role of ferroptosis in myocardial ischemia-reperfusion. Therefore, suppressing ferroptosis during ischemia-reperfusion may become a new therapeutic strategy to protect the myocardium. Before reperfusion, Feng et al. administered Lip-1 to mice, a potent specific inhibitor of ferroptosis, which reduced the level of VDAC1 and increased the activity of GPX4 (Feng et al., 2019). Lip-1 also has the ability to maintain mitochondrial function and reduce the area of myocardial infarction. A variety of VDACs are embedded on the surface of the outer mitochondrial membrane (OMM), including VDAC1, VDAC2, and VDAC3. Among them, the oligomerization of VDAC1 induced the occurrence of apoptosis. A mechanism by which erastin induces ferroptosis is that of binding directly to VDAC2 on the surface of the OMM, which changes the permeability of mitochondria (Keinan et al., 2013). Lip-1 induces the opposite effect of erastin and cannot act on VDAC2. Lip-1 shuts down VDAC1 on the surface of OMM and weakens the ability of the VDAC1/GRP75/IP3R1 complex to transport Ca2+ to mitochondria, which inhibits cardiomyocyte apoptosis. Moreover, Lip-1 can strongly eliminate ROS and significantly reduces the ferroptosis of myocardial cells (Keinan et al., 2013). Therefore, Lip-1 may be a drug with great potential to protect cardiomyocytes from IRI.
FERROPTOSIS AND HEART FAILURE
Subsequent to insufficient blood supply and myocardial IRI caused by coronary atherosclerotic heart disease, a considerable number of patients exhibit a reduction in the number of myocardial cells and present severely damaged cardiac contractile function (Yancy et al., 2013). HF is a highly heterogeneous disease and is the common final result of various cardiovascular diseases, including coronary heart disease, cardiomyopathy, IRI, valvular disease, and hypertension, which develop to the advanced stage (Lakhal-Littleton et al., 2015). In addition to the fact that ferroptosis plays a driving role in various diseases causing HF there are also unique factors that induce ferroptosis to accelerate the progression of HF. In the development of HF, the imbalance of cardiac iron homeostasis can accelerate ferroptosis-mediated HF. Various iron metabolism abnormalities ultimately affect the content of labile iron pool in cells. If the FPN expressed by cardiomyocytes is specifically knocked out, the mice will show a significant increase in left ventricular diameter with a decrease in the ejection fraction (Fang et al., 2020). The non-specific knockout of the Hamp gene, which encodes hepcidin, in mice has been reported to lead to increased iron accumulation in the mouse heart, but did not significantly lead to the onset of cardiovascular disease (Zheng et al., 2021). This is because after hepcidin knockout, although the overall iron content in the heart increased significantly, iron was deposited mainly in noncardiomyocytes, which is the key difference between the two models. Similarly, knocking out Fth in the mouse heart specifically causes intracellular iron metabolism disorders, which can also lead to severe myocardial hypertrophy and myocardial damage (Chen et al., 2019). In addition, the study by Ito et al. found that the mice that specifically knocked out NCOA4 had significantly stronger cardiac function than the wild group after performing transverse aortic constriction (Ito et al., 2021). Their study confirmed that knocking out NCOA4 reduces the occurrence of ferritinophagy, which provides a beneficial help for inhibiting labile iron pool. Other studies confirmed that overexpression of SLC7A11 or exposure to of Fer-1 treatment in mice abolished pathological changes in the myocardium, which showed that myocardial iron metabolism disorder caused heart failure through ferroptosis of myocardial cells (Stevenson et al., 2019).
The noncoding RNA circSnx12 can up-regulate the downstream target miR224-5p, and can combine with the 3′UTR region of FTH1 to down-regulate its expression (Zheng et al., 2021). In addition to iron metabolism disorders, there are other mechanisms involved in the process of HF. The receptor 4 (TLR4)-NADPH oxidase 4 (NOX4) pathway is up-regulated in cardiomyocytes of mouse models of HF (Chen et al., 2019). TLR4 is the key to activating inflammation, and activation of inflammation promotes the appearance of cardiomyocyte autophagy and the up-regulation of NOX4. NOX4 is the downstream executor of cardiomyocyte ferroptosis. Another study found that NOX4 in heart samples from patients with advanced HF of ischemic cardiomyopathy promoted myocardial inflammation and myocardial fibrosis, which can be mutually verified with the above study (Stevenson et al., 2019). Myocardial fibrosis is the pathological basis for the heart remodeling process in HF. Mixed lineage kinase 3 (MLK3), a member of the MAP3K family, causes myocardial fibrosis by promoting ferroptosis in the late stage of congestive HF (J. Wang et al., 2020). It is worth mentioning that the plant antioxidant puerarin is an effective inhibitor of ferroptosis during heart failure. Puerarin can inhibit NOX4 activity and, at the same time, up-regulate the expression of GPX4 and FTH1, and thus, it can delay cardiomyocyte damage and deterioration of heart function (Liu et al., 2018). In the future, including ferroptosis as a therapeutic target may represent an effective breakthrough in the treatment of heart failure.
FERROPTOSIS AND CLINICAL APPLICATION
With the development of basic research related to ferroptosis, combining ferroptosis with clinical applications has gradually become the next important research direction. The clinical application of ferroptosis-related targets is currently in its infancy. The current clinical research results may enlighten us several potential intervention targets in clinical applications. Since it is difficult to collect ferroptosis indicators in clinical practice, most studies focus on iron metabolity-related indicators, such as serum iron, serum ferritin, transferrin and soluble transferrin receptors. These targets with translational medicine potential could be key to controlling the progression of cardiovascular disease in the future.
Since Sullivan’s hypothesis, people have focused on the relationship between serum iron and atherosclerotic diseases (Sullivan, 1981). The incidence of acute myocardial infarction was significantly higher in patients with elevated serum ferritin than in patients with reduced serum ferritin (Moradi et al., 2015). However, lower ferritin levels did not improve all-cause mortality from cardiovascular disease (Zacharski et al., 2007). There are many factors influencing the level of serum ferritin. Under pathological conditions such as inflammation and tumors, the level of serum ferritin will increase significantly. Therefore, we need more accurate predictors to link ferroptosis with coronary atherosclerotic heart disease. The soluble transferrin receptor (sTfR) is derived from the cell membrane surface receptor through hydrolysis, and it exists as a complex with transferrin in the blood. Although the concentration of soluble ferritin receptors is not directly related to the risk of coronary atherosclerotic heart disease, the concentration of sTfR increases with the number of affected coronary arteries (Braun et al., 2004). Hepcidin concentration also has limited predictive value for the risk of future myocardial infarction or cardiovascular death (Zeller et al., 2018). However, intrinsic Iron release, defined as low levels of hepcidin (<24 ng/ml) and high levels of sTfR (≥2 mg/L), has been associated with a significant reduction in cardiovascular mortality in patients with coronary atherosclerotic heart disease (Ruhe et al., 2018).
Elevated levels of ferritin and hepcidin were highly associated with a higher risk of new-onset heart failure in women but not in men (Klip et al., 2017). Alternatively, disorders in iron intake and absorption in patients with heart failure often result in iron deficiency (ID). Iron not only causes ferroptosis in the body, but also assists in oxygen transport and mitochondrial function. Hence, iron supplementation has become a widely accepted treatment for heart failure patients with ID. Intravenous administration of ferric carboxymaltose for 1 year significantly improves the results of 6-min walking trials in both anemic and non-anemic patients (Ponikowski et al., 2015). In patients with heart failure with ID, serum iron metabolism-related proteins could not correctly predict cardiac ferroptosis levels and heart failure mortality. All in all, it is difficult to use ferroptosis indicators as accurate predictors or therapeutic targets in clinical practice so far.
DISCUSSION
In recent years, research on the occurrence of ferroptosis and disease has gradually improved. More and more mechanisms related to the regulation of ferroptosis have been discovered, such as the FSP1-CoQ10-NADPH axis and DHODH antioxidant system. But there are still many unsolved mysteries. To date, the major research directions have focused on ferroptosis and tumors. By studying the regulatory pathways that promote tumor cell ferroptosis, we can provide new directions to prolong the survival of tumor patients. In addition, degenerative diseases of the nervous system, liver disease, and kidney disease are also hotspots in ferroptosis research. Due to the high incidence and mortality of cardiovascular diseases, these have gradually become the number one killer of human health. However, our understanding of the pathogenesis and treatment of cardiovascular disease is limited. After the discovery of apoptosis, researchers have confirmed its important role in cardiovascular disease. With the improved understanding of regulatory cell death, other modalities of regulatory cell death, such as necroptosis and pyrolysis, are believed to occur in cardiovascular diseases. Research on ferroptosis and cardiovascular disease is still in its infancy, and most existing studies have confirmed the existence of ferroptosis in cardiovascular disease. As we gradually deepen our understanding of the role of ferroptosis, this mechanism will become a potential breakthrough point in the treatment of cardiovascular disease.
Research on the mechanism of ferroptosis is a prerequisite for clinical treatment and application. The iron hypothesis has been a controversial issue for many years since it was put forward. The recent discovery that iron metabolism disorder is the first step in ferroptosis may be a strategy to quell the controversial issue of iron hypothesis. According to previous theories, the antioxidant system with GPX4 at the core is the only anti-ferroptosis mechanism. The FSP1-CoQ10-NADPH axis and the DHODH antioxidant system suggest that ferroptosis may be regulated by a variety of independent antioxidant mechanisms. The chemical structure of phospholipids is also a target for regulating ferroptosis. The structure of the phospholipid bilayer membrane of different ratios of fatty acid composition gives cells different degrees of vulnerability to ferroptosis. The discovery that conjugated and nonconjugated fatty acids have different ferroptosis characteristics has provided a novel insight for a strategies for intervention, that is, in the future, it is possible to alter the proportion of fatty acids by optimizing dietary intake by the population as a strategy to achieve the goals of prevention and treatment.
In terms of basic research, ferroptosis has been investigated in terms of coronary atherosclerotic heart disease progression to IRI and even HF. Existing research is limited to in vitro cell-based experiments and animal studies, and there is almost no verification of the pathological development process mentioned above in human samples. Further verification of the role of ferroptosis in human specimens will be the goal of the next stage of research. Arrhythmia-related diseases have so far been the blind spot in ferroptosis studies. In the future, exploring whether ferroptosis is related to arrhythmia may be part of the research prospects.
In clinical application, iron metabolism indicators can only predict the risk of AMI or initial heart failure in a limited manner. Since iron metabolism-related indicators are interfered by many other factors in the human body, more independent predictors of ferroptosis need to be discovered in the future.
In summary, current research has preliminarily shown that ferroptosis is closely related to a variety of cardiovascular diseases. Regulating ferroptosis will be one of the most promising emerging targets to improve the prognosis and the survival rate of cardiovascular diseases.
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Background: Xinmailong (XML) injection is a CFDA-approved traditional Chinese medicine with clinical value for heart failure treatment. The present investigation was aimed to evaluate the potential protective roles of this injection on myocardial ischemia and the underlying molecular mechanism.
Methods: In our study, we selected two models of myocardial ischemia rats. Rats were randomly divided into six groups, with saline or XML administrated 4 days before ischemia model establishment. ECG of different time intervals and biochemical parameters of end point were measured. The potential mechanisms of the protective role of XML were explored using system pharmacology and molecular biology approaches.
Results: Myocardial ischemia rats demonstrated abnormal ECG and serum levels of cTnT. Pretreatment with XML significantly attenuated these damages, especially the medium doses. GO and KEGG analysis revealed that the 90 putative target genes were associated with pathways of fatty acid absorption/metabolism, inflammation, RAAS, and vascular smooth muscle. Further network pharmacology method identified five main chemical ingredients and potential targets of XML injection for myocardial ischemia. Mechanically, the beneficial effect of XML injection was mediated by the reactive oxygen species (ROS) inhibition and inflammation attenuation via regulating the expression levels of targets of PKC and PLA2.
Conclusion: These findings indicate that XML exerts protective effects against myocardial injury, with attenuated ROS production, apoptosis, and inflammation. Therefore, we speculate that XML may be an alternative supplementary therapeutic agent for myocardial ischemia prevention.
Keywords: xinmailong injection, myocardial ischemia, network pharmacology, Protein kinase C, PLA 2
INTRODUCTION
The cockroach has a long history of the treatment of disease in traditional Chinese medicine. It is bitter in taste and cold in nature, with the component activities associated with heart function enhancement, increased urine amount, and improved microcirculation (Luo et al., 2014). Xinmailong (XML) injection is a bioactive composite extracted from the cockroach that has been approved by the China State Food and Drug Administration (CFDA) in 2006 (2016). XML has been shown to have outstanding curative effects against cardiovascular injury in chronic heart failure owing to its activities of dilating the coronary arteries, antagonizing activation of neuroendocrine systems, increasing blood supply to cardiac muscle, improving cardiac function, and antagonizing ventricular restructuring (Ma et al., 2013; Liu et al., 2014). XML is currently adopted as an optional treatment for chronic congestive heart failure patients in the clinic (Ma et al., 2013; Liu et al., 2014). In addition, XML injection was reported to mitigate epirubicin (EPI)-induced cardiotoxicity in vivo (Li et al., 2016).
Myocardial ischemia is a pathological state of the heart that leads to the decrease of oxygen supply to the heart and abnormalities in myocardial energy metabolism, both of which result in further damage to the heart (Heusch, 2016). This disease results in a reduction of the blood flow to the myocardium. A prolonged duration of ischemia can induce myocardial infarction (MI), which is a common cause of heart failure (HF) (Gheorghiade and Bonow, 1998; Tanai and Frantz, 2015). Thus, early intervention in myocardial ischemia should restore blood flow and improve the clinical outcomes for patients with cardiovascular diseases (CVDs) such as HF and MI.
In the present study, we aim to explore whether XML injection is an effective pharmacological intervention for the early treatment of myocardial ischemia. Since Chinese herbal medicines contain multiple active compounds, and each compound can target different genes and proteins, we hoped to identify the key herbal ingredients and therapeutic targets involved in its disease prevention properties.
MATERIALS AND METHODS
Chemicals
XML injection was provided by Tengchong Pharmaceutical Company Limited by shares Yunnan (Yunnan, China). This drug is manufactured in accordance with applicable Good Manufacturing Practice (GMP) and CFDA standards. HPLC analysis was performed to identify its chemical characteristics. Isoproterenol was obtained from Harvest Pharmaceutical Co., Ltd. (Shanghai, China). Propranolol was purchased from Sigma-Aldrich Co. (St. Louis, MO, United States).
Animals
Adult male Sprague–Dawley (SD) rats, weighing 160–180 g, were purchased from the Animal Center of the Peking University Health Science Center (Beijing, China). Animals were housed in light-controlled and air-conditioned rooms for 7 days for adaptation before experiments. Standard laboratory chow and water were provided ad libitum. Animal experiments were performed in accordance with the “Guidelines for Animal Experiment” and approved by the Animal Care Committee of the Peking University Health Science Center.
SD rats were randomly selected into groups that received normal saline or three different concentrations of XML injection or propranolol (10 mg/kg) every day for a total of 4 days. 30 min after the final administration, two types of in vivo myocardial ischemia models were induced. The rats were either subcutaneously injected with isoproterenol (5 mg/kg) or their left anterior descending coronary artery was ligated, while control rats were not (Wu et al., 2011). Heart myocardial ischemia was assessed using the noninvasive cardiac imaging technology of echocardiography (ECG) and by measuring the serum levels of cardiac troponin T (cTnT) biomarker.
Electrocardiographic Recordings
Surface electrocardiographic (ECG) recordings were obtained from rats that were anesthetized with sodium pentobarbital. For the ECG analysis, the onsets and offsets of the P, Q, R, S, and T waves were determined by measuring the earliest (onset) and the latest (offset) times from lead II.
Network Pharmacology-Based Analysis
Published literature and the BATMAN-TCM databases were used to identify XML ingredients. Active ingredients were identified using SwissADME, while candidate targets for each ingredient were predicted using the SwissTargetPrediction database. Disease-associated target prediction was performed using DisGeNET, Therapeutic Target Database (TTD), and OMIM databases. The relevant protein–protein interaction networks were extracted from the Human Protein Reference and STRING databases. The Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway database and Gene Ontology (GO) map were used to analyze the disease-related targets and pathways. Finally, an ingredient-target-pathway network was constructed using Cytoscape software (version 3.8.2) to provide a systematic overview of potential target genes and mechanisms for XML action.
Reverse Transcription and Real-Time PCR
Heart tissue was homogenized and lysed with Trizol reagent (Invitrogen, United States) according to the manufacturer’s instructions. Extracted RNA samples were transcribed into cDNA using the RevertAid RT Reverse Transcription Kit (Thermo, United States). Amplifications were performed with the ROCHE LightCycler 480 Real-Time PCR with the primers listed in Table 1, with the conditions of initial denaturation at 95°C for 2 min followed by 40 cycles of 95°C for 15 s and 60°C for 1 min. Gene transcript abundance levels were normalized to those for GAPDH.
TABLE 1 | Primers used for quantitative real-time RT-PCR.
[image: Table 1]Measurement of Serum Cardiac Troponin T (cTnT) Levels
Blood was collected from the orbital venous of rats 2 hours after isoproterenol administration or coronary artery ligation. Serum was collected by centrifugation, and the cTnT content was quantified using a double-antibody sandwich ELISA.
Western Blot Analysis
Heart tissue was homogenized and tissue protein was quantified using the Bradford method. Sixty micrograms of protein was loaded onto an SDS-PAGE gel, separated, and transferred onto a PVDF membrane (Millipore, United States). Antibodies for Bcl-2 (CST, United States), Bax (CST, United States), and GPADH (CST, United States) were diluted 1:1000 and incubated with the membrane overnight at 4°C. The next day, the membrane was washed and incubated with secondary antibodies and then visualized using a luminescence ChemiDoc XRS (Bio-Rad, United States).
Statistical Analysis
Results are shown as mean ± standard error. Differences between the control and experimental groups were evaluated by one-way ANOVA. p < 0.05 were considered to be statistically significant.
RESULTS
XML Pretreatment Improves Response to Myocardial Ischemia
To explore whether XML injection could be an effective pharmacological intervention for myocardial ischemia, two different types of animal models were established. The first is the isoproterenol-induced myocardial ischemia rat model (Viswanadha et al., 2021), and the second is the acute myocardial infarction rat model induced by the ligation of the left anterior descending coronary artery (Li et al., 2021).
Isoproterenol-induced myocardial ischemia is a classical model used to screen for the cardioprotective effects of pharmacological interventions (Allawadhi et al., 2018). In our study, six groups of SD rats were generated: CON (saline pretreatment for 4 days followed by normal saline injection, n = 5), ISO (saline pretreatment for 4 days followed by isoproterenol injection, n = 5), IX-L (31.25 mg/kg XML pretreatment for 4 days followed by isoproterenol injection, n = 5), IX-M (62.5 mg/kg XML pretreatment for 4 days followed by isoproterenol injection, n = 6), IX-H (125 mg/kg XML pretreatment for 4 days followed by isoproterenol injection, n = 5), and IP (propranolol pretreatment for 4 days followed by isoproterenol injection, n = 5) (Figure 1A). Electrocardiograph (ECG) is the most common test used in the clinic to assess suspected or known cases of myocardial ischemia (Fabiszak et al., 2021). Changes in the ST segment and T-wave should be observed if myocardial ischemia has occurred (Thygesen et al., 2018). Our study showed significant alterations in the ECG patterns in ISO-induced rats compared to normal CON rats (Figure 1B). ECG recordings showed significantly longer T intervals in the ISO rats (Figure 1C). Low and medium doses of XML injection to ISO rats significantly reduced the changes in T intervals, while the medium and high doses of XML reduced the prolonged time for heart rate (Figure 1C, Supplementary Figure S1). Serum cTnT levels have been considered to be a specific marker for myocardial damage, with increases in levels supporting the involvement of myocardial dysfunction (Cullen et al., 2017). cTnT levels were significantly increased in the treatment groups compared with the CON group, with pretreatment with medium and high doses of XML injection reducing the increases in cTnT levels (Figure 1D). These findings suggest that XML pretreatment attenuated cardiac injury induced by isoproterenol exposure, especially for the medium dose.
[image: Figure 1]FIGURE 1 | Protective effect of XML on isoproterenol-induced myocardial ischemia in a rat model. (A) Timeline of drug administration. CON rats (n = 5) were treated with normal saline, while test groups received an XML injection (low dose—L (n = 5), medium dose—M (n = 6), high dose—H (n = 5)), or propranolol (10 mg/kg) (n = 5) for a total of 4 days 30 min after the final administration, rats were subcutaneously injected with isoproterenol (5 mg/kg) to induce the myocardial ischemia model. Heart contractile function was assessed using the noninvasive cardiac imaging technology of echocardiography (ECG) and by measuring the levels of the cardiac troponin T (cTnT) biomarker. (B) Electrocardiogram recordings of SD rats. (C) T interval of rats in each group. (D) cTnT levels for each group. Asterisk (*) refers to statistical significance in comparisons with the CON group (*p < 0.05, **p < 0.01), while # refers to comparisons with the ISO group (#p < 0.05, ##p < 0.01,###p < 0.005).
For the second myocardial ischemia model, the left coronary artery was ligated, which should lead to a variable degree of left ventricular myocardial ischemia (Okninska et al., 2021). As above, in this study, our SD rats were also assigned into six groups: Sham (saline pretreatment for 4 days following sham, n = 5), MI (saline pretreatment for 4 days followed by coronary artery ligation, n = 4), MX-L (15.625 mg/kg XML pretreatment for 4 days followed by coronary artery ligation, n = 5), MX-M (31.25 mg/kg XML pretreatment for 4 days followed by coronary artery ligation, n = 6), MX-H (62.5 mg/kg XML pretreatment for 4 days followed by coronary artery ligation, n = 5), and MP (propranolol pretreatment for 4 days followed by coronary artery ligation, n = 6) (Figure 2A). After ligation of the coronary artery, heart function was assessed by ECG and measurement of serum cTnT levels. Ml rats showed significantly longer T intervals and higher cTnT levels (Figures 2B–D), which is consistent with previous findings that coronary occlusion causes an immediate cessation of aerobic metabolism in the ischemic myocardium and durations of coronary occlusion exceeding 60–90 min is considered to be irreversible (Ilic et al., 2021). XML pretreatment significantly altered the upregulation of ΔT amplitude and cTnT level, especially for the MX-M group. For this model, a decreased heart rate was observed in each group with the prolonged time; however, XML injection had no effect on it (suppl. Figure 2). The above data indicate that XML administration for 4 days has protective activity against myocardial ischemia induced by coronary artery ligation.
[image: Figure 2]FIGURE 2 | Protective effect of XML on myocardial ischemia induced by ligation of the left anterior descending coronary artery in the rat. (A) Timeline of drug administration. Rats received a pretreatment with normal saline (n = 4) or XML injection (low dose—L (n = 5), medium dose—M (n = 6), high dose—H (n = 5)), or propranolol (10 mg/kg) (n = 6) for a total of 4 days. The left anterior descending coronary artery of rats was ligated 30 min after the final administration to induce the myocardial ischemia model. Heart contractile function was assessed by the noninvasive cardiac imaging technology of echocardiography (ECG) and measurement of serum cardiac troponin T (cTnT) biomarker levels. (B) Electrocardiogram recordings of SD rats. (C) T interval of the rats in each group. (D) cTnT levels for each group. Asterisk (*) refers to statistical significance in comparisons with the CON group (*p < 0.05, **p < 0.01, ***p < 0.005), while # refers to comparisons with the MI group (#p < 0.05, ##p < 0.01,###p < 0.005).
Network Pharmacology Analysis of XML
To elucidate the molecular mechanisms of the beneficial effects of XML injection on myocardial ischemia, we first used the network pharmacology method. Published literature and the BATMAN-TCM database were used to identify XML ingredients, and the active components were screened using the SwissADME database. A total of 17 ingredients with high levels of GI absorption and drug-likeness were identified in XML injection (Table 2). From these ingredients, a total of 198 targets, with duplicates removed, were predicted by the Swiss Target Prediction database (Figure 3A). Potential targets for myocardial ischemia were screened using the GeneCards, OMIM, and DisGeNET databases. In total, 1658 gene targets were identified after duplicates were removed (Figure 3A). A Venn diagram was created to visualize the overlap in genes related to active XML ingredients and myocardial ischemia (Figure 3A), which identified 90 intersecting genes.
TABLE 2 | Basic information on the active compounds in XML injection.
[image: Table 2][image: Figure 3]FIGURE 3 | Overlap of genes associated with XML treatment and myocardial ischemia and their functions. (A) An intersection generated between genes related to XML-active targets and myocardial ischemia. (B) Protein–protein interaction network of the overlapped genes for XML and myocardial ischemia. (C) The top 2 MCODEs from the PPI network. (D) Most enriched KEGG pathways for XML and myocardial ischemia overlapped genes.
The 90 intersected genes were analyzed using STRING software, with a coefficient of 0.4 indicating correlation (Figure 3B). A PPI network should facilitate our understanding of the regulatory roles of targets. The importance of the functional module in the PPI network is described by the MCODE score (Supplementary Figure S3), and we named the two largest as MCODE1 (containing 64 nodes) and MCODE2 (containing 43 nodes) (Figure 3C). The biological processes of these top 2 MCODEs include “adenylate cyclase–modulating G protein–coupled receptor signaling pathway,” “regulation of catecholamine secretion,” “blood circulation,” and “fatty acid transport,” all of which were strongly associated with the pathological mechanisms of myocardial ischemia (Table 3).
TABLE 3 | Main biological processes of the top 2 MCODE gene functions.
[image: Table 3]To further examine the functions of the 90 overlapping target genes, GO and KEGG enrichment analyses were carried out. As shown in Figure 3D, pathways related to fatty acid absorption/metabolism, inflammation, RAAS, and vascular smooth muscle were identified, including the terms “PPAR signaling,” “arachidonic acid metabolism,” “renin-angiotensin system,” “regulation of lipolysis in adipocytes,” “aldosterone-regulated sodium reabsorption,” and “VEGF signaling pathway”. The GO map contains the top molecular functions of “oxidoreductase activity” and “protein kinase C activity,” and the top biological processes of “circulatory system process,” “lipid localization and transport,” and “inflammation response” (suppl. Figure 4).
[image: Figure 4]FIGURE 4 | XML ingredient-target-pathway network. Blue circles represent active components, yellow rectangles represent target genes, and green diamonds represent pathways. The size of a node represents its degree. The larger the area, the more important the node.
Network pharmacology can analyze the relationship between drugs, targets, metabolic pathways, and diseases by constructing a network model (Hopkins, 2008). Based on the target and pathway analyses, an entire ingredient-target-pathway network was constructed (Figure 4). In this network, we identified the top five chemical ingredients in XML injection, which were “11-hexadecenoic acid, methyl ester,” “hexadecanoic acid,” “tridecanoic acid, 12-methyl-, methyl ester,” “hexadecanoic acid, methyl ester,” and “pentanoic acid” (Table 4). In addition, we screened for the top ten genes based on their degree values as potential core targets (Table 5) and speculate that these genes might contribute to the molecular mechanisms by which XML injection attenuates myocardial damage.
TABLE 4 | Putative main compounds in XML injection associated with prevention of myocardial ischemia.
[image: Table 4]TABLE 5 | Putative targets of XML injection in the prevention of myocardial ischemia.
[image: Table 5]Putative Involvement of Protein Kinase C (PKC) and PLA2 (Phospholipase A2 Group IVA) in the Prevention of Myocardial Ischemia by XML Injection
Clinically, myocardial ischemia is caused by the blockage of the coronary artery and is defined as an interrupted supply of blood to the left ventricle (Kompa and Summers, 2000). The surgical ligation of the left coronary artery animal model is more similar to human myocardial ischemia (Seong et al., 2021); thus, we evaluated gene changes in this rat model.
Based on the results of network pharmacology analysis (Figure 4; Table 5), first, the top four genes (PRKCA/MAPK3/PRKCG/PLA2G4A) and PRKCE (an isoform of the large PKC family) were picked up for validation in the animal model of surgery-induced myocardial ischemia.
In our study, the expression level of heart PRKCA was enhanced, while PRKCE was reduced upon myocardial ischemia, and their levels returned to normal following the pretreatment of XML injection (Figure 5A). Approximately, 11 isozymes have been identified in the Protein kinase C (PKC) family (Perveen et al., 2021). PKCα is encoded by the PRKCA gene and is the predominant PKC isoform expressed in the heart (Aslam, 2020). Activated or increased PKCα expression is associated with hypertrophy, dilated cardiomyopathy, ischemic injury, and mitogen stimulation (Steinberg, 2012). Another novel PKC isozyme, PKCε, is encoded by the PRKCE gene and is involved in ischemia tolerance following ischemic preconditioning and ischemia injury (Chen et al., 2021). NADPH oxidase is a main downstream protein complex of Protein kinase C activation, and the two mitochondrial function-related indicators of CYBA and CYBB encode the membrane-spanning subunits of this complex (Deng et al., 2012). In the present study, XML pretreatment was shown to mitigate the upregulation of myocardial ischemia induced by CYBA/CYBB levels (Figure 5D).
[image: Figure 5]FIGURE 5 | Mechanisms of the protective effects of XML injection on myocardial ischemia. (A) Relative PRKCA and PRKCE transcript levels in the Sham (n = 5), MI (n = 4), and MX-M (n = 6) groups. (B,C) Relative MAPK3 (B) and PLA2G4A (C) transcript levels in the Sham (n = 5), MI (n = 4), and MX-M (n = 6) groups. (D) CYBA and CYBB gene transcript abundance in the Sham (n = 5), MI (n = 4), and MX-M (n = 6) groups. (E) Abundance of Bax and Bcl-2 proteins in the Sham, MI, and MX-M groups (n = 3). (F) Schematic model for the molecular mechanisms associated with the protective effect of XML injection against myocardial ischemia. Asterisk (*) refers to statistical significance in comparisons with the CON group (*p < 0.05, **p < 0.01, ***p < 0.005), while # refers to comparisons with the EPI group (#p < 0.05, ##p < 0.01,###p < 0.005).
PLA2 (encoded by the Pla2g4a gene) can hydrolyze phospholipids into arachidonic acid and mediate inflammation (Marsche, 2015). Similarly, XML pretreatment was revealed to significantly lower the ischemia-induced upregulation of PLA2G4A abundance (Figure 5C).
Generally, during ischemia, in addition to the excessive production of ROS and inflammation, programmed cardiomyocyte death (through apoptosis) is also activated (Hotchkiss et al., 2009; Malek and Nematbakhsh, 2015). To clarify how XML injection regulates myocardial cell apoptosis, protein levels for B-cell lymphoma 2 (Bcl2) and Bcl-2–associated X protein (Bax) were measured. Our study revealed that the abundance of Bax and Bcl2 were significantly changed in the MI model and restored in XML pretreated cardiomyopathy (Figure 5E). These results indicate a role for XML in the independent anti-apoptosis mechanism.
Taken together, our study indicates that XML pretreatment augments the abundance of PKCε and suppresses the levels of PKCα, both of which then decrease NADPH oxidase and inhibit apoptosis activity. Meanwhile, reduction of PLA2 levels induced by XML injection results in decreased inflammation (Figure 5F). Thus, the actions of XML injection likely are responsible, at least in part, for the antioxidative, anti-inflammatory, and anti-apoptotic activities via the PKC and PLA pathways. These results closely coincide with our findings from the GO and KEGG analyses and indicate the potential functions of XML injection as an alternative supplementary therapeutic agent for the prevention of myocardial ischemia.
DISCUSSION AND CONCLUSION
Myocardial ischemia is defined as reduced blood flow to the heart that inhibits heart muscle from receiving enough oxygen (Heusch, 2019). It is a leading cause of morbidity and mortality for CVDs, though certain risk factors such as arteriosclerosis and treatments via surgical intervention can be controlled. According to the 2018 universal definition of myocardial ischemia, it is a disease with clinical events that includes myocardial cell death (seen as ischemic symptoms, ischemic electrocardiographic changes, and coronary artery intervention), and myocardial injury (which results in elevations of cardiac troponin levels) (Thygesen et al., 2018).
Early intervention to the blocked vessel is critical for restoring blood flow to the heart muscle and improving clinical outcomes. Suitable preventative medicines for the treatment of myocardial ischemia are still at an early stage of development. XML injection is an optional treatment for chronic congestive heart failure patients in the clinic. Our results, in the present study, show that XML pretreatment for 4 days can protect rats from myocardial ischemia-induced myocardial injury (Figure 1C, Figure 1E, Figure 2C, Figure 2D, Supplementary Figure S1A), indicating its potential for prevention of injury.
The causes of myocardial ischemia are various and include atherosclerosis, blood clots, and coronary artery spasms (Heusch, 2019). Atherosclerosis may result in myocardial ischemia via two different identities, acute coronary syndrome (ACS, type 1 MI) and prolonged myocardial oxygen supply–demand imbalance (type 2 MI) (Smit et al., 2020). ACS occurs because of an unstable plaque rupture or endothelial ulceration and is influenced by factors such as inflammation (Casscells et al., 2003) and hyperlipidemia (Lai et al., 2021). Our study showed that among the top ten KEGG pathways associated with XML injection treatment, five were associated with inflammation and hyperlipidemia, including “PPAR signaling pathway,” “arachidonic acid metabolism,” “regulation of lipolysis in adipocytes,” and “fat digestion and absorption” (Figure 3D). It is also reported that atherosclerotic arteries lead to a dysfunctional endothelium in combination with increased α adrenergic receptors (Naghavi et al., 2003), which is consistent with our findings that the pathways “VEGF signaling pathway” and “vascular smooth muscle contraction” were identified in the KEGG analysis Figure 3D). In addition to ACS and type 2 MI, a further cause for myocardial ischemia is coronary artery spasm. The most important causative factor for this pathophysiology is an increased intracellular calcium concentration in combination with elevated calcium sensitivity (Yasue et al., 2008), which is consistent with our identification of changes in the “calcium signaling pathway” with XML injection treatment (Figure 3D).
The human body is a complex regulatory network; therefore, the therapeutic effects of compounds likely affect more than just their direct targets. Traditional Chinese medicine is a comprehensive medical health-care system and has been applied for centuries to prevent or heal diseases by restoring balance. Herbal medicines contain multiple active compounds, with each compound potentially targeting multiple genes or proteins (Hopkins, 2008; Schenone et al., 2013). XML injection has been reported to contain compounds that include polyhydric alcohols, organic acids, alkaloids, and other micro-constituents; however, the active ingredients have not yet been reported. Our study identified five main components associated with myocardial ischemia prevention (Table 4). XML injection, like other traditional Chinese medicine, contains many components and has multi-target effects. Among the five main components, hexadecanoic acid methyl esters are vasoactive and can dilate blood vessels (Lin et al., 2014). In addition, these components can protect against myocardial ischemia by regulating the metabolism of fatty acids and activating numerous signaling pathways (Cheng et al., 2021). In addition, the ingredient-target-pathway network shown in Figure 4 revealed multiple targets and pathways for XML injection and its attenuation of myocardial ischemia disease and indicated multiple pharmacological activities. This suggests that therapeutic medications that interact with multiple targets might be more effective for complex or chronic diseases such as myocardial ischemia.
Based on the integrated-network-pathway and molecular experiment analysis, we identified PKC and PLA2 as potential targets of XML injection for the improved response to myocardial ischemia (Figure 4, Figure 5A, Figure 5C, Table 4). Protein kinase C (PKC) is a group of multifunctional proteins that phosphorylate target proteins that have biological functions involved in redox signaling, oxidative stress, cell apoptosis, and mitochondrial dysfunction (Bright and Mochly-Rosen, 2005). PLA2 (encoded by the Pla2g4a gene) promotes chronic inflammation by inducing the production of free fatty acids and lysophosphatides (Wang et al., 2021). Both pathways are associated with myocardial ischemia (Marsche, 2015). It is suggested that the overproduction of reactive oxygen species, intracellular calcium overload, and inflammatory cell infiltration are the most important features of myocardial ischemia injury, all of which could be alleviated by XML injection pretreatment. Of course, in addition to the mechanisms of antioxidant, anti-apoptotic, and immune modulation, more accurate mechanisms of XML injection could be identified by high-throughput methods of RNA sequencing, metabolome, and proteome. We will extend this work in near future.
In conclusion, this study revealed the preventative effects of XML injection, a CFDA-approved injection adopted as an optional treatment for chronic congestive heart failure patients in the clinic, for ischemic heart diseases. Pretreatment with XML significantly alleviates the cardiac-linked pathologies, attenuates the release of cTnT, and prevents cardiovascular effects mediated by antioxidant, anti-apoptotic, and immune modulation. Further network pharmacology method analysis identified the five main chemical ingredients, and their potential targets, for XML injection for myocardial ischemia. Our results indicate that XML injection could be used as an alternative supplementary therapeutic agent for the treatment and prevention of myocardial ischemia.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, and further inquiries can be directed to the corresponding authors.
ETHICS STATEMENT
The animal study was reviewed and approved by the Peking University Health Science Center.
AUTHOR CONTRIBUTIONS
LJ, LX, HL, and HT designed the experiment, analyzed the data, and wrote and modified the manuscript. YM, QH, and RM assisted with the animal experiments. YG and QY assisted with carrying out the network pharmacology analysis.
FUNDING
This study was supported by grants from the National Natural Science Foundation of China (NSFC, Grant Nos. 81874321, 81700374, 81673459, and 81102484) and interdisciplinary Medicine Seed Fund of Peking University (BMU2020MX021).
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 maybe evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
ACKNOWLEDGMENTS
XML Injection was provided by Tengchong Pharmaceutical Company Limited by shares Yunnan (Yunnan, China).
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcell.2022.827691/full#supplementary-material
REFERENCES
 Allawadhi, P., Khurana, A., Sayed, N., Kumari, P., and Godugu, C. (2018). Isoproterenol-induced Cardiac Ischemia and Fibrosis: Plant-Based Approaches for Intervention. Phytotherapy Res. 32, 1908–1932. doi:10.1002/ptr.6152
 Aslam, N. (2020). Increase in PKCα Activity during Heart Failure Despite the Stimulation of PKCα Braking Mechanism. Int. J. Mol. Sci. 21, 2561. doi:10.3390/ijms21072561
 Bright, R., and Mochly-Rosen, D. (2005). The Role of Protein Kinase C in Cerebral Ischemic and Reperfusion Injury. Stroke 36, 2781–2790. doi:10.1161/01.str.0000189996.71237.f7
 Casscells, W., Naghavi, M., and Willerson, J. T. (2003). Vulnerable Atherosclerotic Plaque. Circulation 107, 2072–2075. doi:10.1161/01.cir.0000069329.70061.68
 Chen, L., Shi, D., and Guo, M. (2021). The Roles of PKC-δ and PKC-ε in Myocardial Ischemia/reperfusion Injury. Pharmacol. Res. 170, 105716. doi:10.1016/j.phrs.2021.105716
 Cheng, T.-Y., Li, J.-X., Chen, J.-Y., Chen, P.-Y., Ma, L.-R., Zhang, G.-L., et al. (2021). Gut Microbiota: a Potential Target for Traditional Chinese Medicine Intervention in Coronary Heart Disease. Chin. Med. 16, 108. doi:10.1186/s13020-021-00516-0
 Cullen, L. A., Mills, N. L., Mahler, S., and Body, R. (2017). Early Rule-Out and Rule-In Strategies for Myocardial Infarction. Clin. Chem. 63, 129–139. doi:10.1373/clinchem.2016.254730
 Deng, B., Xie, S., Wang, J., Xia, Z., and Nie, R. (2012). Inhibition of Protein Kinase C β2 Prevents Tumor Necrosis Factor-α-Induced Apoptosis and Oxidative Stress in Endothelial Cells: The Role of NADPH Oxidase Subunits. J. Vasc. Res. 49, 144–159. doi:10.1159/000332337
 Fabiszak, T., Kasprzak, M., Koziński, M., and Kubica, J. (2021). Assessment of Selected Baseline and Post-PCI Electrocardiographic Parameters as Predictors of Left Ventricular Systolic Dysfunction after a First ST-Segment Elevation Myocardial Infarction. J. Clin. Med. 10, 5445. doi:10.3390/jcm10225445
 Gheorghiade, M., and Bonow, R. O. (1998). Chronic Heart Failure in the United States. Circulation 97, 282–289. doi:10.1161/01.cir.97.3.282
 Heusch, G. (2016). Myocardial Ischemia. Circ. Res. 119, 194–196. doi:10.1161/circresaha.116.308925
 Heusch, G. (2019). Myocardial Ischemia: Lack of Coronary Blood Flow, Myocardial Oxygen Supply-Demand Imbalance, or what?Am. J. Physiology-Heart Circulatory Physiol. 316, H1439–H1446. doi:10.1152/ajpheart.00139.2019
 Hopkins, A. L. (2008). Network Pharmacology: the Next Paradigm in Drug Discovery. Nat. Chem. Biol. 4, 682–690. doi:10.1038/nchembio.118
 Hotchkiss, R. S., Strasser, A., Mcdunn, J. E., and Swanson, P. E. (2009). Cell Death. N. Engl. J. Med. 361, 1570–1583. doi:10.1056/nejmra0901217
 Ilic, A., Todorovic, D., Mutavdzin, S., Boricic, N., Bozic Nedeljkovic, B., Stankovic, S., et al. (2021). Translocator Protein Modulation by 4'-Chlorodiazepam and NO Synthase Inhibition Affect Cardiac Oxidative Stress, Cardiometabolic and Inflammatory Markers in Isoprenaline-Induced Rat Myocardial Infarction. Int. J. Mol. Sci. 22, 2867. doi:10.3390/ijms22062867
 Kompa, A. R., and Summers, R. J. (2000). Lidocaine and Surgical Modification Reduces Mortality in a Rat Model of Cardiac Failure Induced by Coronary Artery Ligation. J. Pharmacol. Toxicol. Methods 43, 199–203. doi:10.1016/s1056-8719(00)00103-9
 Lai, J., Han, Y., Huang, C., Li, B., Ni, J., Dong, M., et al. (2021). Non-invasive Skin Cholesterol Testing: a Potential Proxy for LDL-C and apoB Serum Measurements. Lipids Health Dis. 20, 137. doi:10.1186/s12944-021-01571-0
 Li, H., Mao, Y., Zhang, Q., Han, Q., Man, Z., Zhang, J., et al. (2016). Xinmailong Mitigated Epirubicin-Induced Cardiotoxicity via Inhibiting Autophagy. J. Ethnopharmacology 192, 459–470. doi:10.1016/j.jep.2016.08.031
 Li, Q., Xu, M., Li, Z., Li, T., Wang, Y., Chen, Q., et al. (2021). Maslinic Acid Attenuates Ischemia/Reperfusion Injury-Induced Myocardial Inflammation and Apoptosis by Regulating HMGB1-TLR4 Axis. Front. Cardiovasc. Med. 8, 768947. doi:10.3389/fcvm.2021.768947
 Lin, H. W., Saul, I., Gresia, V. L., Neumann, J. T., Dave, K. R., and Perez-Pinzon, M. A. (2014). Fatty Acid Methyl Esters and Solutol HS 15 Confer Neuroprotection after Focal and Global Cerebral Ischemia. Transl. Stroke Res. 5, 109–117. doi:10.1007/s12975-013-0276-z
 Liu, H. Y., Zhu, M. J., Mao, J. Y., and Lin, Q. (2016). [Consensus on Standardized Using Xinmailong Injection for Treating Chronic Heart Failure]. Zhongguo Zhong Xi Yi Jie He Za Zhi 36, 280–284.
 Liu, Y., Wang, Z., Xiao, W., and Li, Y. (2014). Use of Gated Myocardial Perfusion Imaging to Assess Clinical Value of Xinmailong Injection in Chronic Congestive Heart Failure. J. Traditional Chin. Med. 34, 555–559. doi:10.1016/s0254-6272(15)30062-5
 Luo, S.-L., Huang, X.-J., Wang, Y., Jiang, R.-W., Wang, L., Bai, L.-L., et al. (2014). Isocoumarins from American Cockroach (Periplaneta americana) and Their Cytotoxic Activities. Fitoterapia 95, 115–120. doi:10.1016/j.fitote.2014.03.004
 Ma, Q., Luo, Y., Guo, P., Gao, G., Yang, M., Sablok, G., et al. (2013). Clinical Effects of Xinmailong Therapy in Patients with Chronic Heart Failure. Int. J. Med. Sci. 10, 624–633. doi:10.7150/ijms.5779
 Malek, M., and Nematbakhsh, M. (2015). Renal Ischemia/reperfusion Injury; from Pathophysiology to Treatment. J. Ren. Inj Prev 4, 20–27. doi:10.12861/jrip.2015.06
 Marsche, G. (2015). Lp-PLA2, Plaque Inflammation and Lesion Development Vary Fundamentally between Different Vascular Sites. J. Am. Heart Assoc. 4. doi:10.1161/JAHA.115.001800
 Naghavi, M., Libby, P., Falk, E., Casscells, S. W., Litovsky, S., Rumberger, J., et al. (2003). From Vulnerable Plaque to Vulnerable Patient. Circulation 108, 1772–1778. doi:10.1161/01.cir.0000087481.55887.c9
 Okninska, M., Paterek, A., Bierla, J., Czarnowska, E., Maczewski, M., and Mackiewicz, U. (2021). Effect of Age and Sex on the Incidence of Ventricular Arrhythmia in a Rat Model of Acute Ischemia. Biomed. Pharmacother. 142, 111983.
 Perveen, K., Quach, A., Stark, M. J., Prescott, S. L., Barry, S. C., Hii, C. S., et al. (2021). Characterization of the Transient Deficiency of PKC Isozyme Levels in Immature Cord Blood T Cells and its Connection to Anti-allergic Cytokine Profiles of the Matured Cells. Int. J. Mol. Sci. 22. doi:10.3390/ijms222312650
 Schenone, M., Dančík, V., Wagner, B. K., and Clemons, P. A. (2013). Target Identification and Mechanism of Action in Chemical Biology and Drug Discovery. Nat. Chem. Biol. 9, 232–240. doi:10.1038/nchembio.1199
 Seong, E., Lee, J. H., Lim, S., Park, E. H., Kim, E., Kim, C. W., et al. (2021). Activation of Aryl Hydrocarbon Receptor by ITE Improves Cardiac Function in Mice after Myocardial Infarction. J. Am. Heart Assoc. 10, e020502. doi:10.1161/JAHA.120.020502
 Smit, M., Coetzee, A. R., and Lochner, A. (2020). The Pathophysiology of Myocardial Ischemia and Perioperative Myocardial Infarction. J. Cardiothorac. Vasc. Anesth. 34, 2501–2512. doi:10.1053/j.jvca.2019.10.005
 Steinberg, S. F. (2012). Cardiac Actions of Protein Kinase C Isoforms. Physiology 27, 130–139. doi:10.1152/physiol.00009.2012
 Tanai, E., and Frantz, S. (2015). Pathophysiology of Heart Failure. Compr. Physiol. 6, 187–214. doi:10.1002/cphy.c140055
 Thygesen, K., Alpert, J. S., Jaffe, A. S., Chaitman, B. R., Bax, J. J., Morrow, D. A., et al. (2018). Fourth Universal Definition of Myocardial Infarction (2018). J. Am. Coll. Cardiol. 13, e618-e651 .
 Viswanadha, V. P., Dhivya, V., Somasundaram, B., Beeraka, N. M., Huang, C.-Y., Mikhaleva, L. M., et al. (2021). The Role of Mitochondria in Piperine Mediated Cardioprotection in Isoproterenol Induced Myocardial Ischemia. Cpd 27, 2975–2989. doi:10.2174/1381612826666200909125750
 Wang, R., Wang, X., Zhang, E., Li, F., Zhang, P., and Shi, J. (2021). Correlation of Plasma Galectin-3 and Plasma Lipoprotein-Associated Phospholipase A2 with the Severity and Prognosis of Coronary Artery Disease. Am. J. Transl Res. 13, 8997–9004. 
 Wu, Y., Yin, X., Wijaya, C., Huang, M. H., and Mcconnell, B. K. (2011). Acute Myocardial Infarction in Rats. J. Vis. Exp . doi:10.3791/2464
 Yasue, H., Nakagawa, H., Itoh, T., Harada, E., and Mizuno, Y. (2008). Coronary Artery Spasm-Clinical Features, Diagnosis, Pathogenesis, and Treatment. J. Cardiol. 51, 2–17. doi:10.1016/j.jjcc.2008.01.001
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.
Copyright © 2022 Jin, Yin, Mao, Gao, Han, Mei, Xue, Tan and Li. 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.
		ORIGINAL RESEARCH
published: 03 February 2022
doi: 10.3389/fcell.2022.829316


[image: image2]
Ferroptosis due to Cystathionine γ Lyase/Hydrogen Sulfide Downregulation Under High Hydrostatic Pressure Exacerbates VSMC Dysfunction
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Hydrostatic pressure, stretch, and shear are major biomechanical forces of vessels and play critical roles in genesis and development of hypertension. Our previous work demonstrated that high hydrostatic pressure (HHP) promoted vascular smooth muscle cells (VSMCs) two novel subsets: inflammatory and endothelial function inhibitory VSMCs and then exacerbated VSMC dysfunction. However, the underlying mechanism remains unknown. Here, we first identified that aortic GPX4 (a core regulator of ferroptosis) significantly downregulated association with VSMC novel phenotype elevation in SHR rats and hypertension patients. In primary VSMCs, HHP (200 mmHg) increased iron accumulation, ROS production, and lipid peroxidation compared with normal pressure (100 mmHg). Consistently, the ferroptosis-related gene (COX-2, TFRC, ACSL4, and NOX-1) expression was also upregulated. The ferroptosis inhibitor ferrostatin-1 (Fer-1) administration blocked HHP-induced VSMC inflammatory (CXCL2 expression) and endothelial function inhibitory (AKR1C2 expression) phenotyping switch association with elevation in the GPX4 expression, reduction in the reactive oxygen species (ROS), and lipid peroxidation production. In contrast, the ferroptosis inducer RLS3 increased HHP-induced CXCL2 and AKR1C2 expressions. These data indicate HHP-triggering ferroptosis contributes to VSMC inflammatory and endothelial function inhibitory phenotyping switch. In mechanism, HHP reduced the VSMC GSH content and cystathionine gamma-lyase (CSE)/hydrogen sulfide (H2S)—an essential system for GSH generation. Supplementation of the H2S donor-NaHS increased the VSMC GSH level, alleviated iron deposit, ROS and lipid peroxidation production. NaHS administration rescues both HHP- and RLS3-induced ferroptosis. Collectively, HHP downregulated VSMC CSE/H2S triggering GSH level reduction, resulting in ferroptosis, which contributed to the genesis of VSMC inflammation and endothelial function inhibitory phenotypes.
Keywords: hydrostatic pressure, ferroptosis, hydrogen sulfide, VSMCs, hypertension
INTRODUCTION
Biomechanical forces within the vasculature contain wall shear stress, circumferential wall tensile stress, and hydrostatic pressure (Takayama et al., 2013), and these biomechanics contribute to pathogenesis and development of hypertension and its complications (Hayashi and Naiki, 2009). Shear stress disorder impaired endothelial function and involved in vascular remodeling, atherosclerosis, plaque progression, and vascular malformations (Zhou et al., 2014). The mechanical cyclic stretch force also contributes to vascular smooth muscle cell functions (e.g., apoptosis, proliferation, and migration), which is crucial in vascular remodeling during hypertension (Cheng et al., 2012; Qi et al., 2018), whereas little attention is paid to hydrostatic pressure regulation. A recent study has shown that high hydrostatic pressure (HHP)–driving VSMCs differentiated into inflammatory subset (elevating CXCL2, CXCL3, and CCL2) and endothelial function inhibitory subset (upregulating AKR1C2, AKR1C3, and PEDF) by single-cell sequencing and exacerbated the VSMC dysfunction (Chen Z. et al., 2021). However, the underlying mechanism remains unknown.
Ferroptosis is a novel type of programmed cell death, characteristic as iron overload, reactive oxygen species (ROS) accumulation, iron-dependent lipid peroxidation, and mitochondrial shrinkage (Wu et al., 2021). Ferroptosis is triggered by the cystine/glutamate antiporter system (Xc− system) dysfunction, glutathione (GSH) depletion, and glutathione-dependent antioxidant enzyme glutathione peroxidase 4 (GPX4) inactivation (Yang and Stockwell, 2016). GSH is an important antioxidant, synthesized from cysteine and oxidizes to oxidized glutathione (GSSG) dependent on GPX4 (Badgley et al., 2020). Meanwhile, GPX4 also reduced cytotoxic lipid peroxide (L-OOH) into nontoxic alcohol L-OH in the presence of the cofactor GSH (Stockwell et al., 2017). Thus, GPX4/GSH is an essential regulatory system in ferroptosis. Recently, many studies highlighted that ferroptosis is a crucial pathophysiological process in chronic diseases such as cancer, diabetes, and nervous system disease (Qiu et al., 2020). Over iron deposits induced ferroptosis causing cardiomyopathy (Gujja et al., 2010) or development of vulnerable plaques (Vinchi et al., 2020). Recombinant human GPX4 (Liu et al., 2021) and ferroptosis inhibitor Fer-1 (Li et al., 2020) treatment attenuated myocardial injuries. These works indicate that ferroptosis contributes to the pathogenesis of cardiovascular diseases.
Cystathionine-γ-lyase (CSE) endogenously produces hydrogen sulfide (H2S) exerting a cardiovascular protective role and as the key enzyme for l-cysteine (precursor of GSH) (Kimura, 2021). H2S plays an antioxidative role by facilitating the GSH content and removing ROS (Tabassum and Jeong, 2019), also inhibiting GPX4 activity and maintaining the Xc− system stability to mitigate ferroptosis (Chen S. et al., 2021; Wang et al., 2021b). In the present study, we seek to clarify whether VSMC ferroptosis involve into the HHP-induced VSMC phenotyping switch. In mechanism, we investigate the CSE/H2S-dependent GSH level in ferroptosis in the HHP condition.
MATERIALS AND METHODS
Human Samples
Human internal mammary arteries were obtained from patients undergoing off-pump coronary artery bypass graft. The internal mammary artery (about 5 mm) was acquired from the patient’s surgical donor artery; then, the paraffin slices were prepared for immunofluorescent staining. This study was approved by Fuwai Hospital Ethics Committee and performed in accordance with ethical standards.
Animal and Materials
Adult male Wistar–Kyoto (WKY) and spontaneously hypertensive rats (SHR) aged 12–16 weeks were housed in controlled temperature at a 12:12-h light–dark cycle with free access to water and standard diet. All animal protocols complied with all relevant ethical regulations and were approved by the Institutional Animal Care and Use Committee, the Experimental Animal Center, Fuwai Hospital, and the National Center for Cardiovascular Diseases, China. The primary antibodies used in this study are as follows: anti-GPX4 (ab125066, Abcam); anti-CXCL2 (PA5-47015, Invitrogen); anti-AKR1C2 (ab166900, Abcam); anti-CSE (ab151769); ferrostatin-1 (S7243, Selleck); RLS3 (S8155, Selleck); and NaHS (161527, Sigma).
H2S Production Measurement
H2S production was measured by the modified methylene blue method, as mentioned previously (Niu et al., 2021). In detail, the inner ring of the Erlenmeyer flask was added with zinc acetate and a filter paper to absorb H2S. The outer ring was added with an incubation buffer (potassium phosphate buffer, l-cysteine and pyridoxal 5′-phosphate). The cell lysate in the potassium phosphate buffer was added into the outer ring of the conical flasks. The reaction was performed in 37°C shaking water bath by incubation. After sufficient reaction, trichloroacetic acid was added into the outer ring and incubated for another 1 h to terminate the reaction. Followed by adding N, N-dimethyl-p-phenylenediamine sulfate and 10% ammonium ferric sulfate, absorbance at 670 nm was measured by spectrophotometry.
Cell Culture and Treatment
Primary human aorta vascular smooth muscle cells (HASMCs) were purchased from ScienCell Research Laboratories, Inc. HAMSCs were cultured in a smooth muscle cell medium (1,101, ScienCell Research Laboratories.) containing 2% FBS, 100 U/mL penicillin–streptomycin, and 1% smooth muscle cell growth factor at 37°C in a 5% CO2 atmosphere. HASMCs in passages three to six were used in this study. We used a specific hydrostatic pressure device for hydrostatic pressure treatment, as described previously (Chen Z. et al., 2021). HASMCs (∼70% confluence) were set in a hydrostatic pressure device at 100 mmHg or 200 mmHg for culturing for 24 h. For inhibition or activation of ferroptosis, HASMCs were treated with Fer-1 (10 μM, 24 h) or RLS3 (0.1 μM, 6 h) under hydrostatic pressure. For increasing exogenous H2S, HASMCs were treated with NaHS (100 μM, 24 h) under hydrostatic pressure.
Primary Mouse Vascular Smooth Muscle Cell Isolation
Aortic smooth muscle cells were isolated from wild-type male 6–8-week and CSE-knockout mice. Mice were sacrificed by decapitation, followed by separating the aorta via removing the fatty tissue and vascular adventitia. Then, the mouse aorta was cut into pieces and allowed for digestion for 8 h in the DMEM containing collagenase type 1. The obtained VSMCs were centrifuged at 300 xg for 5 min, and the pellet was resuspended in the DMEM supplemented with 10% FBS, 2 mM l-glutamine, and 100 U/mL penicillin/streptomycin. The medium was replaced every 2 days. All experimental procedures were conducted in an incubator at a temperature of 37°C, in an atmosphere of 95% air and 5% CO2. Primary SMCs with the passage number three to eight were used in the study.
Iron and GSH Detection
We used two different methods to detect the iron content. After treatment, the intracellular ferrous iron level was assessed with an iron colorimetric assay kit (ab83366, Abcam) according to the manufacturer’s instruction protocol. For FeRhoNox-1 staining, 5 μM of the FeRhoNox-1 staining working solution (MX4558 and MKBIO) was added and incubated in a 37°C, 5% CO2 incubator for 60 min after treatment for 24 h in a hydrostatic pressure chamber. After washing three times with PBS, cells were imaged with a confocal microscope. The cellular level of glutathione was determined using the Glutathione Assay Kit (S0035, Beyotime) according to the manufacturer’s instruction protocol.
Reactive Oxygen Species (ROS) Measurement
ROS was measured by using a fluorometric intracellular ROS kit (MAK143, sigma). HASMCs were incubated with 10 µM DCFH-DA for 1 h. After washing with PBS three times, fluorescence signals were observed by using a fluorescence microscope.
Mitochondrial Superoxide Measurement
We use the MitoSOX™ Red mitochondrial superoxide indicator (M36008, Invitrogen) to detect ROS in the mitochondria. After treatment, HASMCs were stained with 5 µM MitoSOX Red for 10 min, followed by washing with PBS. The images were observed by using a confocal microscope.
Lipid Peroxidation Detection
HASMCs were labeled with a lipid peroxidation sensor BODIPY™ 581/591 C11 (D3861, Invitrogen) at 2 µM in a living cell imaging solution for 1 h at 37°C. The images were observed by using a confocal microscope. The fluorescence signals correspond to the oxidized (orange) form of BODIPY 581/591 C11. Oxidation of BODIPY-C11 was calculated by the orange fluorescence intensity.
Immunofluorescence Staining
For aorta immunofluorescent staining, paraffin sections were incubated with 3% hydrogen peroxide to block the endogenous peroxidase activity. Antigen retrieval was performed for 20 min at 97°C in a citrate buffer, and sections were cooled to room temperature. For HAMSC immunofluorescent staining, cells were fixed with 4% paraformaldehyde for 15 min at room temperature. After washed with PBS three times, cells were permeabilized with 0.5% Triton X-100 for 15 min at room temperature. Subsequently, above tissue sections or cells were blocked with 1% BSA for 1 h and incubated with the primary antibody at 4°C overnight, followed by incubating with a fluorescent-labeled secondary antibody for 1 h at room temperature according to the manufacturer’s instructions. After washing three times with PBS, the nuclei were stained with Hoechst for 8 min. The images of tissues or cells were collected using a fluorescence microscope or by confocal microscopy.
Western Blot
Cells were lysed in RIPA buffer containing protease- and phosphatase-inhibitor cocktails, followed by sonication and centrifugation. Total protein of cells was quantified by BCA assay. For the assay, 40 μg protein samples were separated by SDS-PAGE and transferred to polyvinylidene fluoride membranes. Then, the PVDF membranes were blocked by 5% defatted milk for 1 h and probed with the primary antibody at 4°C overnight. After washing and incubating with the horseradish peroxidase–conjugated secondary antibody for 1 h at room temperature, the membranes were visualized using the chemiluminescence kit.
RNA Extraction and qRT-PCR
Total RNA from HASMCs was extracted using TRIzol reagent (Invitrogen) according to the manufacturer’s instructions. cDNA was reverse transcribed from 1 µg total RNA by using the cDNA synthesis kit (K1622, Thermo scientific). The real-time PCR was performed in a final volume of 20 μl, which contained 10 μl of the 2×SYBR Mix (Yeasen, China), 1 μl of forward and reverse primers, respectively, 4 μl of template cDNA, and 5 μl of RNase-free H2O. A sample without cDNA was subjected to an identical protocol as a negative control. The PCR amplification was accomplished with initial denaturation at 95°C for 10 min, followed by 40 cycles at 95°C for 15 s and 1 min at 60°C for primer annealing and extension. The relative expression of target genes was normalized to that of GAPDH and analyzed by the 2−ΔΔCT method. The primer sequences used for qRT-PCR are provided in Supplementary Table S1.
Statistical Analysis
All data are presented as the mean ± SD. The statistical significance of differences between groups was analyzed by the t-test or by one-way analysis of variance (ANOVA) when more than two groups were compared. p values <0.05 were considered as statistically significant.
RESULTS
Elevation of Ferroptosis in Aortic Media of SHR and Hypertensive Patients Associated With VSMC Novel Phenotypes
High hydrostatic pressure drives VSMC differentiation into two novel phenotypes: the inflammatory phenotype (marker genes are CXCL2/CXCL3/CCL2) and endothelial function inhibitory phenotype (marker genes are AKR1C2/AKR1C3/PEDF), and promote VSMC dysfunction (Chen Z. et al., 2021). Compared with WKY rats, SHR exhibits CXCL2 and AKR1C2 increase in the media of aorta (Figures 1A,B and Supplementary Figure S1A). Similarly, CXCL2 and AKR1C2 expressions were significantly enhanced in the human internal mammary artery of hypertensive patients in comparison with normotensive patients (Figures 1C,D and Supplementary Figure S1B). To investigate ferroptosis involved in HHP-induced VSMC novel phenotypes, we measured the GPX4 (a key enzyme of ferroptosis) protein level. Here, we showed that aortic media GPX4 dramatically downregulated in the SHR and hypertensive patients compared with the related control (Figures 1E,F and Supplementary Figure S1A–B). These results indicated that ferroptosis associated with the VSMC phenotype switch in the hypertensive animal model and hypertensive patients.
[image: Figure 1]FIGURE 1 | GPX4 expression positively correlated with the VSMC-specific phenotype in SHR and hypertensive patients. Immunofluorescent staining of CXCL2 (A) and AKR1C2 (B) in the arterial media of SHR. Immunofluorescence of CXCL2 (C) and AKR1C2 (D) on paraffin-embedded human normotension (NTN) and hypertension (HTN) internal mammary arteries. The GPX4 expression was detected by immunofluorescent staining in SHR (E) and human hypertensive patients (F). Nuclei were counterstained with Hoechst. Scale bar = 25 µM.
High Hydrostatic Pressure Induces Ferroptosis
To seek whether HHP induces VSMC ferroptosis, we constructed a specific cell culture chamber and set 200 mmHg as HHP and 100 mmHg as normal (simulates hydrostatic pressure of the aortic wall in normotensive and hypertensive individuals). For evaluation ferroptosis, HHP (200 mmHg)-treatment increased the VSMC total ROS production (Figure 2A and Supplementary Figure S2A), mitochondria-derived ROS releasing by MitoSOX Red staining (Figure 2B and Supplementary Figure S2B), lipid peroxidation production by BODIPY 588/591 C11 (Figure 2C and Supplementary Figure S2C), iron accumulation by FeRhoNox-1 staining (Figure 2D), and iron content by the iron assay kit (Figure 2E) in comparison to normal pressure. In line with the ROS enhancing and lipid peroxidation, the GPX4 protein (Figure 2F) and mRNA level (Figure 2G) also lowered under the HHP condition. Indeed, the ferroptosis-related gene (COX-2, TFRC, ACSL4, and NOX-1) mRNA expression was upregulated, and SLC7A11 mRNA was downregulated while exposed to HHP (Figure 2H). Overall, these results indicate high hydrostatic pressure promotes VSMC ferroptosis.
[image: Figure 2]FIGURE 2 | High hydrostatic pressure promoted ferroptosis. HASMCs were treated with hydrostatic pressure for 24 h. Immunofluorescent staining of total ROS, scale bar = 50 µM (A). MitoSOX Red staining of HASMCs for mitochondrial ROS, scale bar = 25 µM (B). BODIPY-C11 staining measured the lipid peroxidation; orange indicated oxidized C11, scale bar = 25 µM (C). Iron level was detected by FeRhoNox-1 staining (D) and iron assay kit (E), scale bar = 100 µM. Western blot assay measured the GPX4 protein level; the left panel is the representative image, and the right panel is the statistical graph (F). The mRNA levels of GPX4 (G), COX-2, TFRC, ACSL4, NOX-1, and SLC7A11 were measured by real-time PCR (H) under HHP conditions. Nuclei were counterstained with Hoechst. *p < 0.05, ***p < 0.001.
Ferroptosis Contributes to the HHP-Induced Specific VSMC Phenotype Switch
To investigate the effect of ferroptosis on HHP-induced specific VSMC subsets, we treated HASMCs with the ferroptosis suppressor Fer-1. Fer-1 supplementation upregulated the VSMC GPX4 expression under normal or high hydrostatic pressure conditions (Figure 3A). In line with GPX4 upregulation, Fer-1 administration also blocked HHP-stimulated ROS production (Figure 3B), mitochondrial ROS production (Figure 3C), and lipid oxidation (Figure 3D), similar to other ferroptosis inducers (Dixon et al., 2012). These results confirmed Fer-1 blocked HHP-associated ferroptosis. In association with ferroptosis inhibition, Fer-1 also blocked HHP-induced VSMC CXCL2 (Figure 3E) and AKR1C2 (Figure 3F) elevation.
[image: Figure 3]FIGURE 3 | Ferroptosis inhibitor Fer-1 mitigates the HHP-induced VSMC phenotype switch. HASMCs in a 100 mmHg or 200 mmHg incubator were treated with or without 10 μM Fer-1 for 24 h. The GPX4 protein level was evaluated by immunofluorescent staining; the upper panel is the representative image, and the lower panel is the statistical graph (A). ROS production was determined by the ROS staining kit; the upper panel is the representative image, and the lower panel is the statistical graph (B). Mitochondrial ROS was visualized by use of the fluorescent probe MitoSOX Red (C). BODIPY 581/591 C11 lipid oxidation in HASMCs was measured by immunofluorescent staining; the statistical graph is the oxidized (orange signal) BODIPY 581/591 C11 fluorescence intensity (D). Confocal images of the CXCL2 expression (E) and AKR1C2 expression (F) in HASMCs. Nuclei were counterstained with Hoechst. All scale bar = 50 μM *p < 0.05, **p < 0.01, ***p < 0.001.
Since HHP-induced ferroptosis is in part of the GPX4/GSH pathway, we used a ferroptosis inducer RLS3 (GPX4 inactivation) to confirm its role in the VSMC novel phenotype switch. Under 200 mmHg hydrostatic pressure condition, RLS3 ulteriorly reduced the GPX4 expression (Figure 4A). Consistently, RLS3 exacerbated ferroptosis by increasing ROS production (Figure 4B), mitochondrial ROS production(Figure 4C), and lipid oxidation (Figure 4D). Correspondingly, RLS3 further increases the HHP-induced VSMC CXCL2 (Figure 4E) and AKR1C2 expression (Figure 4F). Taken together, these data indicated that ferroptosis contributed to the pathophysiological process of HHP-induced VSMC-specific phenotypes.
[image: Figure 4]FIGURE 4 | Ferroptosis inducer RLS3 aggravates VSMC dysfunction in response to HHP. HASMCs were treated with RLS3 0.1 μM for 6 h in the presence of 200 mmHg. Immunofluorescent staining of GPX4 (red) in HASMCs (A). Intracellular ROS were measured by ROS staining; the upper panel is the representative image, and the lower panel is the statistical graph (B). HASMCs were labeled with the MitoSOX Red probe to detect mitochondrial ROS (C). Confocal images of the BODIPY 588/591 C11 staining; lipid oxidation was measured by the relative intensity of oxidized (orange fluorescence signal) BODIPY 581/591 C11 (D). CXCL2 (E), and AKR1C2 (F) protein levels were detected by immunofluorescent staining. All scale bar = 50 μM ***p < 0.001.
CSE/H2S Alleviate HHP-Induced VSMC Ferroptosis
CSE/H2S plays a crucial role in GSH synthesis due to controlling the GSH precursor-l-cysteine generation, and CSE/H2S plays an essential protection in VSMC function (Kimura, 2021). To investigate whether CSE/H2S involved in the modulation of HHP-induced ferroptosis, we first measured the CSE/H2S changes exposed to HHP (200 mmHg). As Figure 5A showed, HHP treatment for 48 h dramatically reduced the HASMC H2S production (about 27%). The CSE protein (Figure 5B) and mRNA expression (Figure 5C) were also downregulated under HHP. The association with CSE/H2S downregulation and the intracellular GSH level reduced about 28% (Figure 5D).
[image: Figure 5]FIGURE 5 | CSE/H2S attenuates HHP-induced ferroptosis in VSMCs. H2S production was measured by the modified methylene blue method under 100 or 200 mmHg (A). Western blot assay analysis of the CSE expression under hydrostatic pressure; the left panel is the representative image, and the right panel is the statistical graph (B). CSE mRNA level under hydrostatic pressure (C). GSH assay kit measured the GSH level in response to hydrostatic pressure (D). After NaHS administration (0.1mM, 24 h) in the presence of 200 mmHg, the GSH content was measured (E). Representative image of GPX4 staining after NaHS treatment under HHP conditions (F). Effect of NaHS on Fe2+ (G), ROS (H), mitochondrial ROS (I), and lipid oxidation (J) under 200 mmHg by immunofluorescent staining. In isolated primary mouse VSMCs, the effect of deletion of CSE on the GPX4 expression (K), iron level (L), ROS production (M), mitochondrial ROS production (N), and lipid peroxidation (O) under HHP conditions by immunofluorescent staining. All scale bar = 50 μM *p < 0.05, **p < 0.01, ***p < 0.001.
In contrast, supplementation H2S donor-NaHS under HHP culture, upregulated the GSH level and GPX4 expression (Figures 5E,F and Supplementary Figure S3A) but lowered the HASMC iron concentration (Figure 5G and Supplementary Figure S3B), ROS production (Figure 5H and Supplementary Figure S3C), mitochondrial ROS production (Figure 5I and Supplementary Figure S3D), and lipid peroxidative production (Figure 5J and Supplementary Figure S3E). Next, we isolated primary CSE-knockout mouse VSMCs to confirm its role in HHP-induced ferroptosis. Under HHP conditions, CSE deficiency further decreased the GPX4 expression (Figure 5K and Supplementary Figure S3F), enhanced iron accumulation (Figure 5L and Supplementary Figure S3G), cellular and mitochondrial ROS (Figure 5M–N and Supplementary Figure S3H–I), and lipid peroxidative production (Figure 5O and Supplementary Figure S3J). Our present data highlight HHP decreases CSE/H2S causing GSH level reduction attribution to pathogenesis of VSMC ferroptosis.
To confirm the effect of CSE/H2S on ferroptosis, we first used RLS3 to induce ferroptosis. In line with the above findings, NaHS administration also rescued the RLS3-induced GPX4 expression (Figure 6A and Supplementary Figure S4A), iron accumulation (Figure 6B and Supplementary Figure S4B), ROS production (Figure 6C and Supplementary Figure S4C), mitochondrial ROS production (Figure 6D and Supplementary Figure S4D), and lipid oxidation (Figure 6E and Supplementary Figure S4E). In summary, our result indicated that CSE/H2S contributes to the regulation of ferroptosis under HHP conditions.
[image: Figure 6]FIGURE 6 | CSE/H2S rescue RLS3-induced ferroptosis under HHP conditions. Under 200 mmHg conditions, HASMCs were pretreated with NaHS 24 h and followed by RLS3 treatment for another 6 h. Immunofluorescent staining of GPX4 (A). HASMCs were incubated with the FeRhNOX-1 probe for measuring iron (B). HASMCs were labeled with the ROS probe to detect cellular ROS (C), MitoSOX Red to detect mitochondrial ROS (D), and BODIPY-C11 to detect lipid peroxidation (E) by immunofluorescent staining. All scale bar = 50 μM.
DISCUSSION
Mechanical forces play an important role in vasculature and circulation, such as rapid regulation of vascular wall elasticity, administration of vascular remodeling, and the modulation of VSMC and endothelial function (Qiu et al., 2014). Our previous study identifies a novel cellular taxonomy of VSMCs under hydrostatic pressure by single-cell RNA sequencing. HHP derived VSMCs into inflammatory and endothelial-function inhibitory VSMCs, resulting in VSMC dysfunction (cytokine secretion and angiogenesis inhibition) (Chen Z. et al., 2021). However, the underlying mechanism is unclear. In the current study, we first demonstrated that HHP induced VSMC ferroptosis evidence as iron accumulation, ROS generation, and lipid peroxidation. Furthermore, inhibiting ferroptosis by Fer-1 alleviated, promoting ferroptosis by RLS3 increased inflammatory and endothelial function inhibitory VSMC phenotypes. For the mechanism, we demonstrated that HHP downregulated CSE/H2S and then lowered GSH generation, resulting in ferroptosis. Our findings highlight that ferroptosis is a novel pathophysiological regulatory mechanism for VSMC function and as a new druggable target for therapeutic hypertension concomitant vascular diseases.
Hypertension is tightly associated with oxidation stress (McMaster et al., 2015; Touyz et al., 2018). An imbalance between the oxidant and antioxidant system leads to ROS production exaggeration in the arterial media from hypertension patients with hypertension and experimental animal models of hypertension (Touyz and Schiffrin, 2001). Overproduced ROS promoted VSMC proliferation, induced VSMC migration, and switched to the differentiated phenotype (Badran et al., 2020). Dedifferentiated VSMCs synthesize and secrete a repertoire of growth factors and inflammatory cytokines which is a key initiating factor for vascular remodeling. ROS promotes MMP2, MMP9, and collagen expressions and disturbs the extracellular matrix (Rajagopalan et al., 1996; Branchetti et al., 2013). Additionally, oxidation stress induces calcification, stiffness, and aging leading to VSMC dysfunction (Takaishi et al., 2021). ROS overproduction, a center of oxidation stress, is a main characteristic of ferroptosis. Our study first identified GPX4, a key enzyme of ferroptosis, which was dramatically downregulated in arterial media of SHR. In vitro, VSMCs exhibited intracellular and mitochondrial ROS overproduction, lipid peroxidation, and iron accumulation under high hydrostatic stress. Ferroptosis upregulation under high hydrostatic stress is a novel pathophysiological process in VSMC dysfunction.
Compelling evidence has indicated that ferroptosis is an essential regulator of inflammation. GPX4 deficiency blocked T-cell survival and B-cell development (Matsushita et al., 2015; Muri et al., 2019). The ferroptosis inducer erastin promoted human peripheral blood mononuclear cells differentiating into B cells and natural killer cells (Tang et al., 2021). Ferroptotic death cells recruited macrophages by secreting CCL2 and CCL7 (Wang et al., 2021a). Ferroptosis inhibitors exhibited the anti-inflammation effect by suppressing TNF-α, IL-6, and IL-1β releasing (Tsurusaki et al., 2019). Consistent with the previous study, Fer-1 treatment attenuated, while RLS3 treatment augmented the HHP-stimulated CXCL2 (one marker gene of inflammatory VSMCs) protein level. In addition, high hydrostatic pressure also induced AKR1C2 (one marker gene of endothelial function inhibitory VSMCs) which was lowered by Fer-1 but enhanced by RLS3. Studies indicated ferroptosis led to endothelial dysfunction which is a critical pathogenetic factor of hypertension. Iron accumulation resulted in endothelial damage (Vinchi et al., 2020). Fer-1 administration attenuated ox-LDL-induced inflammation and endotheliocyte death, while erastin induced ROS production and ferroptotic death of HUVECs (Xiao et al., 2019; Bai et al., 2020). Combined with our results, ferroptosis may be a potential therapeutic target to hypertension via modulating endothelial function.
One important characteristic of ferroptosis is GSH depletion. GSH, an intracellular antioxidant, is the synthesis from the homocysteine/methionine cycle (Rodrigues and Percival, 2019). GSH precursor l-cysteine is also a main source of hydrogen sulfide. Growing evidence demonstrated that H2S enhances GSH production to attenuate oxidative stress. In a neurocyte, mitochondrial H2S production increases the GSH level and promotes its redistribution to the mitochondria to protect the neurocyte from oxidative stress (Kimura et al., 2010). In a myotube, H2S promotes GSH synthesis to improve impaired glucose homeostasis (Parsanathan and Jain, 2018). H2S donor NaHS administration enhances GSH production to decrease oxidative stress and delay cell senescence (Yang et al., 2013). Consistently, our study showed that exogenous (NaHS administration) H2S production significantly rescued GSH reduction in response to HHP. Thus, H2S downregulation–mediated GSH reduction may be a novel mechanism of ferroptosis under HHP.
Recently, studies showed the protective role of H2S is associated with ferroptosis inhibition. Wang and Chen et al. identified H2S restrains ferroptosis via inhibiting ALOX12 acetylation and regulating the xCT (the functional submit of the Xc− system) stability (Chen S. et al., 2021; Wang et al., 2021c). H2S donor GYY4137 treatment alleviates ferroptosis to attenuate acute lung injury (Li et al., 2021). Inhibition of H2S production via the CBS inhibitor CH004 supplement aggravates ferroptosis in hepatocellular carcinoma (Wang et al., 2018). These studies suggested H2S could restrain ferroptosis to exert a protective effect. However, experimental evidence in the cardiovascular system is still missing. Our present study illustrated that H2S donor NaHS administration significantly increased the GPX4 expression, downregulated ROS production, and lipid peroxidation, thus reversing high hydrostatic-induced ferroptosis. In addition, NaHS rescued RLS3-induced ferroptosis. Overall, H2S inhibits ferroptosis to attenuate HHP-induced VSMC dysfunction.
Taken together, the present study highlights the essential regulator role of ferroptosis in the HHP-triggered VSMC novel phenotype switch. The novel pathophysiological process also accounts for HHP, a direct biomechanical force, triggers VSMC ferroptosis, then drives vascular inflammation and limitation vascular relaxation, and contributes to vascular remodeling and aging even if calcified, thus exacerbating concomitant vascular damages and diseases (such as atherosclerosis). More interestingly, our study also indicates a new pathway about the ROS-GSH-iron-ferroptosis signal cascade in CSE/H2S cardiovascular protection.
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G protein-coupled receptors (GPCRs), as the largest family of receptors in the human body, are involved in the pathological mechanisms of many diseases. Heterotrimeric G proteins represent the main molecular switch and receive cell surface signals from activated GPCRs. Growing evidence suggests that Gα12 subfamily (Gα12/13)-mediated signaling plays a crucial role in cellular function and various pathological processes. The current research on the physiological and pathological function of Gα12/13 is constantly expanding, Changes in the expression levels of Gα12/13 have been found in a wide range of human diseases. However, the mechanistic research on Gα12/13 is scattered. This review briefly describes the structural sequences of the Gα12/13 isoforms and introduces the coupling of GPCRs and non-GPCRs to Gα12/13. The effects of Gα12/13 on RhoA and other signaling pathways and their roles in cell proliferation, migration, and immune cell function, are discussed. Finally, we focus on the pathological impacts of Gα12/13 in cancer, inflammation, metabolic diseases, fibrotic diseases, and circulatory disorders are brought to focus.
Keywords: G protein-coupled receptor, Gα12, Gα13, cell pathophysiology, diseases
INTRODUCTION
G protein-coupled receptors (GPCRs) family are a superfamily of membrane receptors responsible for signal transduction in cells. GPCRs are extensively studied drug targets because they participate in a broad range of human physiological and pathological processes. There are currently 481 drugs (about 34% of all drugs approved by the FDA) acting on 107 unique GPCRs to treat different diseases, including neurological disorders, metabolic and cardiovascular diseases, cancer, and inflammation (Hauser et al., 2017; Wang et al., 2020). Heterotrimeric G proteins are sensors for GPCR active conformations and trigger intracellular signal transduction (Maziarz et al., 2020). Heterotrimeric G proteins are composed of Gα, Gβ, and Gγ subunits, which are mainly located on the inner leaflet of the plasma membrane (Bondar and Lazar, 2021). Gα proteins are divided into four categories based on sequence homology and downstream effectors: Gαs (s stands for stimulation), Gαi/o (i stands for inhibition), Gαq/11, and Gα12/13 (Hilger et al., 2018; Yang et al., 2020). The function of Gαs, Gαi/o, and Gαq have been well documented. Meanwhile, the progress in understanding the function of the Gα12/13 family, which was discovered in the early 1990s, has been relatively slow (Kim et al., 2018a). Nevertheless, with the development of new research tools (for example, constitutively active mutants, fusion proteins, and gene knockout, etc.), progress has been made in further to understanding the function of Gα12/13 in recent years (Worzfeld et al., 2008).
Gα12/13 subunits are expressed in most cell types and are able to induce diversified cellular signaling and responses that are important players in health and disease. Gα12 and Gα13 share 67% of their amino acid sequence and have many downstream signaling targets in commm (Montgomery et al., 2014; Stecky et al., 2020). Some of the pathways that are triggered by both Gα12 and Gα13 include phospholipase C (PLC)-ε and phospholipase D, mitogen-activated protein kinase (MAPK), and Na/H-exchange which promote cytoskeletal alterations, carcinogenic responses, and apoptosis (Litosch, 2012; Dusaban et al., 2013; Xie et al., 2016). Moreover, Gα12/13 interacts with specific guanine nucleotide exchange factors (GEFs) (e.g., p115RhoGEF, leukemia-related RhoGEF, and PDZ-RhoGEF) to activate downstream effectors, including ras homolog family member A (RhoA), PLC, adenylate cyclase, and a variety of ion channels (Mikelis et al., 2013). These effectors, in turn, regulate the concentration of secondary messengers in the cells, such as diglycerides, cyclic adenosine monophosphate (cAMP), sodium ions, and calcium ions. Together, the activated RhoA and sencodary messengers eventually lead to physiological responses (Jiang et al., 2008; Kalwa et al., 2015; Wang et al., 2019). Furthermore, Gα12/13 subunits also regulate the activity of a variety of transcription factors, such as signal transducer and activator of transcription 3, serum response factor (SRF), activator protein 1 (AP-1), and activated T cell nuclear factor (NFAT) (Kumar et al., 2006; Lee et al., 2009; Song et al., 2018; Yagi et al., 2019). Abnormally elevated upstream stimuli promote the incidence and development of diseases by increasing the corresponding receptor coupling to Gα12 and/or Gα13 (Yang et al., 2020; Rasheed et al., 2021). In this review, the structure of Gα12 and Gα13 is reviewed along with their roles in GPCR signal pathways, cell function, and disease pathogenesis.
The Amino Acid Structure of Gα12 and Gα13
The Gα12/13 subfamily consists of two α subunits encoded by GNA12 and GNA13. The Gα12/13 subunits were originally discovered based on the amino acid sequence similarity with other Gα subunits and their insensitivity to pertussis toxin (Arang and Gutkind, 2020). The structure of Gα12/13 subunit consists of an amino-terminal α-helical domain and a Ras-like GTPase domain. There is a link between these two domains involved in binding to GDP and GTP (Syrovatkina et al., 2016; Smrcka and Fisher, 2019). In response to activation of GPCR, the conformation of GDP-bound inactive Gα12/13 is transformed into the active form with GTP binding, triggering the dissociation of Gα12/13 from Gβγ and activation of downstream effectors (Arthofer et al., 2016). After dissociation, free Gβγ subunits transmit signals through regulating canonical effectors, including adenylate cyclase, PLC, and various ion channels (Senarath et al., 2018). Gβγ subunits also regulate a series of non-canonical effectors, such as the nuclear import of the extracellular regulated protein kinases (ERK) 1/2, oxidative phosphorylation, and mRNA processing (Khan et al., 2016). The large number of Gβγ subunits in mammal cells define much of the diversity that occurs within GPCR signaling with resepect to spatial and temporal bias and are extensively involved in the pathogenesis of diseases (Masuho et al., 2021). Gβγ signaling has been previously well summarized.
Although Gβγ-mediated effects of GPCR signaling are diverse, the assorted isoforms of Gα also have a wide variety of influences. These varied functions are highly related to their structures. Under present consideration, Gα12 has four isoforms, of which isoform 1 is the longest isoform containing 381 amino acids (Figure 1). Compared with isoform 1, the encoded isoform 2 (305 amino acids) and isoform 3 (322 amino acids) are shorter and have different N-termini. Both Gα12 isoform 2 and 3 have distinct 5′ untranslated region and 5′ coding region for different N-termini. The isoform 4 of Gα12 lacks in-frame exons in the 3′ coding region relative to the isoform 1; the encoded isoform 4 (364 amino acids) is also shorter than isoform 1. Gα13 has two isoforms, of which isoform 1 is the longer isoform containing 377 amino acids. The isoform 2 of Gα13 uses an alternative 5′ exons resulting in a downstream start codon AUG. Thus, the encoded isoform 2 of Gα13 has a shorter N-terminus than the isoform 1. The isoform sequences of Gα12 or Gα13 show similar structural domains, including an adenylyl cyclase binding site, a β-γ complex binding site, a switch I region (one of two surface loops that undergo conformational changes upon GTP binding), a switch II region, and a putative receptor binding site, respectively, (Lambright et al., 1996; Sunahara et al., 1997; Tesmer et al., 1997). Additional difference in the amino acid sequence of each isoform may provide tissue specific expression and cellular localization to fulfill the broad functional roles of the Gα12 or Gα13.
[image: Figure 1]FIGURE 1 | The interaction site of the Gα12/13 isoform. (A) The interaction sites on the amino acid fragment of Gα12 isoforms. (B) The interaction sites on the amino acid fragment of Gα13 isoforms. The information on the interaction sites of Gα12 and Gα13 is from NCBI. In NCBI reference sequence database, the human GNA12 isoforms are NP_031379.2, NP_001269369.1, NP_001269370.1, and NP_001280021.1. (https://www.ncbi.nlm.nih.gov/gene/2768). The human GNA13 isoforms are NP_006563.2 and NP_001269354.1. (https://www.ncbi.nlm.nih.gov/gene/10672).
While literature clearly show that Gα12/13 has different functions from other Gα subtypes, the functional difference between the isoforms of Gα12 and Gα13 has not been reported. Future studies on the structure-functional relationship between these isoforms will help understanding their roles in cells and diseases.
Regulation Network of Gα12/13
Gα12/13 has been shown to couple to more than 30 GPCRs. Activated by various upstream stimuli, Gα12/13 can transmit to divergent downstream signaling pathways and regulates cell function in pathophysiological processes (Ackerman et al., 2015; Yung et al., 2017; Yanagida et al., 2018; Spoerri et al., 2020). Gα12 and Gα13 are broadly expressed, yet gene deficiency in mice shows that they are not interchangeable (Yang et al., 2020). Some GPCRs preferentially couple to either Gα12 or Gα13 (Ayoub and Pin, 2013; Yung et al., 2017; Mackenzie et al., 2019). Moreover, non-GPCRs are also shown to couple to Gα12 and Gα13 (Shen et al., 2013; Shen et al., 2015; Piccinin et al., 2019) (Table 1).
TABLE 1 | List of biologically significant Gα12/13-associated receptors and their physiological functions.
[image: Table 1]GPCRs Triggered Gα12/13 Signaling
Lysophosphatidic Acid Receptors
Lysophosphatidic acid (LPA) is a biologically active phospholipid, which mediates various biological functions through six homologous LPA receptors (LAPRs) (Plastira et al., 2020). Activated LPARs promote Gα12, but not Gα13, association with v-raf murine sarcoma viral oncogene homolog A which than activates ERK. The activated ERK promotes ring finger and FYVE like domain-containing E3 ubiquitin protein ligase transcription and fibroblast migration (Gan et al., 2013). LPAR-Gα12/13 signaling also plays an important role in embryonic blood vessel development (Tanaka et al., 2006). Additionally, LPAR1/2 couple with Gαi/o, Gαq/11, as well as Gα12/13 to activate a variety of downstream pathways, such as protein kinase B (PKB, commonly known as AKT), RhoA, MAPK, and phosphatidylinositol 3-kinase (PI3K), and regulates cell proliferation, migration, and cytoskeleton rearrangement (Kihara et al., 2014). Previous studies have identified that LPAR4/6 can effectively couple to Gα12/13 to stimulate Rho GTPase, which subsequently activates Rho-associated protein kinase (ROCK) I/II, leading to changes in the tension of the actin cytoskeleton (Noguchi et al., 2003; Yanagida et al., 2009). The LPAR4/6-activated Gα12/13-Rho-ROCK signal also promotes nuclear translocation of Yes-associated protein/transcriptional coactivator with PDZ-binding motif (YAP/TAZ) (Yasuda et al., 2019). YAP/TAZ promotes the proliferation of cancer cells (such as liver, bladder, and lung cancers) and accelerates the progress of cancer (Yagi et al., 2016; Maziarz et al., 2020). Activation of LPAR5 also induces axon retraction and stress fiber formation through an LPA-LPAR5-Gα12/13 pathway (Lee et al., 2006). As of today, there is no evidence supporting a coupling between LPAR3 and Gα12/13.
Frizzleds
Frizzled (FZD) receptors are unconventional GPCRs, which can be activated by the Wingless/Int-1 lipoglycoprotein (WNT) family (Janda et al., 2017). FZD4 interacts with Gα12/13 and does not interact with other subunits of the G protein family. The complex formed by FZD4 and Gα12/13 is dissociated under WNT stimulation. The FZD4-Gα12/13 signaling mediates cytoskeletal rearrangement and Rho signaling through p115RhoGEF, affecting angiogenesis in embryonic and tumor development (Arthofer et al., 2016). WNT5a/b and WNT3a bind to the receptor tyrosine kinase-like orphan receptor 1/2-FZD complex, activating Rho GTPases through Gα12/13. The activated Rho inhibits the activity of large tumor suppressor 1/2 (LATS1/2), leading to YAP/TAZ dephosphorylation and nuclear translocation and promoting bone formation and cell migration (Park et al., 2015). Interestingly, a similar mechanism has been found in brain endothelial cells. The FZD10-Gα13 complex dissociates under WNT5a/7a stimulation, and Gα13 transmits a signal to YAP/TAZ through Rho family members (Hot et al., 2017). In osteoblasts, WNT family member 16 binds to FZD receptors to activate canonical WNT signaling and non-canonical Gα12/13 signaling and regulate bone homeostasis (Hendrickx et al., 2020).
Protease-Activated Receptors
Protease-activated receptors (PARs) consist of four subtypes (PAR1-4). PARs play an important role in blood vessel development, cell proliferation, tumorigenesis, and thrombosis (Chandrabalan and Ramachandran, 2021). In fibroblasts, PAR1/2 send signals to integrin α5β1 through Gβγ and PI3K to induce fibronectin binding and initiate cell adhesion. PAR1/2 also send signals through Gα13, Gαi, ROCK, and Src to enhance integrin α5β1-mediated adhesion (Spoerri et al., 2020). The PAR1-mediated Gα12/13 activation stimulates RhoGEF and simultaneously activates the RhoA-ROCK pathway and myosin light chain (Flaumenhaft and De Ceunynck, 2017). Stimulation of PAR1 also initiates the assembly of F-actin through the Gα12/13-RhoA pathway, which induces YAP dephosphorylation and nuclear translocation, thereby promoting cell migration and invasion (Regué et al., 2013). PAR2 couples with Gαq, Gαi, and Gα13 to stimulate RhoA-ROCK activity independently of the cyclic adenosine monophosphate-protein kinase A pathway to induce smooth muscle contraction (Sriwai et al., 2013). An earlier study found that in endothelial cells, PAR3 directly interacts with PAR1 to change the binding conformation of PAR1/Gα13, induce the activation of downstream signaling pathways, and promote endothelial barrier dysfunction (McLaughlin et al., 2007). Presently, there is no clear evidence showing a direct interaction between PAR3/4 and Gα12/13.
Sphingosine 1-Phosphate Receptors
Sphingosine 1-phosphate (S1P) is a natural biologically active lipid molecule that binds to five different S1P receptors (S1PR1-5). Activated S1PRs couple with Gα12/13 to induce downstream signals (Zhang et al., 2020). An earlier study shows that S1PR2/S1PR3 couple to Gα12/13 and send an “inside-out” signal to mediate the formation of stress fibers (Olivera et al., 2003). After binding to S1P, S1PR1/3/5 couple with Gα12 and activate the c-Jun N-terminal kinase (JNK)-nuclear factor-kappa B (NF-κB) pathway to promote the expression of cyclooxygenase-2 and accelerate local inflammation (Ki et al., 2007). S1PR3 activates the Gα12/13-RhoA pathway and promotes the expression of inflammatory gene in astrocytes (Dusaban et al., 2017). S1PR3 activates Gα13-RhoA in cardiomyocytes and mediates cardio-protection during ischemia/reperfusion (I/R) (Yung et al., 2017). In vascular smooth muscle cells, S1PR2 couples to Gα12/13 to activate AP-1-dependent induction of cysteine-rich protein 61 and promote the migration of vascular smooth muscle cells and neointimal hyperplasia (Kim et al., 2011). S1PR2 also induces the contraction of myofibroblasts through the Gα12/13-Rho-ROCK pathway (Sobel et al., 2015). Moreover, Gα12, activated by S1PR2, is recruited to E-cadherin to form a complex after mechanical stress. Gα12 then recruits and activates p114RhoGEF, driving RhoA signaling and increasing the tensile strength of multicellular connections (Acharya et al., 2018).
Muscarinic Acetylcholine Receptors
Muscarinic acetylcholine receptors have five different subtypes (M1R-M5R) (Ruan et al., 2021). The increase of acetylcholine signal in neurons leads to the overexpression of M1R, promoting the polymerization of Gα13 and Gβγ (Sabbir et al., 2018). Gα13 disrupts the stability of tubulin polymer through the RhoA-ROCK signal, reducing mitochondrial transport and impairing growth in neurites (Sabbir et al., 2018). Early study has shown that M3R promotes the activity of phospholipase D through Gα12 in HEK-293 cells (Rümenapp et al., 2001). It has also been found that Gα12 binds to M3R in human airway smooth muscle cells. The M3R-Gα12 signaling is important in promoting the contraction of human airway smooth muscle cells by inducing PI3K-mediated ROCK activation in a RhoA-dependent manner (Yoo et al., 2017).
Chemokine Receptors
The binding of chemokine C-X-C motif chemokine 12 (CXCL12) to C-X-C chemokine receptor 4 (CXCR4) activates RhoA through Gα13, which leads to ROCK phosphorylation of myosin light chain and promotes cell migration and adhesion (Scarlett et al., 2018). In metastatic breast cancer cells, CXCR4 activates small Rho GTPases through Gα13 to initiate cell motility and trans-endothelial migration (Yagi et al., 2011).
Non-GPCRs Triggered Gα12/13 Signaling
Integrin “outside-in” signaling requires Gα13 and monomeric small G proteins (i.e., Rho) to mediate cell retraction, migration, and spreading (Shen et al., 2012). Gα13 directly binds to the ExE motif in the cytoplasmic domain of the integrin β3 subunits, which is important in transducing the “outside-in” integrin signaling (Shen et al., 2013). Gα13 also binds to the cytoplasmic domain of the integrin β1 subunit in platelets, which mediates the Src-dependent transient inhibition of RhoA, activates the Rac1 and PI3K pathways, and promotes cell migration (Shen et al., 2013; Shen et al., 2015). Interfering with the expression of Gα13 reduces αIIbβ3-dependent activation of c-Src, inhibits cell migration, and accelerates cell contraction, thereby spreading platelets on fibrinogen (Gong et al., 2010). Integrin αIIbβ3 also serves as a mechanical sensor that transmits “outside-in” signals through Gα13-Src-Rac1-dependent pathways in platelets and facilitates coagulation in vitro and intravascularly in vivo (Pang et al., 2018). Therefore, the Gα13-integrin interaction is important in thrombosis.
Additionally, peroxisome proliferator-activated receptor-γ (PPARγ), a member of the nuclear hormone superfamily, regulates lipid and glucose metabolism and homeostasis in many metabolic pathways (Piccinin et al., 2019). Treatment of platelets with PPARγ agonists leads to decreased binding between Gα13 and integrin β3, which prevents c-Src-dependent integrin β3 phosphorylation and talin dissociation and weakens the downstream signal transduction of integrin αIIbβ3, thereby regulating platelet activation and reducing thrombosis (Unsworth et al., 2017). Moreover, in diffuse large B-cell lymphoma (DLBCL), smoothened recruits Gαi and Gα12 and activates the protein kinase C (PKC)-caspase recruitment domain and membrane-associated guanylate kinase-like domain protein 1-dependent signaling cascade, which promotes activation of NF-κB, tumor growth, and anti-apoptosis (Qu et al., 2013).
Gα12/13 and Biased Signaling
Traditionally, each GPCR is thought to initiate the “canonical” signal transduction through a single homologous G protein class (Seyedabadi et al., 2019). With the advances in the study of the ligand-receptor-effector relationship, it has been found that specific ligands induce a GPCR to selectively bind to a particular G protein subunit, transducing biased intracellular signaling toward one of many downstream pathways. This phenomenon is called “biased signaling”; and functionally selective ligands are called “biased ligands” (Tan et al., 2018).
Up to now, only a few GPCRs have shown biased signaling, but it is still the early days of understanding the biased signaling mechanisms. The characteristics of biased ligands, which have strong or weak activity in different pathways, may provide significant clinical advantages for developing new drugs. However, attention should be paid to testing conditions, ligand verification, and patient and disease selection to achieve successful biased ligand therapy (Seyedabadi et al., 2019). So far a few of the receptor types seen to produce biased signaling involving Gα subunit switch include calcium-sensing receptors, angiotensin receptors, PARs, prostaglandin receptors, and ghrelin receptor.
The biased signaling can occur due to different underlying principles. The well-documented biased signaling is triggered by biased ligands. For instance, calcium-sensing receptor induces the activation of four G protein subfamilies (Gαq/11, Gαi/o, Gα12/13, and Gαs) (Abid et al., 2021). The ligands NPS-2143/NPS-R568 binds to a calcium-sensing receptor to specifically mediate the activation of Gα12/13-RhoA signal, which in turn activates various other signal checkpoints that regulate gene expression, cytoskeleton, and cell shape (Leach et al., 2012; Leach et al., 2013). Similarly, the prostaglandin F2α receptor, a Gαq-coupled GPCR, is activated by prostaglandin F2α (Pathe-neuschäfer-rube et al., 2005). PDC113.824 acts on the prostaglandin F2α receptor, which biasedly increases Gαq-PKC-ERK1/2 signaling while inhibiting Gα12-Rho-ROCK signaling, blocking cell contraction and skeletal reorganization, and inhibiting uterine contraction (Goupil et al., 2010). PAR2 is activated mainly by trypsin-like serine proteases and regulates various signaling pathways in coupling with Gαi/o, Gαq/11, and Gα12/13 (Kim et al., 2018b). Among PAR2 antagonists, I-287 inhibits Gαq, but biasedly activates Gα12/13 without affecting Gαi/o signaling and β-arrestin recruitment, thereby attenuating the PAR2-mediated inflammatory response (Avet et al., 2020). Likewise, the ghrelin receptor in the arcuate nucleus of the hypothalamus, activated by Ghrelin, induces an intracellular signaling cascade through Gαq, Gαi/o, Gα12/13, and β-arrestin (Hedegaard and Holst, 2020). The biased ligand YIL781 selectively activates Gαq/11 and Gα12 through the ghrelin receptor without intrinsic activity for β-arrestin recruitment, leading to an increased food intake and a reduced gastric emptying (Mende et al., 2018). However, other factors, including ionic strength, lipid environments, and downstream signaling partners, can also contribute to biased signaling observed in native cells and tissues. For instance, receptors can couple in a cell type-specific manner. The binding of angiotensin II (Ang II) to the Ang II type 1 receptor (AT1R) causes AT1R interaction with Gαq/11, Gα12/13, and Gαi, depending on cell type (Forrester et al., 2018). When Ang II stimulates vascular smooth muscle cells, AT1R binds to Gα12/13 instead of Gαq/11 to activate RhoA-ROCK and promote vasoconstriction (Lymperopoulos et al., 2021). Cleaving a receptor is another method that often leads to a change in downstream signaling. For PAR1, the endogenous ligand thrombin promotes PAR1 binding to heterotrimeric G proteins of the Gαq/11, Gα12/13, Gαi, and Gαs families. The activation of matrix metalloproteinase-1 in platelets cleaves the N-terminal extracellular domain of PAR1, activating the Gα12/13-Rho-MAPK signal instead of Gαq/11, and promotes cell shape changes and platelet thrombosis (Trivedi et al., 2009).
Gα12/13Signaling and Cell Function
As discussed above, the well-characterized downstream effector of active Gα12/13 is the Rho GTPases through stimulating RhoGEF, which regulates the actin cytoskeleton and participates in various cellular functions, including cell proliferation, migration, contractility, and gene expression (Bodmann et al., 2017) (Figure 2).
[image: Figure 2]FIGURE 2 | The crosstalk between Gα12/13 signaling and cell proliferation/migration. Under different physiological/pathological environments, GPCRs on the cell membrane receive different signals, couple Gα12 or Gα13, activate signal cascades, and promote synthesis of transcription factors or secretion of inflammatory factors. These signals ultimately lead to different cell activities, such as cell proliferation, survival, differentiation, migration, invasion, etc. TP, thromboxane A2 receptor; UT, urotensin II receptor; P2Y6, purinergic receptor 6; shh, sonic hedgehog; MST1/2, mammalian sterile 20-like kinases 1/2.
Cell Growth and Apoptosis
Gα12/13 was initially identified as an oncogene with the potential for tumor transformation of fibroblasts (Chan et al., 1993; Xu et al., 1993). Subsequent studies have shown that Gα12/13 can promote mitogenic response and cell growth by transducing a RhoA-dependent signal, which increases YAP/TAZ-dependent gene expression (Goldsmith and Dhanasekaran, 2007; Syrovatkina and Huang, 2019).
Subsequent publications have revealed that Gα12/13 coupling with several different receptor types promotes proliferation. S1P activates S1PR2/3 to trigger Gα12/13-RhoA signaling, leading to the proliferation of mouse cardiac progenitor cells and regulating gene transcription in hearts (Castaldi et al., 2016). Stimulation of the thromboxane A2 receptor also promotes the activity of Rho GTPase through Gα12/13. The activated Rho GTPase regulates actin cytoskeleton, increases nuclear translocation of YAP/TAZ, and promotes proliferation and migration of T/G HA-vascular smooth muscle cells (Feng et al., 2016). After the loss of primary cilia on human astrocytes, LPA promotes association between LPAR1 and Gα12/Gαq, augmenting mitogenic signaling and cell proliferation (Loskutov et al., 2018). Furthermore, the acetylcholine signaling via M1R activates Gα13 protein to disrupt tubulin polymerization in axons and inhibit mitochondrial transport, thereby limiting the growth of neurites (Sabbir et al., 2018). G protein-coupled receptor 56 (GPR56) interacts with Gα12/13 to mediate RhoA signaling and regulates zebrafish oligodendrocytes’ development and subsequent myelination (Ackerman et al., 2015).
Gα12/13 is also very important in the proliferation of tumor cells. The activation of Gα12/13 promotes cell growth and tumor development of hepatocellular, small cell lung carcinoma, and ovarian cancer cells, but not in breast and prostate cancer cells (Grzelinski et al., 2010; Rasheed et al., 2013; Yagi et al., 2016; Syrovatkina and Huang, 2019). The synthetic ligand, Clozapine N-oxide, stimulates GPCR-Gα12/13 signaling and promotes the proliferation of ovarian cancer cells by activating YAP1 (Yagi et al., 2016). Bombesin secreted by small cell lung carcinoma cells activates the gastrin-releasing peptide receptor (GRPR)-Gα12/13-Rho-NF-κB signaling cascade. Subsequently, the activated NF-κB increases the production of Sonic Hedgehog, which activates the Gli transcription factor and promotes cell proliferation, survival, blood vessel generation, and local invasion (Castellone et al., 2015).
Meanwhile, the combination of muscle-restricted coiled-coil protein and caveolin-1 promotes Gα13-mediated p115RhoGEF activation, leading to subsequent activation of the Rho-ROCK signal and enhancing the proliferation and migration of human pulmonary artery smooth muscle cells (Nakanishi et al., 2016). Moreover, Gα13 dynamically regulates the RhoA signaling through the combination of RhoGEF GTPase and integrin β1, promoting integrin β1-mediated proliferation of CHO cell lines (Shen et al., 2015). In addition to autophagy-mediated mitochondrial damage and oxidative stress, lysosomal dysfunction in cystopathy stimulates Gα12/Src-mediated phosphorylation of zona occludin-1. The activated zona occludin-1-related signaling cascade promotes the proliferation of epithelial cells and disrupts the cell lining along the proximal tubules of mouse kidneys (Festa et al., 2018).
Studies have also found that Gα12 and Gα13 regulate apoptosis. In Madin-Darby canine kidney cells, the activation of endogenous Gα12 and thrombin stimulation increase the activity of JNK1, inhibit the activity of NF-κB, and promote cell apoptosis (Yanamadala et al., 2007). In melanoma cells, US28, a GPCR encoded by human cytomegalovirus, is coupled with Gα13 to induce cell apoptosis; silencing Gα13 inhibits cell apoptosis driven by US28 (Joshi et al., 2015). Notably, this event has been only observed in human melanoma cell lines but not in murine cells. The emerging discovery of ligand-GPCR-Gα12/13 signals will offer insight into the regulation of apoptosis on cancer cells.
Cell Migration
The ability of cell migration is essential for cell growth, proliferation, the inputs and outputs of nutrients and signal intermediates, and normal cell physiology. Cell movement also enhances tumor cell invasion and metastasis (Svitkina, 2018). The process of cell migration is usually accompanied by changes in the actin cytoskeleton. Gα12/13 activates RhoA through their respective RhoGEF effectors and promotes the dynamic changes of cell shape controlled by actin cytoskeleton reorganization (Castillo-Kauil et al., 2020).
Gα12/13 plays pivotal roles in cell migration that occurs during development. For instance, the 5-hydroxytryptamine type 4 receptor (5-HT4R) triggers Gα13-mediated RhoA signal transduction, promoting the reorganization of filamentous actin and the morphology of mouse astrocytes, and enhancing hippocampal synaptic function (Müller et al., 2021). The 5-HT4R also mediates human endothelia cell migration and angiogenesis through the Gα13-RhoA-ROCK pathway in vitro (Profirovic et al., 2013). In zebrafish development, the S1PR2-Gα13-RhoGEF signal is necessary for the convergent movement of the endoderm by promoting myocardial migration at all stages of heart development (Ye et al., 2015). Disrupting the S1PR2-Gα13-RhoGEF pathway jeopardizes the endoderm’s convergence and the myocardium’s migration during the segmentation process (Ye and Lin, 2013). With the high concentrations of urotensin II stimulation, urotensin II receptors recruit Gα13 to activate the Rho-ROCK pathway and promote actin polymerization, which contributes to glioma cells invasion and new blood vessel formation (Lecointre et al., 2015). Gα12 participates in cell differentiation through the nuclear factor of activated T-cell c1 (NFATc1) and regulates cell migration and resorption through RhoA in the process of osteoclast formation in mice (Song et al., 2018). Resistance to inhibitors of cholinesterase 8A (Ric-8A) is a guanine nucleotide exchange factor of Gα subunits and an important partner of Gαi, Gαq, and Gα13 proteins (Papasergi-Scott et al., 2018). In Xenopus cranial neural crest cells, the Ric-8A-Gα13-focal adhesion kinase (FAK) signal regulates focal adhesion dynamics and neurite formation to control cell migration (Toro-Tapia et al., 2018). The activated Ric-8A catalyzes the nucleotide exchange on Gα13, induces the reorganization of the actin cytoskeleton, and promotes the migration of mouse embryonic fibroblasts (Wang et al., 2011).
Cell migration that is mediated by Gα12/13 is also important in metastasis. For example, the activated purinergic receptor 6 increases the number of filopodia and adhesions of human lung cancer cells (A549) and colorectal cancer cells (Caco-2) through both Gαq-Ca2+-PKCα and Gα13-ROCK signals, regulating cell migration (Girard et al., 2020). The GRPR-Gα13-RhoA-ROCK signaling is necessary for GRP to stimulate the migration of human colon cancer cells. This signaling also promotes the expression of COX-2, which contributes to cell migration (Patel et al., 2014). Similarly, Gα12/13 signal facilitates the invasion of human cervical cancer cells through a RhoA-ROCK-JNK signal axis (Yuan et al., 2016). Gα12/13 increases the gene expression of metalloproteinase-2 through p53, which is necessary for inducing the invasion and migration phenotypic changes of untransformed human breast epithelial cells (Kim et al., 2010). Gα12, which is overexpressed in many hepatocellular carcinoma patients, relieves the regulation of p53-responsive miRNA and promotes the metastasis and invasion of tumor cells (Yang et al., 2015). The Gα12-mediated pathway promotes metastasis and invasion of human nasopharyngeal carcinoma cells by regulating the reorganization of the actin cytoskeleton (Liu et al., 2009).
Increased Gα12/13 mediated cell migration also greatly contributes to primary solid tumor growth. Take as example that Gα13, which is up-regulated in breast cancer, inhibits the transcription of kallikreins through the RhoA-ROCK pathway and promotes the invasion and metastasis of breast cancer cells (Teo et al., 2016). The expression of GNA13 in breast cancer cells is primarily regulated by MicroRNA (miR)-31, and the absence of miR-31 increases the expression of GNA13 and the invasion of cancer cells (Rasheed et al., 2015). Similarly, Gα13 is overexpressed in pancreatic ductal adenocarcinoma and enhances the invasion of human pancreatic cancer cells in three-dimensional collagen by destroying cell adhesion; however, this process does not go through ROCK signal transduction (Chow et al., 2016). Gα13 is also involved in cell fusion (Carloni et al., 2013). Disintegrins and metalloproteinases stimulate Gα13 to activate RhoA. The up-regulated RhoA activity causes dephosphorylation of ezrin/radixin/moesin proteins and destruction of plasma membrane-cortical actin interaction, promoting fusion of human metastatic colon cancer cells and cell acquisition of drug resistance (Carloni et al., 2013).
These observations highlight the importance of Gα12/13-RhoA signaling in cell proliferation or migration. The expression of Gα12/13 and the downstream signaling are often elevated in cancer cells. However, in some disease states (especially cancer), the upstream ligand and receptor of Gα12/13 remain unknown.
Immune Cell Function
Due to the lack of specific inhibitors of Gα12/13, the research of Gα12/13 in immune cells was stagnant for many years. However, with various transgenic models, the studies on the role of Gα12/13 in immune cells are accelerating.
T Cells
After naive T cells are activated, CD4+ T cells differentiate into different effector subsets: T helper (Th) 1, Th2, Th17, and T follicular helper (Tfh) cells, which perform their specific auxiliary functions (Dong, 2021). During T cell activation, Gα12/13 regulates actin polymerization and contributes to cell adhesion and migration (Wang et al., 2013). A recent study has found that Gα13-RhoA-ROCK2 signaling plays a key regulatory role in the differentiation and function of early Tfh cells. The Gα13-deficient Tfh cells impair the function of adhering B cells to form conjugates and stimulating B cells to produce immunoglobulins (Kuen et al., 2021). Morover, receptors coupled to Gα12/13 have been demonstrated to be essential for T cell adhesion, differentiation, and retention in lymph nodes (Moriyama et al., 2014; Mathew et al., 2019). For example, S1PR2 promotes the maturation of Tfh cells by directing co-localization with B cells in the germinal center; and the deficiency of S1PR2 in Tfh cells inhibits the retention in lymph nodes (Moriyama et al., 2014). In response to the stimulation of CXCL12, the Gα13-Rho signal in human T cells mediates the endosomal trafficking of CXCR4 (Kumar et al., 2011). CXCL12 also promotes the migration of Jurkat T cells through the CXCR4-Gα13-Rho signal axis (Tan et al., 2006). Meanwhile, Gα12/13 negatively regulates the activation state of integrin leukocyte-function-antigen-1 to modulate CD4+T cells trafficking and proliferation and susceptibility to immune diseases (Herroeder et al., 2009). In response to the activation of T cell receptor signals, the interleukin-2 inducible T cell kinase directly interacts with Gα13 to mediate the activation of SRF transcriptional activity (Huang et al., 2013). Conversely, Gα12 is a key mediator of T cell receptor-mediated interleukin-2 production and controls the differentiation of Th2 and Th17 cells (Won et al., 2010). Additionally, Gα13, but not Gα12, mediated signal transduction is necessary for early thymocyte proliferation and survival (McNeil Coffield et al., 2004).
B Cells
Mature B lymphocytes express LPAR2/5, LPA negatively regulates B cell receptor signaling through the LPAR5–Gα12/13–Arhgef1 pathway, inhibiting the release of calcium stored in the cell and the antibody response (Hu et al., 2014). Gα12/13 also regulates the maturation, migration, and polarization of marginal zone B cells. In mice with depletion of Gα12/13 in B cells, the number of zone B cells and zone B cell precursors are significantly reduced, but the formation of pseudopods is increased (Rieken et al., 2006).
Knockout of Gα13 also results in the loss of restriction of B cells in the germinal center, thus spreading to lymph nodes and blood (Muppidi et al., 2014). Meanwhile, Gα13 plays a direct role in the growth inhibition of B cells, affecting their survival and differentiation. It has been noted that the impaired phosphorylation of AKT at the Ser473 site is related to Gα13 activity and may affect the growth and survival of B cells (Green et al., 2011; O’Hayre et al., 2016). The mechanism by which the Gα12/13-RhoA axis inhibits the growth of B cells needs to be further explored.
Macrophages
In macrophages, complement C5a couples to Gα12/13 to activate Rho GTPases and tail retraction in migrating cells. Macrophages without Gα12/13 show complete chemotaxis but increased migration speed and a moderately impaired tail contraction (van den Bos et al., 2020). Thrombin, a major platelet activator, selectively induces the expression of CD36, a plasma membrane fatty acid transporter, and foam cell formation of RAW264.7 cells through PAR1-Gα12 signaling and facilitates atherosclerosis (Raghavan et al., 2018). Thrombin also induces the migration of monocytes or macrophages through the PAR1-Gα12 pathway (Gadepalli et al., 2013). The loss of Ric-8A in lymphocytes and bone marrow-derived macrophages leads to a decrease in the expression of Gαi2/3, Gαq, and Gα13, but not Gα12, leading to anemia and leukocytosis (Boularan et al., 2015).
The above studies suggest that dysregulation of Gα12 or Gα13 in immune cells may lead to pathophysiological consequences, such as cancer and autoimmunity. So far, the research of Gα12/13 in immune cells is relatively scarce. More research is needed to bring new therapeutic targets for cancers and autoimmune diseases.
Gα12/13 Signaling and Diseases
Gα12/13 plays an important role in multiple stages of disease development in different tissues and organs. An increasing number of cancers have shown overexpressed Gα12/13, which is correlated to abnormal cell proliferation, metastasis, and invasion (Montgomery et al., 2014). The high abundance or constitutive activation of Gα12 and Gα13 are effective stimulators of oncogenic transformation. Gα12/13 also interacts with cell surface GPCRs and participates in the inflammation regulation (Dusaban et al., 2013; Hou et al., 2021). Meanwhile, Gα12/13 levels in metabolic organs, including liver and muscle, are altered in metabolic diseases (Koo et al., 2017; Kim et al., 2019). However, the mechanism by which Gα12/13 regulates the progression of these diseases has not been fully elucidated.
Gα12/13 and Cancer
Gα12/13 are called the gep proto-oncogenes and are usually overexpressed in cancers (Yagi et al., 2016). Besides the functional roles in cancer cell migration and invasion, Gα12/13 and Rho GTPases exert pro- or anti-cancer effects in a cancer type and background-dependent manner.
The results of Gene Expression Omnibus and The Cancer Genome Atlas database analysis have shown that GNA12 can be used as a biomarker for the personalized treatment of head and neck squamous cell carcinoma (HNSCC) patients and one of the prognostic genes for patients with HNSCC (Liu et al., 2021). GNA13 is also a biomarker for the prognosis and metastasis of solid tumors, including HNSCC, ovarian cancer, lung cancer, and gastric cancer (Cerami et al., 2012; Gao et al., 2013; Cancer Genome Atlas, 2015). GNA13 mutations are present at a high frequency in gastric cancer, nasopharyngeal cancer, prostate cancer, breast cancer, lymphoma, and bladder cancer (Muppidi et al., 2014; Wu et al., 2019; Arang and Gutkind, 2020).
The increased expression and activity of Gα12/13 contribute to the pathogenesis of different cancers. The copy number of GNA12 is significantly increased in ovarian cancer, which enhances the function of Gα12 to promote cancer growth and metastasis (Wu et al., 2019). In two prostate cancer cell lines (C4-2B and PC3), both Gα12 and Gα13 are abundantly expressed (El-Haibi et al., 2013). The highly expressed GNA13 also acts through Rho GTPase to drive the NF-κB transcription program and induce the expression of CXCL5 (Lim et al., 2019). A study on HNSCC has demonstrated that GNA13 promotes the aggressive phenotype and drug resistance of tumor-initiating cells through the MAPK/AP-1 and NF-κB pathways (Rasheed et al., 2018). In bladder cancer, the Arg-200 (residue required to hydrolyze GTP) mutation of Gα13 strongly activates YAP/TAZ-dependent TEAD and myocardin-related transcription factor-A/B-dependent SRF transcriptional activities through the RhoGEF-Rho GTPase cascade (Maziarz et al., 2020). Additionally, the low expression of MiR-30b-5p in renal cell carcinoma up-regulates the activity of Gα13, which promotes cell proliferation, metastasis, and epithelial cell-mesenchymal transition (Liu et al., 2017). The reduction of regulators of G protein signaling protein (RGS) 12 promotes the Gα12/13-RhoA-YAP pathway and Ezrin expression, which leads to the growth and progression of osteosarcoma and lung metastasis (Li et al., 2021). Moreover, Gα13-mediated down-regulation of LATS1 promotes phenotypic changes of epithelial cell-mesenchymal transition in ovarian cancer cells (Yagi et al., 2019). These findings identify the Gα13-Hippo signaling as a potential target for cancer therapeutic interventions.
A few GPCR ligands have been identified upstream of Gα12/13 in cancers. LPA promotes the combination of Gα12 and EFA6 through LPAR2 and activates the ADP-ribosylation factors 6 mesenchymal pathway, thereby promoting the invasion, metastasis, and drug resistance of renal cancer cells (Hashimoto et al., 2016). High concentrations of LPA are also accumulated in the ascites of patients with ovarian cancer (Yu et al., 2016). The heterodimerization of LPAR1 and CD97 amplifies the LPA-mediated Gα12/13-Rho signal transduction and promotes the invasion of prostate cancer cells (Ward et al., 2011). Gastrin induces the activation of paxillin and FAK through the cholecystokinin B receptor-Gα12/13-RhoA-ROCK signaling pathway, thereby promoting the redirection of the Golgi apparatus and the directional migration of pancreatic cancer cells (Mu et al., 2018). Gastrin also promotes the activation of Gα13 through the gastrin type 2 cholecystokinin receptor in colon cancer cells. The recruitment of p190RhoGEF by Gα13 enhances the phosphorylation of FAK and paxillin, leading to RhoA activation and promoting the migration of cancer cells (Masià-Balagué et al., 2015). In addition, the down-regulated GPR65 in a variety of hematological malignancies promotes Gα13/Rho signal transduction, which leads to the decrease of c-myc oncogene expression and promotes growth, migration, and metastasis of blood cancer cells (Justus et al., 2017). Gα13 binds to CXCR5 in response to CXCL13 treatment and promotes prostate cancer cell movements; however, silencing Gα13 does not affect CXCL13-dependent cell invasion (El-Haibi et al., 2013).
Interestingly, the Gα13-Rho GTPase signaling has also been shown to alleviate hematological malignancies (Justus et al., 2017). In malignant tumors of the hematopoietic and lymphatic system, GNA13 and RhoA mutations are present in B-cell lymphomas, mainly in DLBCL and Burkitt’s lymphoma (Justus et al., 2017). The mutation of GNA13 in germinal center B cells is resistant to programmed cell death (Healy et al., 2016). These B cells are differentiated, facilitating genetic instability through continuous somatic hypermutation (Muppidi et al., 2014). Over time, the accumulation of driver mutations in persistent germinal center B cells may cause lymphoma. Loss of Gα13 facilitates germinal center B cells to spread to the lymph node and blood, leading to the pathogenesis of DLBCL (Healy et al., 2016). Moreover, in the absence of Gα13 signaling, S1P acts through S1PR3 to promote mouse germinal center B cells migration into the circulation (Muppidi et al., 2015). S1PR2 signals through Gα13 to induce tumor cell apoptosis and exert its tumor suppressor function (Flori et al., 2016). However, in DLBCL, the forkhead box protein 1 directly inhibits S1PR2 and promotes tumor cell survival (Flori et al., 2016). The restoration and activation of the Gα13-Rho pathway help reduce tumor growth and progression, supporting that the Gα13-RhoA axis has a tumor suppressor effect (Justus et al., 2017). Meanwhile, analyzing the genome of tumor tissues from patients with classical Hodgkin lymphoma has revealed that GNA13 is one of the genes repeatedly mutated (Tiacci et al., 2018). GNA13 variants are mostly heterozygous, including nonsense, frameshift, and missense mutations, like the mutation patterns in DLBCL and Burkitt’s lymphoma (Muppidi et al., 2014; Justus et al., 2017).
Despite the emerging evidence supporting the critical roles of Gα12/13 in cancers, many questions remain about how the ligands and receptors trigger Gα12 or Gα13 signaling in a cancer type-specific manner. A comprehensive understanding of these mechanisms may provide a promising prospect for targeting specific Gα12/13 signaling processes in cancer therapies.
Gα12/13 and Inflammation
Gα12/13 has been implicated in both induction and suppression of inflammation. In the context of inflammation, thrombin, LPA, and S1P transmit signals through Gα12/13-coupled receptors to amplify inflammatory responses (Gavard and Gutkind, 2008; Dusaban et al., 2017; Lee et al., 2019).
Early studies have found a direct connection between Gα12/13 signaling and arachidonic acid in cells (Dermott et al., 1999; Mariggiò et al., 2006). NIH-3T3 cells transformed with Gα12QL show increased secretion of arachidonic acid and transcriptional activation of cyclooxygenase-2 (Dermott et al., 1999). Thrombin stimulates CHO cells to activate the Gα13-RhoA-ERK1/2 signaling through PAR1, leading to the phosphorylation of cytosolic phospholipase A2 and the increase of arachidonic acid (Mariggiò et al., 2006). The activation of LPAR and S1PR also promotes the expression of inflammatory genes (such as cyclooxygenase-2) and the proliferation of astrocytes through Gα12/13-RhoA-PLCɛ-protein kinase D (PKD)-NF-κB signaling, which contributes to neuroinflammation (Dusaban et al., 2013).
Recent work has shown that S1P promotes the NLRP3 inflammasome-mediated inflammatory response and the secretion of pro-inflammatory cytokines such as interleukin-1β and interleukin-18 through the S1PR2-Gα12/13-MAPK pathway (Hou et al., 2021). Meanwhile, a variety of pro-inflammatory ligands promote the interaction of Gα13 to VE-cadherin, inducing Src activation and VE-cadherin phosphorylation, leading to the internalization of VE-cadherin, the loss of endothelial barrier function, and vascular inflammation (Gong et al., 2014). The deficiency of Gα13 in leukocytes and platelets inhibits thrombosis and inflammation and significantly optimizes the survival rate of septic mice (Cheng et al., 2021).
Gα12 and Gα13 have opposite effects on osteoclasts. The silencing of Gα13 enhances the AKT-GSK3β-NFATc1 signal cascade by inhibiting RhoA, strongly promoting the formation and size of osteoclasts (Wu et al., 2017). This observation depicts that Gα13 is the main endogenous negative switch for osteoclast production. Gα13 also protects against various bone loss disease models from inflammation (Wu et al., 2017; Nakano et al., 2019). In comparison, a study has shown Gα12 is involved in the pathophysiology of bone diseases such as osteoporosis or rheumatoid arthritis (Song et al., 2018). Interestingly, the volume of trabecular bone increases in Gα12 knockout mice, whereas the number of osteoclasts decreases, contrary to the phenotype of Gα13 deletion (Song et al., 2018). The underlying mechanisms of these opposite phenotypes are unclear, possibly because that Gα12-/- mice are whole body knocked out, whereas Gα13-/- mice undergo an osteoclast lineage-specific conditional knockout.
Gα12/13 and Metabolic Diseases
Gα12 is extensively expressed in metabolic organs, for instance, the liver (Strathmann and Simon, 1991; Kim et al., 2018a). Fasting of normal mice for 24–48 h significantly enhances the expression of Gα12 in the liver (Kim et al., 2018a). GNA12-knockout mice are prone to hepatic steatosis and obesity after being fed a high-fat diet due to reduced energy consumption (Kim et al., 2018a). A study using cDNA microarray analysis with the liver of GNA12-knockout mice has found that Gα12 regulates mitochondrial respiration through the Sirtuin 1/PPARα network (Kim et al., 2018a). Sirtuin 1, a class III histone deacetylases activated by NAD+, is an important regulator involved in the fatty acid oxidation transcription network (Kalliora et al., 2019). Gα12 induces ubiquitin-specific peptidase 22 through HIF-1α to promote the stability of Sirtuin 1, controlling lipid metabolism and mitochondrial respiration (Kim et al., 2018a). Interestingly, Gα12 also exists in the endoplasmic reticulum and participates in the endoplasmic reticulum export (Subramanian et al., 2019). With the coat protein II subunit Sec24 binds to the cargo, it acts as a GEF to activate Gα12 at the export site of the endoplasmic reticulum, promoting cargo export and inhibiting protein synthesis (Subramanian et al., 2019).
The role of Gα13 in energy metabolism has opposite effects in skeletal muscle (prodiabetic) and liver (antidiabetic) (Koo et al., 2017; Kim et al., 2019). Gα13 is more highly expressed in skeletal muscle than other metabolic organs (Koo et al., 2017). The knockout Gα13 in skeletal muscles contributes to systemic energy homeostasis, increasing glucose metabolism and insulin sensitivity and inhibiting diet-induced obesity and hepatic steatosis (Koo et al., 2017). The level of Gα13 in skeletal muscle is reduced by exercise but is increased under conditions of metabolic diseases. Loss of Gα13 in skeletal muscle inhibits the RhoA-ROCK2 pathway and activates NFATc1, which induces the conversion of skeletal muscle fibers into oxidized form and enhances energy metabolism (Koo et al., 2017). On the contrary, the lack of Gα13 in the liver of mice leads to the overproduction of inter-α-trypsin inhibitor heavy chain 1, which exacerbates systemic insulin resistance (Kim et al., 2019).
GPR40 is a clinically proven molecular target for the treatment of diabetes. A GPR40 allosteric full agonist promotes glucose-stimulated insulin secretion in pancreatic β cells through GPR40-mediated Gα12 signaling (Rives et al., 2018). In response to mechanical overload, GPR56 elevates the expression of the mammalian target of rapamycin and insulin-like growth factor 1 through Gα12/13 and promotes muscle protein synthesis and myotube hypertrophy (White et al., 2014). Succinate activates the Gα12-PKC-p38-dynamin-related protein 1 signaling through GPR91 to increase mitochondrial fission, enhances ATP production and membrane potential of mitochondria, and promote the migration of human mesenchymal stem cells (Ko et al., 2017). LPA is a key product of fatty acid metabolism. LPAR4 is selectively coupled with Gα12/13 in adipocytes to limit the remodeling and healthy expansion of white adipose tissue in high-fat diet mice (Yanagida et al., 2018). The above studies have shown that the GPCR-Gα12/13 axis can be an attractive target for treating metabolic diseases.
Gα12/13 and Fibrotic Diseases
Gα12/13 has a pro-fibrotic effect mainly mediated by the RhoA-ROCK activation (Haak et al., 2020). Early studies have demonstrated that Gα12/13 play a key role in regulating the phenotype of cardiac fibroblasts (Fujii et al., 2005; Nishida et al., 2007). The stimulation of Ang II induces the production of reactive oxygen species (ROS) through the AT1R-Gα12/13-Rac pathway. The ROS-mediated JNK activation promotes the activity of AP-1 and NFAT, leading to the proliferation of cardiac fibroblasts (Fujii et al., 2005). Recently, it has been found that targeted inhibition of the Gα12/13-RhoA-ROCK pathway successfully alleviates Ang II-induced cardiac dysfunction and the fibrotic response of cardiac fibroblasts (He et al., 2017). Endothelin-1 activates the Endothelin-1 type A receptor-Gα12/13 axis in cardiac fibroblasts and promotes the formation of myofibroblasts through Rac-dependent ROS production and JNK activation (Nishida et al., 2007). The osteoglycin in the heart binds to LPAR3 and mediates the Gα12/13-Rho-ROCK signal to attenuate the transactivation of epidermal growth factor receptors, thus inhibiting the proliferation and migration of cardiac myofibroblasts and negatively regulating cardiac fibrotic remodeling (Zuo et al., 2018).
Among numerous G protein members, Gα12 is expressed abundantly in hepatic stellate cells of the fibrotic liver, whereas Gα13 is not (Kim et al., 2018c). The imbalance of miR-16 in hepatic stellate cells leads to the overexpression of Gα12, which promotes autophagy through the transcription of JNK-dependent autophagy-related genes 12-5 and accelerates the progression of liver fibrosis (Kim et al., 2018c). Meanwhile, deficiency of Gα12 significantly blocks bleomycin-induced pulmonary fibrosis in mice. LPA stimulates the phosphorylation and activation of PKC-δ through Gα12 and the mammalian target of rapamycin complex 2, which is important for fibroblast migration and the development of pulmonary fibrosis (Gan et al., 2012).
In short, the role of Gα12 or Gα13 in fibrotic diseases is unclear. Using various omics (e.g., genomics, proteomics) to detect the expression of Gα12/13 in specific tissues/cells of fibrotic diseases, exploring its upstream receptors and downstream signals may lead to a better understanding of the pathological mechanisms of the fibrotic diseases.
Gα12/13 and Circulatory and Renal Disorders
Gα13 is involved in heart remodeling induced by pressure overload and plays a central role in the transition to heart failure (Takefuji et al., 2012). The Ang II-AT1R-Gα13-RhoA-myocardin-related transcription factor signal cascade regulates the expression of hypertrophy and fibrosis genes in cardiomyocytes (Takefuji et al., 2012). In response to low concentrations of thrombin, disabled-2, a linker protein, regulates Gα12/13-mediated RhoA-ROCK activation and enhances ADP release, which increases the activity of AKT and mammalian target of rapamycin and promotes platelet aggregation and thrombosis (Tsai et al., 2014). Thrombin also stimulates platelets to promote the interaction of Gα13 and receptor-interacting protein kinase 3. Receptor-interacting protein kinase 3 participates in the integrin-Gα13 signal to promote platelet activation and thrombosis (Zhang et al., 2017). The newly developed high-load ExE peptide nanoparticles, based on the Gα13 binding ExE motif on the cytoplasmic domain of integrin β3, inhibit thrombosis and protect mice from cardiac I/R injury (Pang et al., 2020). This study supports that the integrin-Gα13-RhoA-YAP pathway can be targeted for anti-atherosclerosis therapy (Wang et al., 2016). Inhibiting proteins that specifically interact with Gα13 is a promising approach for the treatment of diseases such as macular degeneration, atherosclerosis, and tumor angiogenesis (Wang et al., 2017). In the process of angiogenesis, RGS5 converts Gαq/11-mediated calcium-dependent contraction to Gα12/13-mediated RhoA activation, leading to the formation of stress fibers in the vascular smooth muscle cells of the artery and the process of vascular remodeling (Arnold et al., 2014). Gα12/13 are also essential for blood vessel formation. Gα13 interacts with Abl1 to form a complex, which regulates actin cytoskeleton reorganization, remodeling, and endothelial cell migration and promotes blood vessel formation (Wang et al., 2017).
Gα12 also plays a key role in inducing renal I/R injury through various mechanisms, such as destruction of tight cell connections, oxidative stress, inflammation, and cell apoptosis. Gα12 knockout mice are almost completely protected from I/R injury (Yu et al., 2012). In addition, kidney injury molecule-1 prevents tissue damage by blocking the binding of GTP to Gα12 in renal I/R (Ismail et al., 2015). Gα12 is also necessary for the development of a mouse renal cyst model induced by polycystin-1 mutation. The lack of polycystin-1 promotes the activation of Gα12, leading to alteration in the form of N-cadherin, destroying cell-matrix/cell adhesion, inhibiting FAK, but promoting the formation of stress fibers (Wu et al., 2016). The activation of Gα12 in mouse podocytes also leads to the imbalance of collagen expression in glomeruli, age-dependent proteinuria, and focal glomerular sclerosis (Boucher et al., 2012). However, a study has found that the activation of the dopamine D3 receptor increases coupling to Gα12, leading to the reduction in ROS production and inflammation, ultimately preventing renal I/R injury (Wang et al., 2015).
The coupling of different GPCRs to Gα12/13 and the impacts on the pathophysiology have not been fully elucidated. The identification of the reciprocal binding domains of Gα12/13 to related cellular proteins will facilitate the development of more specific inhibitors to selectively disrupt the interaction. A comprehensive understanding of the complex regulatory mechanisms of Gα12/13 signaling may lead to novel therapeutics targeting specific functions of Gα12 or Gα13 in a disease-specific manner.
CONCLUSION
The mechanisms of signal transduction through Gα12/13 are still one of the most enchanting problems in biology. Many crucial questions remain to be addressed: what determines the specificity of the receptor-Gα12/13 interaction (Montgomery et al., 2014; Lymperopoulos et al., 2021)? What determines the specific selectivity of the receptor to Gα12 or Gα13 (Corbisier et al., 2015; Mackenzie et al., 2019)? Do receptor and Gα12/13 form a pre-coupling complex (Ayoub et al., 2012; Zhang et al., 2017)? The importance of Gα12/13 in mediating the complexity of signals, affecting the diversity of cell functions, and participating in the pathogenesis of diseases are continuously being explored. Gα12/13 are pathologically relevant to cancer, bone diseases, liver steatosis, and pulmonary fibrosis. Gα12/13 are considered an attractive biomarker and target for diagnosing and treating related diseases. However, it is unwise to directly stimulate or inhibit the activity of Gα12/13 due to the complexity of its regulatory network, the diversity of functions, and the high likelihood of off-target effects. In comparison, stimulating/inhibiting the upstream receptor/downstream pathways of Gα12 or Gα13 in specific organs/cells may offer a chance of successful therapy. A better understanding of the ligand-receptor-Gα12/13-downstream signaling networks may guide new drug development in the future.
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GLOSSARY
5-HT4R 5-hydroxytryptamine type 4 receptor
AKT protein kinase B
Ang II angiotensin II
AP-1 activator protein 1
AT1R Ang II type 1 receptor
CXCL12 C-X-C motif chemokine 12
CXCR4 C-X-C chemokine receptor 4
DLBCL diffuse large B-cell lymphoma
ERK extracellular regulated protein kinases
FAK focal adhesion kinase
FZD Frizzled
GEF guanine nucleotide exchange factors
GPCRs G protein-coupled receptors
GRP gastrin-releasing peptide
GPR56 g protein-coupled receptor 56
HNSCC head and neck squamous cell carcinoma
I/R ischemia/reperfusion
JNK c-Jun N-terminal kinase
LATS1/2 large tumor suppressor 1/2
LPA lysophosphatidic acid
LPAR LPA receptor
MAPK mitogen-activated protein kinase
MRTF myocardin-related transcription factor
NFAT activated T cell nuclear factor
NFATc1 nuclear factor of activated T-cell c1
NF-κB nuclear factor-kappa B
PARs protease-activated receptors
PI3K phosphatidylinositol 3-kinase
PKC protein kinase C
PLC phospholipase C
PPARγ peroxisome proliferator-activated receptor-γ
RGS regulators of G protein signaling
RhoGEF Rho guanine nucleotide exchange factor
RhoA ras homolog family member A
Ric-8A resistance to inhibitors of cholinesterase 8A
ROCK Rho-associated protein kinase
ROS reactive oxygen species
S1P sphingosine 1-phosphate
SRF serum response factor
Tfh T follicular helper
Th T helper
WNT Wingless/Int-1 lipoglycoprotein
YAP/TAZ yes-associated protein/transcriptional coactivator with PDZ-binding motif
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As one of the cornerstones of clinical cardiovascular disease treatment, statins have an extensive range of applications. However, statins commonly used have side reactions, especially muscle-related symptoms (SAMS), such as muscle weakness, pain, cramps, and severe condition of rhabdomyolysis. This undesirable muscular effect is one of the chief reasons for statin non-adherence and/or discontinuation, contributing to adverse cardiovascular outcomes. Moreover, the underlying mechanism of muscle cell damage is still unclear. Here, we discovered that ferroptosis, a programmed iron-dependent cell death, serves as a mechanism in statin-induced myopathy. Among four candidates including atorvastatin, lovastatin, rosuvastatin, and pravastatin, only atorvastatin could lead to ferroptosis in human cardiomyocytes (HCM) and murine skeletal muscle cells (C2C12), instead of human umbilical vein endothelial cell (HUVEC). Atorvastatin inhibits HCM and C2C12 cell viability in a dose-dependent manner, accompanying with significant augmentation in intracellular iron ions, reactive oxygen species (ROS), and lipid peroxidation. A noteworthy investigation found that those alterations particularly occurred in mitochondria and resulted in mitochondrial dysfunction. Biomarkers of myocardial injury increase significantly during atorvastatin intervention. However, all of the aforementioned enhancement could be restrained by ferroptosis inhibitors. Mechanistically, GSH depletion and the decrease in nuclear factor erythroid 2-related factor 2 (Nrf2), glutathione peroxidase 4 (GPx4), and xCT cystine–glutamate antiporter (the main component is SLC7A11) are involved in atorvastatin-induced muscular cell ferroptosis and damage. The downregulation of GPx4 in mitochondria-mediated ferroptosis signaling may be the core of it. In conclusion, our findings explore an innovative underlying pathophysiological mechanism of atorvastatin-induced myopathy and highlight that targeting ferroptosis serves as a protective strategy for clinical application.
Keywords: ferroptosis, atorvastatin, cardiomyocytes, lipid peroxidation, ROS
INTRODUCTION
Statins, inhibitors of 3-hydroxy-3-methyl-glutaryl-coenzyme A (HMG-CoA) reductase, are the most extensively applied cholesterol-reducing medicine to prevent cardiovascular events (Downs et al., 1998). In addition, statins exhibit pleiotropic cellular effects and have potential role in the treatment of many other conditions, including peripheral arterial disease, idiopathic dilated cardiomyopathy, ventricular arrhythmias, and cancer. Although statins are generally safe, treatment adherence is not optimal in a considerable proportion of patients, resulting in poor cardiovascular outcomes. Among them, the adverse effects of statin-associated muscle symptoms (SAMS) have the greatest health burden (Thompson et al., 2016; Bergt et al., 2017; Ward et al., 2019), including muscular pain, nocturnal muscle cramping, weakness, rare rhabdomyolysis, and amyotrophic lateral sclerosis (ALS)-like muscle wasting conditions (Bai et al., 2021). To date, there is no therapeutic approach for eliminating the adverse effects of statins, and the molecular mechanism underlying the etiology and pathophysiology of the statin-relative adverse effects still remain largely unknown.
Previous studies about SAMS focused on skeletal muscle, and the majority of mechanisms were centered on mitochondrial dysfunction, oxidative stress, immune-mediated necrotizing myopathy, and inhibition of isoprenylation of small G-proteins, owing to impaired mevalonate metabolism upon skeletal muscle damage (Cao et al., 2009; Musset et al., 2016; Thompson et al., 2016; Tiniakou and Christopher-Stine, 2017). But these just account for only a small percentage of it. As for cardiac muscle, a special kind of striated muscle, previous reports demonstrated that the mechanisms of SAMS in cardiac muscle mainly concentrate on mitochondrial dysfunction and apoptosis (Bonifacio et al., 2016; Godoy et al., 2019).
Programmed cell death is a basic physiological process in aging, development, and tissue homeostasis, which is often dysregulated in different pathological conditions. As such, a newly recognized form of programmed cell death, which is termed as ferroptosis (Dixon et al., 2012), has been implicated to play a critical pathogenic role in diverse cardiovascular conditions such as drug side effect or ischemia/reperfusion injury (Tadokoro et al., 2020; Menon et al., 2021). Those reports highlight that targeting ferroptosis may be a cardioprotective strategy (Fang et al., 2019; Tadokoro et al., 2020; Menon et al., 2021). There are two cellular protective systems against ferroptosis: the glutathione-dependent pathway involving GPx4 as well as System Xc−, and the CoQ-dependent pathway involving FSP1 on the plasma membrane (Bersuker et al., 2019; Doll et al., 2019) as well as DHODH in mitochondria (Mao et al., 2021). Whether ferroptosis was involved in the adverse effects of statins and the possible mechanism remains unclear.
In this study, we found that ferroptosis is responsible for atorvastatin-induced muscular injury both in cardiomyocytes and skeletal muscle cells. Mechanistically, atorvastatin induces ferroptosis by suppressing the intracellular anti-oxidative system, Nrf2-xCT/GPx4 pathway, resulting in the lethal lipid peroxidation within muscular cells. Our results for the first time demonstrated that ferroptosis is the pathogenic mechanism of atorvastatin-induced myopathy, providing a novel therapeutic target for improving atorvastatin application strategies.
MATERIALS AND METHODS
Cell Culture and Drug Treatments
HCM, C2C12 and HUVEC were cultured in high-glucose DMEM (Gibco BRL, USA) supplemented with 5% fetal bovine serum (Gibco BRL, USA) without antibiotics in acceptable conditions (5% CO2, 37°C). Ferrostatin-1 (Fer-1), deferoxamine mesylate (DFO), liproxstatin-1 (Lip-1), RSL3, Z-VAD-FMK and mitoTEMPO (MT) were purchased from Selleck (Selleck, China). Atorvastatin, lovastatin, pravastatin, and rosuvastatin were obtained from MCE (MedChemExpress, China). Fer-1, DFO, Lip-1, RSL3, Z-VAD-FMK and MT were dissolved in dimethylsulfoxide (DMSO) and diluted in a culture medium at ultimate concentrations (0.5 μM with RSL3; 1 μM with Fer-1; 80 μM with DFO; 1 μM with Lip-1; 10 mM with mitoTEMPO; and 2 μM with Z-VAD-FMK). Statins were stocked as 50 mM solutions in DMSO. Final concentrations ranged from 10 to 160 μM.
Cell Viability Assay
In brief, the cultured cells were seeded at the density of 5,000 cells per well in 96-well plates with three replicates. Cells were treated with statins at the dosages of 0, 10, 20, 40, 80 and 160 μM in experimental groups. Meanwhile, the normal culture medium without addition of any statins was set as the control group. Then a Cell Counting Kit-8 (CCK-8) (Sigma, USA) was used to assess cell viability in line with manufacturer’s instructions. Cell viability = Absorbance of (experimental group − blank control group)/absorbance of (control group − blank control group).
Iron Assay
FerroOrange and Mito-FerroGreen probes (DojinDo, Japan) were employed to assess intracellular and mitochondrial iron content, respectively. HCM and C2C12 cells were seeded into 24-well plates and exposed to atorvastatin at the concentrations of 40 uM alone, or other treatments for 24 h. After that, the cells were stained with FerroOrange (1 μM) or Mito-FerroGreen (5 μM) probes along with Hoechst 33,342 (5 μg/ml). After 30 min of lucifuge incubation, the cells were then evaluated by a Leica SP8 confocal fluorescence microscope (Leica Microsystems, Germany).
Detection of Cellular ROS Levels
Intracellular and mitochondrial ROS levels were detected using fluorescent measurement assay by the uptake of 1 μM DCFH-DA (Beyotime, China) and 5 μM MitoSOX Red (Thermo Scientific, USA), respectively. Images were obtained by a Leica SP8 confocal laser scanning microscope (Leica Microsystems, Germany). Fluorescence intensity was measured by ImageJ (National Institutes of Health, USA). The mean fluorescent intensity of each group was standardized to that of the control group.
Lipid Peroxidation Levels
Lipid peroxidation was measured using C11-BODIPY581/591(Invitrogen™, USA) and MitoPeDPP (Dojindo, Japan) kits. After incubation with C11-BODIPY581/591 and MitoPeDPP solution, lipid peroxidation in the mitochondrial inner membrane was fluorometrically measured at 470 nm using a fluorescence microscope (Leica Microsystems, Germany). The investigation of MDA consistency was strictly conducted in accordance with the manufacturer’s instructions (Beyotime, China). For the MDA assay, thiobarbituric acid (TBA) was supplied to supernatants of cell homogenate and softly oscillated for the formation of TBA-MDA mixture. Then the mixture was detected spectrophotometrically at 535 nm, and the BCA protein determination kit (Beyotime, China) was employed for total protein quantification.
Mitochondrial Membrane Potential Levels
Mitochondrial membrane potential (MMP) was estimated by TMRM (Thermo Fisher Scientific, USA) staining. HCM and C2C12 cells were stained with TMRM at an ultimate concentration of 200 nmol/L. Images were acquired by a fluorescence microscope (Leica Microsystems, Germany).
MitoTracker Red CMXRos Staining
To locate the mitochondria, cultured cells were stained with 200 nM MitoTracker Red CMXRos (Thermo Fisher Scientific, USA) for 15 min at room temperature in the dark. Subsequently, cells were washed with PBS and then randomly captured by using a confocal microscope (Leica Microsystems, Germany).
Transmission Electron Microscopy
Cells were fixed with 2.5% glutaraldehyde in 0.1 mol/L of Sorenson’s buffer (0.1 mol/L H2PO4 and 0.1 mol/L HPO4 [pH 7.2]) at 4°C overnight, washed three times with PBS, and then treated with 1% OsO4 in 0.1 mol/L of Sorenson’s buffer for 2 h at room temperature. After dehydration using an ethanol series and acetone (100%), cells were embedded in acetone and embed-812. Thin sections were cut using an ultramicrotome (Leica Microsystems, Germany), and the sections were subjected to double staining with uranyl acetate and lead citrate and then observed using a transmission electron microscope (Hitachi HT7800, Japan).
Quantitative Real-Time PCR
Total RNA from C2C12 cells was extracted by using the EZ-press RNA purification kit (EZBioscience, USA), according to manufacturer’s instruction. Then RNA was reverse-transcribed to cDNA by using a reverse transcription kit (Takara, China). Quantitative PCR was performed by using SYBR Green master mix (Takara, China) on a real-time PCR system (Biorad, USA). The results were normalized to β-actin as an internal control. All data were expressed in terms of fold-change relative to the control samples.
Enzyme-Linked Immunosorbent Assay
The level of CoQ10 and CKMB in HCM was measured by ELISA. After different treatment conditions, the supernatants of HCM were collected for ELISA using CoQ10 and CKMB Enzyme Immunoassay (EIA) kits (Clond-Clone, China), respectively.
GSH/GSSG and GSH-Px Detection
The commercialized GSH/GSSG assay kit and the GSH-Px assay kit were used to measure the intracellular levels of GSH, GSSG, and GSH-Px, respectively (Beyotime, China), in accordance with the instructions of the manufacturer.
Western Blot
Cells were lysed with a cold radio-immunoprecipitation assay (RIPA) (Beyotime, China) lysis buffer plus protease and a phosphatase inhibitor. The protein concentrations were detected by a bicinchoninic acid kit (BCA) (Beyotime, China). Protein sample were separated via 12% SDS-PAGE and moved to positively charged nylon (PVDF) membranes (Immobilon-P, Millipore, Switzerland). After blocking with bovine serum albumin (BSA), the membranes were detected using anti-Nrf2 (1:5,000, Abcam), anti-GPX4 (1:1,000, Abcam), anti-SLC7A11 (1:1,000, Abcam), anti-DHODH (1:1,000, Abcam) and anti-β-actin (1:10,000, Abclone). Horseradish peroxidase-conjugated secondary antibodies were diluted 1:10,000 and incubated for 1 h, and chemiluminescence solution and an electrochemiluminescence (ECL) kit (Millipore, USA) were used to detect protein band.
Statistical Analysis
Data were exhibited as mean ± standard deviation (SD). Statistical analysis was performed using unpaired Student’s t-tests, one-way or two-way ANOVA, followed by Dunnett’s method for multiple comparisons, and Prism 8.0 software (GraphPad Software, United States) was used to perform all the statistical testing and the creation of graphs. Statistical significance was considered at p < 0.05. All the experiments were repeated at least three times.
RESULTS
Ferroptosis Contributes to Atorvastatin-Induced Cell Damage in HCM and C2C12 Cells
Above all, we detected the cell viability of statins in different cell lines. As shown in Figures 1A,E and Supplementary Figure S1A, atorvastatin and lovastatin reduced cell viability with increasing concentrations of statins in HCM, C2C12 and HUVEC, while rosuvastatin and pravastatin did not (Figures 1A,E and Supplementary Figure S1A). In order to explore whether restriction of ferroptosis could prevent the cell damage induced by atorvastatin and lovastatin, the cells were preprocessed with DFO, Fer-1 or Lip-1 for 2 h and cocultured with atorvastatin or lovastatin for another 24 h. Interestingly, only cell death caused by atorvastatin can be restrained by the treatment with ferroptosis inhibitor, such as DFO (Figures 1B,F), Fer-1 (Figures 1C,G) and Lip-1 (Figures 1D,H), while cell death caused by lovastatin cannot be rescued by Fer-1 in HCM and C2C12 (Supplementary Figures S2A,B). As in HUVEC cell lines, only atorvastatin and lovastatin could cause cell death (Supplementary Figure S1A), but the cell death induced by atorvastatin or lovastatin could not be rescued by ferroptosis inhibitors (Supplementary Figures S1B,C). Results suggested that ferroptosis is related to atorvastatin-induced cell injury, which was restrained within muscular cell lines. Based on the cell viability data, the concentration of 40 μM statins was selected for the deeper research. As anterior studies present that atorvastatin induces apoptosis, we also intervened HCM and C2C12 cells with caspase inhibitor Z-VAD-FMK along with atorvastatin. But our findings were inconsistent with those reported previously as the cell death damaged by atorvastatin could not be rescued by apoptosis inhibitor Z-VAD-FMK (Supplementary Figures S3A,B).
[image: Figure 1]FIGURE 1 | Cell viability of two kinds of muscular cell lines in response to statins for 24 h. (A) HCM intervened with increasing concentrations of statins were analyzed by CCK8. (B–D) HCM were pretreated with 100 μM DFO, 1 μM Fer-1 or 1 μM Lip-1 for 2 h, followed by the addition of increasing concentration (0–160 μM) of atorvastatin for 24 h and analyzed by CCK-8. (E) C2C12 cells intervened with increasing concentrations of statins for 24 h were analyzed by Cell Counting Kit-8 (CCK-8). (F–H) C2C12 were pretreated with 100 μM DFO, 1 μM Fer-1 or 1 μM Lip-1 for 2 h, followed by the addition of increasing concentration of atorvastatin for 24 h and analyzed by CCK-8. Data are shown as mean ± SD. ns, no significant; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 vs. the control group. n = 3.
Atorvastatin Exposure Leads to Iron Overload in HCM and C2C12 Cells
Intracellular iron overload is a characteristic of cellular ferroptosis; therefore, we detected the level of intracellular iron using FerroOrange probes. The muscular cells were pretreated with RSL3, DFO, Fer-1 or Lip-1 and then intervened with or without 40 μM atorvastatin for another 24 h, or treated with 40 μM atorvastatin alone for 24 h (Figure 2A). Similar to the ferroptosis inducer RSL3 (Sui et al., 2018), atorvastatin could raise excessive iron content in HCM (approximately 2.5 times than that of the control group; p < 0.0001) and C2C12 cells (approximately twofold compared with that of the control group; p < 0.0001), as indicated by higher FerroOrange signals than those in the control groups. Interestingly, these iron accumulations can be remarkably alleviated by ferroptosis inhibitors, such as DFO (about 50%; p < 0.0001), Fer-1 (about 48%; p < 0.0001) and Lip-1 (about 48%; p < 0.0001) in HCM (Figures 2B,D), and the rescue effects reappeared as well in C2C12 using DFO (about 50%; p < 0.0001), Fer-1 (about 40%; p < 0.0001) and Lip-1 (about 50%; p < 0.0001) (Figures 2C,E). However, pretreated and cocultured with RSL3 groups compared with the atorvastatin alone group have no statistical difference in both HCM and C2C12 cells. These results indicated that overload iron was related to the atorvastatin-induced injury in HCM and C2C12 cells, and the inhibition of ferroptosis could ameliorate it.
[image: Figure 2]FIGURE 2 | Iron accumulation in atorvastatin-supplemented HCM and C2C12 cells. (A) Experimental workflow. The muscular cells were pretreated with 100 μM DFO, 1 μM Fer-1, 1 μM Lip-1 or 0.5 μM RSL3 for 2 h and then intervened with or without 40 μM atorvastatin for another 24 h, or treated with 40 μM atorvastatin alone for 24 h. (B) Representative images of HCM treated by atorvastatin alone or with ferroptosis inhibitors DFO, Fer-1 and Lip-1 stained with FerroOrange, an indicator of intracellular Fe2+. (C) Representative images of C2C12 stained with FerroOrange. (D) Quantification of relative fluorescence intensity of FerroOrange in HCM. (E) Quantification of relative fluorescence intensity of FerroOrange in C2C12. Fluorescence intensity was quantified by ImageJ software. The data are shown as mean ± SD. ns, no significant; *p < 0.05, ***p < 0.001, ****p < 0.0001 vs. the control group; ###p < 0.001, ####p < 0.0001 vs. the atorvastatin group. n = 3. Scale bar: 10 μm.
Atorvastatin Causes Redox Imbalance in HCM and C2C12 Cells
Since overloading the iron-mediated Fenton reaction followed by the ROS accumulation during ferroptosis process (Dixon et al., 2012), we then used the DCFH-DA reagent to measure the production of total ROS (Kalyanaraman et al., 2012). The staining analysis demonstrated that the ROS level was significantly increased after atorvastatin treatment in HCM (approximately fourfold compared with that of the control group; p < 0.0001) (Figures 3A,C) and C2C12 (approximately quintuple compared with that of the control group; p < 0.0001) (Figures 3B,D) cells, which restrained by ferroptosis inhibitors (about 60%; p < 0.0001). When atorvastatin cocultured with RSL3, they appear to act synergistically in C2C12, but it was not enough for the synergy in HCM (Figure 3).
[image: Figure 3]FIGURE 3 | Reactive oxygen species (ROS) generation in atorvastatin-supplemented HCM and C2C12 cells. (A) Representative images of HCM treated by atorvastatin alone or with ferroptosis inhibitors DFO, Fer-1 and Lip-1 stained with DCFH-DA, an indicator of intracellular ROS. (B) Representative images of C2C12 stained with DCFH-DA. (C) Quantification of relative fluorescence intensity of DCFH-DA in HCM. (D) Quantification of relative fluorescence intensity of DCFH-DA in C2C12. The fluorescence intensity was quantified by ImageJ software. The data are shown as mean ± SD. ns, no significant; *p < 0.05, ****p < 0.0001 vs. the control group; ##p < 0.01, ####p < 0.0001 vs. the atorvastatin group. n = 3. Scale bar: 10 μm.
Ferroptosis Inhibitors Lightened Atorvastatin-Induced Lipid Peroxidation Accumulation in HCM and C2C12 Cells
The expression of PTGS2/COX-2 and 4-HNE, which work as biomarkers for ferroptosis (Hu et al., 2020; Li et al., 2020), increased (approximately 1.5 times than those of the control group; p < 0.001) in response to atorvastatin treatment. Furthermore, ferroptosis inhibitors Fer-1 could partly lessen the atorvastatin-induced PTGS2/COX2 (about 20%; p < 0.05) or 4HNE expression (about 20%; p < 0.01) (Figures 4A–C). In addition, there was an increase in MDA, the most general byproduct of lipid peroxidation (Ghosh et al., 2019), from whole cell lysates in atorvastatin-treated HCM and C2C12, and DFO or Fer-1 significantly decreased the level that increased by atorvastatin (Figure 4D). We also observed an increase in the BODIPY581/591-C11 signal (Drummen et al., 2002) in atorvastatin-treated cells, manifesting that atorvastatin could cause lipid peroxidation in HCM (about twofold of the control group; p < 0.0001) and C2C12 (more than threefold of the control group; p < 0.0001) cells. Meanwhile, DFO, Fer-1 and Lip-1 could significantly decrease the lipid peroxidation compared to atorvastatin alone both in HCM (Figures 4E,F) and C2C12 (Figures 4G,H) represented by the BODIPY581/591-C11 signal. Moreover, treatment with DFO, Fer-1 or Lip-1 alone was unable to produce an increase or decrease in the BODIPY581/591 C11 signal and MDA content, and pretreatment and coculturing with RSL3 compared with the atorvastatin alone group have no statistical difference in both HCM and C2C12 cells. Altogether, lipid peroxidation levels increased after atorvastatin treatment, and lethal lipid peroxidation might serve as a critical medium of atorvastatin correlative muscular injury. However, the MDA content was not increased in other types of statins like lovastatin, pravastatin, and rosuvastatin, which further confirmed the conclusion that only atorvastatin leads to ferroptosis. In addition, the MDA content of other types of statins did not have a significant change when Fer-1 was added (Supplementary Figure S4).
[image: Figure 4]FIGURE 4 | Inhibition of ferroptosis lightened atorvastatin-induced lipid peroxidation accumulation in HCM and C2C12 cells. (A) Western blot detection of 4-HNE and COX-2 expression in cells treated with Fer-1 and 40 μM atorvastatin or alone for 24 h. (B,C) Quantification of shown blot of HCM and C2C12 in (A). (D) MDA content in HCM and C2C12 in response to atorvastatin along or with ferroptosis inhibitors DFO, Fer-1 and RSL3 for 24 h detected by the TBA test. The MDA level was expressed in μmol/mg protein. (E) C11BODIPY581/591 was used as the signal of lipid peroxidation to detect the effect of atorvastatin alone or with ferroptosis inhibitors DFO, Fer-1 and Lip-1 in HCM. Red images are representative of non-oxidized lipid, while the green represent oxidized lipid images of muscular cells labeled with C11-BODIPY581/591. (F) Relative fluorescence intensity (Green) of intracellular lipid peroxidation in HCM. Quantification of (E). (G,H) Lipid peroxidation and the relative fluorescence intensity (green) of intracellular lipid peroxidation in C2C12. Fluorescence intensity was quantified by ImageJ software. The data are shown as mean ± SD. ns, no significant; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 vs. the control group; #p < 0.05, ##p < 0.01, ###p < 0.001, ####p < 0.0001 vs. the atorvastatin group. n = 3. Scale bar: 10 μm.
Atorvastatin-Induced Ferroptosis is Triggered in Mitochondria
Mitochondrial dysfunction is a crucial factor in myopathies. To analyze the role of mitochondria in atorvastatin-induced ferroptosis, mitochondrial content of Fe2+, ROS and lipid peroxidation were detected. Confocal microscopy results showed that the signal of Mito-FerroGreen (MFG), a mitochondria-specific Fe2+ fluorescence indicator, increased threefold compared with the group of atorvastatin alone in HCM (Figures 5A,C) (p < 0.0001), and it even reached more than fivefold in C2C12 (Figures 5B,D) (p < 0.0001). DFO, Fer-1 and Lip-1 lessen the trend in HCM and C2C12, respectively. Aforementioned results indicated that atorvastatin will cause free iron accumulation in mitochondria, which could be rescued by ferroptosis inhibitors. When we detected ROS in mitochondria, the condition was similar to the determination of free ferrous iron. Atorvastatin could induce ROS assembling massively in mitochondria, which was partially reduced by ferroptosis inhibitors of DFO, Fer-1 and Lip-1 in HCM (Figures 6A,C) and C2C12 (Figures 6B,D). To further investigate the role of mitochondria, we used MitoPeDPP to examine the mitochondrial lipid peroxidation. The level of mitochondrial lipid peroxidation labeled with MitoPeDPP was also significantly increased by atorvastatin (more than twofold compared with the control group; p < 0.0001), and the increase was rescued by ferroptosis inhibitors in HCM (Figures 7A,C). This alteration of mitochondrial lipid peroxidation was reproduced in C2C12 (Figures 7B,D). However, pretreatment and coculturing with RSL3 compared with the atorvastatin alone group had no statistical difference in both HCM and C2C12 cells, which may be because of the threshold of the reaction toward oxidative stress. The ferroptosis indicator changed significantly on mitochondria, which was not so different with what occurred intracellularly, suggesting that mitochondria may play a critical role in atorvastatin-induced ferroptosis.
[image: Figure 5]FIGURE 5 | Mitochondrial iron accumulation of atorvastatin exposure in HCM and C2C12 cells. Mitochondrial Fe2+ analyzed by Mito-FerroGreen. Treated cell were cocultured with the probe Mito-FerroGreen for 30 min. Red images represent mitochondrial localization using MitoTracker Red CMXRos staining. (A) Representative images of HCM treated atorvastatin alone or with ferroptosis inhibitors DFO, Fer-1 and Lip-1 stained with Mito-FerroGreen, an indicator of mitochondrial Fe2+. (B) Representative images of C2C12 stained with Mito-FerroGreen. (C,D) Quantification of relative fluorescence intensity of Mito-FerroGreen in HCM and C2C12 cells. Fluorescence intensity was quantified by ImageJ software. The data are shown as mean ± SD. ns, no significant; ***p < 0.001, ****p < 0.0001 vs. the control group; ##p < 0.01, ####p < 0.0001 vs. the atorvastatin group. n = 3. Scale bar: 10 μm.
[image: Figure 6]FIGURE 6 | Mitochondrial ROS accumulation of atorvastatin exposure in HCM and C2C12 cells. (A) Representative images of HCM treated with atorvastatin alone or with ferroptosis inhibitors DFO, Fer-1 and Lip-1 stained with MitoSox-Red, an indicator of mitochondrial ROS. (B) Representative images of C2C12 stained with MitoSox-Red. (C, D) Quantification of relative fluorescence intensity of MitoSox-Red in HCM and C2C12 cells. Fluorescence intensity was quantified by ImageJ software. The data are shown as mean ± SD. ns, no significant; ****p < 0.0001 vs. the control group; #p < 0.05, ##p < 0.01, ###p < 0.001 vs. the atorvastatin group. n = 3. Scale bar: 10 μm.
[image: Figure 7]FIGURE 7 | Mitochondrial lipid peroxidation of atorvastatin exposure in HCM and C2C12 cells. Using MitoDeDPP staining detected mitochondrial lipid peroxidation. Red images represent mitochondrial localization using MitoTracker Red CMXRos staining, while the green is representative of mitochondrial lipid peroxidation labeled with MitoDeDPP. (A) Representative images of HCM treated atorvastatin alone or with ferroptosis inhibitors DFO, Fer-1 and Lip-1 stained with MitoDeDPP. (B) Representative images of C2C12 stained with MitoDeDPP. (C,D) Quantification of relative fluorescence intensity of MitoDeDPP in HCM and C2C12 cells. Fluorescence intensity was quantified by ImageJ software. The data are shown as mean ± SD. ns, no significant; ****p < 0.0001 vs. the control group; #p < 0.05, ##p < 0.01, ###p < 0.001 vs. the atorvastatin group. n = 3. Scale bar: 10 μm.
Atorvastatin-Induced Morphological Change of Mitochondria and Breakdown of MMP in HCM and C2C12 Cells
To assess the morphologic features, we used a transmission electron microscope to observe the change of the ultra-microstructure. Shrunk mitochondria with increased membrane density were observed in atorvastatin-treated cells (Figures 8A,B). Fer-1 treatment remarkably ameliorated atorvastatin-induced mitochondrial abnormality, which is consistent with ROS and lipid peroxidation changes in mitochondria of muscular cells. These data provide convincing evidence of the occurrence of atorvastatin-induced ferroptosis in mitochondria of muscular cells. To further verify the effects on mitochondria, we checked the effects of MMP (represents mitochondrial function) by TMRM staining in atorvastatin-supplemented HCM and C2C12 cells. From Figure 8, TMRM fluorescence decreased significantly after atorvastatin treatment, manifesting that atorvastatin caused a breakdown of membrane potential. The inhibition of ferroptosis by Fer-1 and DFO could recover the abnormal mitochondrial membrane potential caused by atorvastatin. Moreover, mitochondria-targeted antioxidant MitoTEMPO (MT) treatment not only shielded the cells from mitochondrial damage after exposure of atorvastatin as a recovery of TMRM fluorescence intensity appeared in HCM (Figures 8C,D) and in C2C12 (Figures 8E,F) but also significantly prevented atorvastatin-induced myocyte death (Supplementary Figures S5A,B). Also, pretreatment and coculturing with RSL3 compared with the atorvastatin alone group have no statistical difference toward TMRM in both HCM and C2C12 cells. In general, atorvastatin-induced mitochondria-dependent ferroptosis accompanied with mitochondrial dysfunction is one of the basic matters within muscular cell damage.
[image: Figure 8]FIGURE 8 | Morphological changes of mitochondria and breakdown of MMP in atorvastatin treated HCM and C2C12 cells. (A,B) Transmission electron microscopy images of mitochondria ultrastructure in both HCM and C2C12 cells. Scale bar in left lower inset: 2 μM, right lower inset: 500 nm. (C) Representative images of HCM treated atorvastatin alone or with ferroptosis inhibitors DFO, Fer-1 and MT stained with TMRM, an indicator of mitochondrial membrane potential. (D) Relative fluorescence intensity of TMRM in HCM. Quantification of (C). (E,F) Representative images and relative fluorescence intensity of TMRM in C2C12. (G) Relative levels of CKMB in HCM treated by atorvastatin alone or with Fer-1 examined by ELISA. (H) Relative mRNA expression of LDH in C2C12 treated by atorvastatin alone or with Fer-1. The fluorescence intensity was quantified by ImageJ software. The data are shown as mean ± SD. ns, no significant; *p < 0.05, **p < 0.01, ****p < 0.0001 vs. the control group; #p < 0.05, ##p < 0.01, ###p < 0.001, ####p < 0.0001 vs. the atorvastatin group. n = 3. Scale bar: 10 μm.
Inhibition of Ferroptosis-Lightened Atorvastatin-Induced Myocardial Damage and Muscular Injury in HCM and C2C12 Cells
Creatine kinase-MB (CKMB) works as a representative of myocardial injury biomarker in several cardiovascular conditions like sepsis and acute myocardial infarction (AMI) (Saenger and Jaffe, 2008; Ndrepepa and Kastrati, 2018). To evaluate the myocyte injury potential of atorvastatin, cell free supernatant levels of CKMB were detected by enzyme-linked immunosorbent assay (ELISA). The results indicated that CKMB increased in the atorvastatin group (p < 0.0001), which could be restrained by fer-1 to some extents in HCM (p < 0.0001). As for skeleton muscle, lactate dehydrogenase (LDH) was selected on behalf of the musculoskeletal injury marker (Milias et al., 2005; Bazzucchi et al., 2019). Elevated LDH after atorvastatin exposure in C2C12 cells (more than two times of the control group; p < 0.0001) was also partially ameliorated by fer-1(about 38%; p < 0.01) (Figures 8G,H). In summary, the inhibition of ferroptosis-alleviated atorvastatin-induced myocardial damage and muscular injury in HCM and C2C12 cells, and ferroptosis was at least partly involved in atorvastatin-caused cell injury.
Nrf2-xCT/GPX4 Pathway Involved in Ferroptosis Induced by Atorvastatin
In order to investigate the mechanism underlying atorvastatin-induced ferroptosis, the GSH/GSSG ratio was tested. As expected, the GSH/GSSG ratio was decreased significantly both in HCM and C2C12 (Figure 9A). In addition, glutathione peroxidase (Figure 9B) and the expression of GPx4 were downregulated by atorvastatin treatment compared with the control group in HCM (Figures 9C,D) and C2C12 (Figures 9E,F). As well as the expression of SLC7A11 and Nrf2 was decreased by atorvastatin. Fer-1 could elevate the expression of SLC7A11 and GPx4 compared with that of the atorvastatin alone group, but it did not influence the levels of Nrf2 (Figures 9C–F). Aforementioned results imply that the Nrf2-xCT/GPx4 signaling pathway might be involved in atorvastatin-induced ferroptosis. When we isolated mitochondria from cytoplasm, GPx4 was decreased much more significantly in mitochondria (about 60%; p < 0.001) than other parts of organelles that exist in cytoplasm (about 20–30%; p < 0.05). In mitochondria, the expression of GPx4 was slightly but significantly rescued by ferroptosis inhibitor Fer-1 as well when compared with the single atorvastatin-treated group (Figures 9G–J). The results suggested that mitochondria GPx4 may be a key point in pathogenesis of ferroptosis caused by atorvastatin.
[image: Figure 9]FIGURE 9 | Dysregulation of Nrf2-GPx4/xCT pathway was related to ferroptosis induced by atorvastatin. (A) Ratio of GSH/GSSG in lysates from the cultured myocytes. (B) Glutathione peroxidase activity in lysates from the cultured myocytes. (C, D) Expression of proteins of Nrf2, SLC7A11, and GPx4 in cultured HCM treated by atorvastatin alone or with Fer-1 detected by Western blot. (E,F) Expression of proteins of Nrf2, SLC7A11, and GPx4 in cultured C2C12 detected by Western blot. (G,H) Expression of GPx4 protein in cultured HCM atorvastatin-treated alone or with Fer-1 in cytoplasm (without mitochondria) or mitochondria detected by Western blot. (I,J) Expression of GPx4 protein in cultured C2C12 atorvastatin-treated alone or with Fer-1 in cytoplasm (without mitochondria) or mitochondria in C2C12 detected by Western blot. The fluorescence intensity was quantified by ImageJ software. The data are shown as mean ± SD. ns, no significant; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 vs. the control group; #p < 0.05, ##p < 0.01, ###p < 0.001 vs. the atorvastatin group. n = 3. Scale bar: 10 μm.
To investigate whether the CoQ-dependent system is also involved in atorvastatin-induced ferroptosis, we investigated the CoQ10 levels within atorvastatin exposure in HCM. Our results did not support this hypothesis since there was no statistical difference among groups of CoQ10 and dihydroorotate dehydrogenase (DHODH) (Supplementary Figures S5A–C).
DISCUSSION
Despite extensive application of statins, the pathogenesis of statin-induced myopathy remains largely unknown. We observed that atorvastatin administration caused oxidative stress and cell damage, which is the same as the results of hepatic tissue damage (Pal et al., 2015). In the present study, atorvastatin exposure decreased the muscular cell viability in a dose-dependent manner, which could be rescued by ferroptosis inhibitors significantly. At the same time, indicators of ferroptosis such as iron overload, ROS accumulation, and lipid peroxidation occurred in atorvastatin-treatment muscular cells, especially in mitochondria. Although some speculations conjectured that statins will provoke ferroptosis (Chen and Galluzzi, 2018; Chen et al., 2021), but there is only one study that reported that simvastatin caused cancer cell ferroptosis by suppressing the expression of HMGCR (Yao et al., 2021). We first identified that ferroptosis participates in atorvastatin-induced myopathy, providing a potential strategy to prevent atorvastatin-induced heart damage and muscle symptoms by inhibiting ferroptosis.
As it is known that the muscular injury of statins is dose dependent. The dosage selected for research is important, but the dosage of the drug taken by the human body is difficult to convert into the concentration in vitro, which involves the rate of absorption and metabolism (Needham and Mastaglia, 2014). Moreover, it is worth mentioning that drug interaction and potent inhibitors of cytochrome P450 (CYP) 3A4 inhibitors (atorvastatin is metabolized by CYP3A4) can significantly increase statin concentrations (Hirota et al., 2020), and clinical research on atorvastatin tends to apply high dose (Pedersen et al., 2005) since high-dose atorvastatin is superior in preventing peripheral arterial disease (Stoekenbroek et al., 2015). Therefore, the relatively high concentrations of statins are also necessary. Among the cell studies, the concentration range of statins is from nanomolar concentrations to micromolar concentrations (Obata and Nakashima, 2016; Cai and Gao, 2021). The concentrations of statins applied in vitro were 10 μM (Oh et al., 2020), 20 μM (Qian et al., 2019), 30 μM (Cai and Gao, 2021), 50 μM [atorvastatin was applied to study statin-induced muscle damage in C2C12 and primary murine myoblasts (Hoppstädter et al., 2020)], 60 μM [simvastatin was used to measure the effect of statins on C2C12 myotubes (Moschetti et al., 2021)], 100 μM [atorvastatin was used to investigate the protective effects against doxorubicin-induced cardiotoxicity in H9C2 (Obata and Nakashima, 2016; Li et al., 2019)], and 333.3 μM [which was used to test the efficacy and toxicity of a new hyaluronan-derived nanoparticle delivery system for simvastatin in tissue-engineered skeletal muscle (Jones et al., 2019)]. The concentration in our study is within the range, and the selected concentration of 40 μM is beneath the IC50 in both HCM and C2C12.
Moreover, we found that only atorvastatin induces ferroptosis, while lovastatin, pravastatin, or rosuvastatin did not. Actually, statins did not always act equally, and the bioequivalence of statins should not be confirmed. The common clinical goal of statins is to reduce LDL-C, but statins have various effects on many other biochemical pathways, and those effects may be commonsensical expected to differ from statins to statins (Trapani et al., 2011; Bergt et al., 2017). For example, for patients who have hypercholesterolemia, only pravastatin but not atorvastatin, could reduce the atherogenic lipoprotein-associated phospholipase A2 (Ky et al., 2008), and lovastatin, but not pravastatin, causes higher mortality of cardiomyopathic hamsters (März et al., 2000). A better comprehension of various molecular pathways is essential and will have suggestions in the decision-making process among specific patient populations.
Overwhelming accumulation of Fe2+, ROS and lipid peroxidation occurs in atorvastatin treatment cells in our study. As is known, ROS plays a major role in atorvastatin induced oxidative stress (Qi et al., 2013; Bouitbir et al., 2012). It contributes to the mitochondrial damage, oxidative injury of the cellular membranes, DNA damage, and so forth (Eruslanov and Kusmartsev, 2010; Bras et al., 2005; Pelicano et al., 2004). In this study, we further identified that ROS was triggered by atorvastatin-induced free iron-overload through a Fenton reaction in muscular cells. The accumulation of ROS subsequently assaulted the bio-membrane system, leading to a lipid peroxidation finally.
Furthermore, mitochondrial dysfunction, in particular impaired function of the electron transport chain, is frequently associated with in statin-associated skeletal muscle damage (Larsen et al., 2013; Bouitbir et al., 2016). We not only confirmed that atorvastatin impairs the mitochondrial function but further found that ferroptosis is involved in the mitochondrial dysfunction since it is effective to protect the mitochondrial function by ferroptosis inhibitor. And our mitochondria ultrastructure results provided convincing evidence that ferroptosis participates in the process of mitochondrial dysfunction induced by atorvastatin.
GPx4 is the most critical ferroptosis defense gene that encodes cytosolic, mitochondrial, and nucleolar isoforms (Yang et al., 2014; Ingold et al., 2018), whose functions include scavenging free radicals and detoxifying various xenobiotics and, consequently, converting itself to its oxidized form, glutathione disulfide (GSSG). In the present study, following atorvastatin intoxication, the expression and function of GPx4 in the mitochondria and intracellular organelles were greatly impaired, indicating that GPx4 may play a critical role in the atorvastatin-induced ferroptosis. This result is consistent with previous study where GPx4 was downregulated as well in atorvastatin-induced liver injury (Kromer and Moosmann, 2009). Another key regulator of the GSH-dependent antioxidation system was System xc−(xCT), an amino acid antiporter that acts as an important reservoir for the supplement of GSH (Jiang et al., 2015; Wang et al., 2017; Ingold et al., 2018; Daher et al., 2019; Koppula et al., 2021). The key component of xCT, SLC7A11, was downregulated by atorvastatin. Nrf2 is the key transcription factor to maintain oxidative homeostasis and is activated under conditions of high oxidative stress, promoting target gene transcription such as GPx4, HO-1, and SLC7A11 (Shin et al., 2018; Dodson et al., 2019). In our results, Nrf2 also was downregulated by atorvastatin, implying that Nrf2 is inhibited by atorvastatin and then suppressed the GPx4 as well as SLC7A11 expression in the process of ferroptosis. Proposed scheme for the underlying mechanisms of atorvastatin-induced muscular cell ferroptosis was diaplayed in Figure 10.
[image: Figure 10]FIGURE 10 | Proposed scheme for the underlying mechanisms of atorvastatin-induced muscular cell ferroptosis. Atorvastatin suppressed the Nrf2, which would, in turn, inhibit the expression of System xc− (SLC7A11) and GPx4 (especially the mitochondrial GPx4), leading to a severe damage to the antioxidant system of ferroptosis. Consistently restraining of System xc− (SLC7A11) brought on GSH depletion, which would exaggerate to the dysfunction of GPx4 as well. The GPx4 enzyme catalyzes the transformation of GSH to GSSG and at the meantime decreases the toxic peroxide to non-toxic hydroxy compounds to protect the structure and function of the cell membrane against peroxides.
Another ferroptosis-defense system is the CoQ-dependent pathway involving FSP1 and mitochondrial DHODH. In our study, CoQ10 levels of atorvastatin exposure in HCM did not have a statistical difference among groups. Therefore, the ubiquinone content may not be the explanation for the observed ferroptosis in atorvastatin treatment. In support of this assumption, it appears that in most patients treated with statins, the skeletal muscle CoQ10 content remains high enough to maintain the ETC function (Banach et al., 2015). In addition, DHODH, the key component of CoQ-dependent system which operates in parallel to mitochondrial GPx4 to inhibit ferroptosis, did not have a statistical difference among groups, either. Therefore, the CoQ-dependent metabolic pathway was not the mechanism to explain atorvastatin-induced ferroptosis, and more experiment should be conducted to confirm this deduction in the future.
Taken together, our data point toward ferroptosis as an essential molecular mechanism leading to statin-induced muscle damage, providing valuable new insights into homeostatic mechanisms required for the tolerance of the widely prescribed atorvastatin.
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Programmed cell death (PCD), including necroptosis, has emerged as a significant pathway in cardiovascular diseases. The infection of viral myocarditis (VMC) could cause cardiomyocytes degeneration, necrosis, and immune-inflammatory myocardial response. In this review, we summarized and evaluated the available evidence on the pathogenesis, molecule mechanism, diagnosis, and potential treatment strategies of viral myocarditis, with a special focus on the novel mechanism of necroptosis for cardiomyocytes death. Studies have shown that tumor necrosis factor-alpha (TNF-α) is an important cytokine involved in the activation of necroptosis; an elevated level of TNF-α is continually reported in patients suffering from VMC, implicating its involvement in the pathogenesis of VMC. It is of great interest to explore the clinical implication of TNF-α. We subsequently conducted a meta-analysis on the efficacy of serum TNF-α expression level and its diagnostic accuracy on acute viral myocarditis detection. Taken together, the review demonstrates a compelling role of necroptosis involved in the pathogenesis of VMC. Further, applying TNF-α as a serological marker for the diagnosis of VMC may be a useful strategy.
Keywords: necroptosis, viral myocarditis, molecule mechanism, tumor necrosis factor α, diagnosis
1 INTRODUCTION
Functional activities of all multi-cellular organisms, maintenance of a homeostatic balance between new cells and those damaged or unrequired cells, or to speak simply, regulating the number of cells, demand a constant effort of cell death (Galluzzi et al., 2009). Cell death is a common and important feature in the growth and development of tissues and organs. Normally, cells are removed in a controlled (programmed) manner, involving a series of biochemical and molecular events, leading to a turnover of damaged or unrequired cells that are supposed to be removed from the body (D’Arcy, 2019). Perhaps the most widely recognized forms of cell death have been described in terms of two types: apoptosis, known as programmed cell death, or necrosis, known as uncontrolled cell death (Kroemer et al., 2009). Necrosis is classically characterized as via an unprogrammed or accidental form that is caused by physical or chemical injury resulting in the rupture of the cell and cellular content leakage into the extracellular space, which ultimately causes the release of damage-associated molecular patterns (DAMPs) (Vandenabeele et al., 2010a). Instead, apoptosis, from a Greek term denoting leaves falling from a tree, is the most well-studied form of programmed cell death and has been characterized as a process controlled by multi-genes and somehow is referred to as programmed cell death (PCD) at the very beginning. Though it was previously thought that necrosis is passive and unprogrammed, research has now uncovered the caspase-independent processes that resemble necrosis. A new form of programmed cell necrosis, termed necroptosis, and alongside pyroptosis, ferroptosis, and cellular senescence, which is clearly distinct from apoptosis, has now been identified as one of the components of programmed cell death.
2 OVERVIEW OF NECROPTOSIS
Understanding the molecular mechanism of any form of PCD and its roles in disease pathogenesis and development is the key point of current research, which may contribute to effective biomarkers for diagnosis, new therapeutic targets, treatment strategies, and management options.
The word necroptosis is renamed to distinguish from necrosis that can be seen as accidental (unprogrammed) cell death that occurs in response to overwhelming chemical or physical insult, extreme physical temperature, pressure, chemical stress, or osmotic shock (Degterev et al., 2005). Necroptosis is the process of cellular self-destruction that is activated when apoptosis is otherwise prevented. However, the term “necroptosis” had not been generally adopted in the early period that “necrosis” or “necrotic cell death” was also used in the literature (Vandenabeele et al., 2010b). Morphologically, the programmed necrotic cells present a similar character of “necrosis” by cytoplasmic and organelle swelling, disruption of osmotic balance due to the extensive intracellular vacuolation, rupture of the plasma membrane, and cell death. Also, this release of cellular “adjuvants” from the necrotic cells promotes inflammation (Kono and Rock, 2008).
In 1997, Vercammen et al. found that triggering of the TNF receptors leads to necrosis of L929 cells while the Fas antigen results in apoptotic cell death, implicating that cell necrosis may also be regulated by a programmed form, and either necroptosis or apoptosis can occur in the same cell type within the pathways sharing the same cellular components (Vercammen et al., 1997). In addition, it is found that the pan-caspase inhibitor of zVAD-fmk (zVAD), a general inhibitor to block apoptosis, can induce necroptosis in L929 cells and the cell death is dependent on autocrine production of tumor necrosis factor-α (TNF-α) by Wu et al. (Wu et al., 2011). TNF-α has now been demonstrated to trigger programmed necrosis in several cell types (Holler et al., 2000; Lin et al., 2004; He et al., 2009). It was not very clear yet until 2009 that the only molecular component of programmed necrosis was identified as the protein serine/threonine kinase Receptor Interacting Protein 1 (RIP1) (Kono and Rock, 2008; Galluzzi et al., 2009). The role of kinases RIP1/RIP3 was identified in TNF-induced necroptosis in subsequent research (He et al., 2009; Vandenabeele et al., 2010b; Cho et al., 2011). Other cellular receptors that trigger the activation of necroptosis are death receptors of Fas/FasL and Toll-like receptors (TLR4 and TLR3) and cytosolic nucleic acid sensors such as RIG-I and STING, which can induce TNF-α and type I interferon (IFN-I) production promoting necroptosis in an autocrine feedback loop (Chen et al., 2018; Bertheloot et al., 2021).
Broadly speaking, necroptosis is confirmed as a new form of programmed cell death, distinct from necrosis that necrosis is not an uncontrollable passive process at all, but there is a possibility for a controllable form of cell death involving in PCD. Apoptosis was long thought to be the only regulated cell death pathway and the subject of intensive research for decades. On the contrary, its counterpart, necroptosis, has been investigated until recently that it can also be induced by TNF-α following its activation on tumor necrosis factor receptor 1 (TNFR1) (Table 1) (Pennica et al., 1984; Gon et al., 1996; Wang et al., 2008). Whereas activation of caspases represents the primary route of apoptosis, necroptosis represents an alternative form of PCD that is caspase-independent (Vandenabeele et al., 2010a). Apoptosis participates in limited individual or small clusters of cells when caspase-independent PCD contributes to the vital process of an immune response, osteogenesis, ovulation, and cellular turnover (Festjens et al., 2006; Sosna et al., 2014). Furthermore, the involvement of necroptosis has been widely implicated in the pathology of various diseases across the body including neurologic, renal, pulmonary, and gastrointestinal systems like pancreatitis (He et al., 2009; Zhang et al., 2009) and cancer; inflammatory diseases such as psoriasis, ulcerative colitis, and Crohn’s disease; autoimmune diseases; TIDM; as well as cardiovascular diseases like coronary atherosclerosis, heart failure, myocardial ischemia/reperfusion injury, and myocarditis (Karunakaran et al., 2016; Meng et al., 2016; Moe and Marín-García, 2016; Zhang et al., 2016; Zhou et al., 2018; Sun et al., 2019). Its role has also been identified in the investigation of cell damage by pathogens like vaccinia virus, Shigella and Salmonella, HIV. The programmed processes are important as they have been implicated in the pathology of many diseases (Liu et al., 2015; Yang et al., 2018). The concept of cell death and programmed cell death has dramatically changed over the years.
TABLE 1 | Difference between necrosis, apoptosis, and necroptosis
[image: Table 1]3 EPIDEMIOLOGY AND PATHOGENESIS OF VIRAL MYOCARDITIS
The understanding of specific viruses affected myocarditis is still unfolding and its pathogenesis remains further investigation. Myocarditis is one of the clinically important cardiovascular diseases induced predominantly by viruses and also by other infectious agents including bacteria, protozoa, and fungi. The disorder is associated with poor prognosis when complicated by left ventricular dysfunction, heart failure, or arrhythmia (Ammirati et al., 2018). Because its specific mechanism has not been fully understood, the absolute incidence and prevalence are hardly recorded and the problem of misdiagnosis is always common. A retrospective study of 1.35 million deaths with certified causes reported myocarditis as the underlying cause of death in 639 cases (Kytö et al., 2007). Among patients visiting the emergency department between 1990 and 2013, the incidence of myocarditis was estimated to be 10–22 out of 100,000 individuals (Collaborators GBODS, 2015).
There are five common viruses associated with viral effect myocarditis that can be categorized as follows: the primary viruses are adenoviruses and enteroviruses such as coxsackie B or echoviruses; viscerotropic viruses, for example, parvovirus B19 have lifelong persistence (Dominguez et al., 2016; Van Linthout et al., 2018), though its exact mechanism may need to be investigated in that these viscerotropic viruses do not play a significant role to the etiology of adult myocarditis (Koepsell et al., 2012); human herpesvirus 6 (HHV6), Epstein–Barr virus and human cytomegalovirus of the lymphotropic viruses; viruses that can indirectly trigger myocarditis by the activation of the immune system, such as human immunodeficiency virus (HIV), influenza A virus, and influenza B virus; and family coronaviruses including the MERS-CoV, SARS-CoV, and SARS-CoV-2 that is recently found to also lead to myocarditis (Topol, 2020; Çınar et al., 2020). The incidence of viral myocarditis in any viral infection is estimated at 3%–6% (Narovlyanskaya and Winokur, 2020). The clinical importance of virus persistence has been demonstrated by Why et al. with higher in-hospital mortality at long-term follow-up (Why et al., 1994).
Research indicates that infection on the myocardium by enteroviruses occurs in three phases (Pollack et al., 2015). In Phase 1, the virus enters into myocytes and activates innate immune response within 7 days: the Coxsackie B viruses exhibit tropism for cardiomyocytes via the coxsackievirus and adenovirus receptor (CAR); the persistent viral replication leads to the dissolution of cardiomyocytes and to necrosis; immune responses can be subsequently activated. High levels of cytokines, such as tumor necrosis factor (TNF), interleukins, and interferons, are produced during this phase. Phase 2 may last for weeks (1–4 weeks), and during this phase, cytokine and chemokine are released; T cell-mediated clearance of virus-infected cells contribute to myocardial injury, necrosis, and production of interleukins and interferons. Commonly, there are two outcomes as viral titers decrease in phase 3. Some individuals experience complete resolution of myocardial injury and normalization of LV systolic function. However, in other patients, ineffective viral clearance and viral persistence throughout the entirety of the stage contribute to dilated cardiomyopathy, featured as chronic inflammation, cardiomyocytes degeneration, hypertrophy, interstitial fibrosis and global remodeling (Pollack et al., 2015).
4 NECROPTOSIS AND VIRAL MYOCARDITIS
4.1 Link Between TNF-α and Viral Myocarditis
Cardiomyocyte is a kind of terminal differentiation cell with limited regenerating ability, and damage factors can induce cardiomyocyte death leading to cardiomyopathy and heart failure. Overwhelming cardiac inflammation and the loss of myocardium is an important pathogenic mechanism in the progress of myocarditis yet the induction of this mechanism is unclear (Kang and Izumo, 2003; Chen et al., 2014; Kühl and Schultheiss, 2014). It was recently found that TNF-induced PCD is considered deeply involved in the pathology and development of VMC that necroptosis may be a novel mechanism for cardiomyocyte death in the virus-induced acute myocarditis (Zhou et al., 2018).
Established models and clinical data have demonstrated a causal role for TNF-α in virus-induced myocarditis. (Wang et al., 2016; Zhou et al., 2018; Chen and Deng, 2019). In 2004, the TNF-α mRNA and TNF-α protein had been firstly reported to be significantly more present in viral myocarditis patients than in nonviral myocarditis, accompanying the histologic change of prominent myocardial necrosis compared to TNF-α-negative cases (Calabrese et al., 2004), suggesting that TNF-α mRNA and protein are overexpressed with viral myocarditis of any etiology. The cardiac TNF-α abundance during viral infection was observed (Glück et al., 2000; Wada et al., 2001; Gagliardi et al., 2004); TNF-α gene expression was seen in 80% of the viral positive myocarditis cases; immunohistochemistry for TNFR1/2 was overexpressed in the TNF-α-positive cases while the controls were always negative. Subsequent EMBs showed similar results that the same expression of the pathway was seen in the EMS (Calabrese et al., 2004). Immunostaining reported the marked positivity in the cytoplasm of myocytes. Histologically, the intensity of the inflammatory infiltrate was only significantly noted in the TNF-α-positive case, while there was no difference in terms of extension of fibrosis between all cases. In addition, clinical works demonstrated an association between depressed myocardial function and the elevated TNF-α mRNA and protein levels (Habib et al., 1996; Torre-Amione et al., 1996), suggesting that TNF-α plays an important role in the viral myocarditis pathology of the infiltration of inflammatory cells and activities of inflammatory mediators (Navarro and Mora, 2006). The exact mechanism of how TNF-α contributes to VMC is not well known, and previously it is suspected to be linked to immunity. Clinical studies demonstrated that the TNF-α serum in the VMC group was significantly higher than the controls (Wen et al., 2010; Wang et al., 2016; Chen and Deng, 2019). The possible mechanism currently demonstrated that a cytokine storm after the hyperactivation of the immune system in response to virus infection may cause multiple organ failure through inflammatory cell death; and depending upon the stimulus encounters, different forms of cell death are induced. (Malireddi et al., 2019; Christgen et al., 2020; Malireddi et al., 2020; Samir et al., 2020).
4.2 Distinct TNF Complexes Determine Different Cell Death Signaling Mode
The TNF-induced signaling has multiple outcomes: the mode of gene induction, survival, apoptosis, and necroptosis suggesting the existence of different molecule mechanisms of signaling complexes or pathways (Amin et al., 2018) (Figure 1). Firstly, TNFR1 exists in aggregated receptors recruited by the pre-ligand binding assembly domain (PLAD). The formation of complex I was induced by ligand binding owing to a conformational change in TNFR1 that recruits TNF receptor-associated death domain (TRADD), receptor-interacting protein kinase 1 (RIPK1), a cellular inhibitor of apoptosis (cIAPs), TRAF2 (TNFR-associated factor 2)/5, and (linear ubiquitin chain assembly complex) LUBAC protein. The activation of the NF-κB pathway and K63-linked polyubiquitination of RIP1 ultimately constitute the gene induction and survival mode after TNF stimuli. NF-κB translocates to the nucleus and induces transcription, up-regulating A20 and CYLD. RIP1 is targeted by these deubiquitinases for K63 deubiquitination, which balances the strength and activation of NF-κB signaling through negative-feedback mechanisms (Cho et al., 2009; He et al., 2009; Song et al., 2013). A20 and CYLD removes the K63-ubiquitinaiton of RIP1 promoting the transition of membrane-associated complex I (the gene induction or survival mode) to a secondary cytosolic complex II (the apoptosis and necroptosis mode). Two types of complex II related to a formation of necrosome that can ultimately lead to TNF-induced necroptosis are elucidated: TRADD-dependent or RIP1-dependent. After receptor internalization, an RIP-dependent complex of the secondary cytosolic death-initiating signaling complexes (DISC) is formed in the presence of Smac mimetics, which counteract IAPs and lead to apoptosis through the participation of the RIP1 kinase-dependent activation of caspase-8. RIPK1 is essential for Smac mimetic-stimulated TNF-α-induced apoptosis and is also an important molecular switch for the TNF-induced cell death from apoptosis to necrosis (programmed) as RIP3 did (Wang et al., 2008; Zhang et al., 2009). cIAP ablation prevents RIP1 ubiquitination and proteasomal degradation and favors the formation of the complex II without TRADD but a RIP1-FADD scaffold to activate caspase-8 blocking the necroptosis mode. Therefore, the reduced caspase activity can prevent the apoptotic mode and favor the necrotic mode for TNF stimulation because of the presence of caspase inhibitors, or the adaptor molecule FADD, or the absence of caspase-8. When the Smac mimetic was not cotreated in the TNF signaling, TRADD-dependent complex II is formed that RIP1 and RIP3 are recruited, along with Fas-associated death domain protein (FADD) and caspase-8. Proteolytic inactivation of RIP1 and RIP3 will be prevented in the presence of caspase inhibitors, and that sensitizes some cell lines to TNF-induced necrosis. Otherwise, the apoptotic mode was induced with cleavage of RIP1 and RIP3. The formation of these necrosome shares a common characteristic of the absence of caspase-8 highlighting that caspase recruitment may affect the cell death response. The mixed lineage kinase domain-like protein (MLKL) has been identified as necessary for TNF-α-induced necroptosis, which is an interacting partner of RIP3 that jointly compose the necrosome. (Sun et al., 2012). The involvement of RIP1/RIP3 and the MLKL recruitment and phosphorylation finally lead to the induction of programmed necrosis (Das et al., 2016).
[image: Figure 1]FIGURE 1 | Overview of TNF-induced different cell death signaling mode. Stimulation of cells with TNF leads to recruitment of TRADD and RIP1 to TNFR1, and forms complex I with TRAF2/5, cIAP1/2. The ubiquitination of RIP1 results in IKK-mediated activation of NF-κB and de-ubiquitination of RIP1 results in formation of complex II with FADD and caspase-8, then activates caspase-3 and caspase-7 leading to apoptosis. Meanwhile activated caspase-8 cleaves Gasdermin to form the N-terminal domain (GSDM-N) and C-terminal domain (GSDM-C), which convert apoptosis to pyroptosis. A20 and CYLD block the de-ubiquitination of RIP1 block formation of Complex II and apoptosis. Upon inhibition of caspase-8, RIPK1 activates RIPK3 leading to the formation of the necrosome, which ultimately leads to necroptosis.
The role of TNF-α in cell death continues to be investigated yet the majority of researches focus on its specific role in inducing cell death. In the murine model, virus infection associates an overall increase in the relative levels of cytokines as to the increased innate immune cell lineages of macrophages and neutrophils with a reduction in the percentage of B cells and T cells. (Karki et al., 2021). The combination of TNF-α and IFN-γ can induce high levels of cell death in BMDMs, but limited levels of cell death are found in other cytokine combinations. Accompanying an increased production of TNF-α peak evidenced in patients with virus infection, the synergism of TNF-α and IFN-γ releasing during the disease course induces PANoptosis and perpetuates a cytokine storm to cause tissue (multi-organ) damage and inflammation. (Karki et al., 2021). Cells can experience extensive crosstalk, leading to PANoptosis (pyroptosis, apoptosis, and necroptosis). Furthermore, there is crosstalk between these pathways. Pyroptosis is a caspase-independent cell death with a concomitant inflammatory response and, thus, has been defined as inflammatory cell death pathways with necroptosis. Caspase-3 is a key protein involved in cell apoptosis mode and can also be induced by TNF-α (or chemotherapy drugs) triggering cell pyroptosis; instead, in several cancer cells, caspase-3 cleaves GSDME to generate GSDME-N and GSDME-C activating the N-terminal fragment and causing plasma membrane lysis. (Hu et al., 2020). When high levels of GSDME were expressed, GSDME cleaved by pro-apoptotic caspases convert apoptosis to pyroptosis. Otherwise, apoptosis was induced. Activated caspase-1 and its recruitment cleavages GSDMD into a 30 KD fragment for oligomerization, and the GSDMD N-terminal domain exhibits pro-pyroptotic activity. (Wang et al., 2020). Cells lacking GSDME showed reduced cell death in response to TNFα-induced inflammatory cell death. (Karki et al., 2021). Collectively, GSDMD-mediated loss of membrane integrity results in pyroptosis implicating the main role executing pyroptosis. (Bertheloot et al., 2021). It is generally known that GSDMD-mediated pyroptosis allows a release of the caspase-1 activated cytokines IL-1β and IL-18. (Frank and Vince, 2019). Whether those inflammasome-activated cytokines contribute to necroptosis-induced inflammation remains investigated. Extrinsic apoptosis, a caspase-dependent process, was induced by activating the cysteine protease caspase-8 to form an apoptosome. The essential feature is the release of cytochrome c from mitochondria, regulated by the BCL-2 family, initiator caspases (caspase-8, -9, and -10), and effector caspases (caspase-3, -6, and -7). (Bertheloot et al., 2021). In necroptosis, the molecular mechanism of necroptosis is not entirely clear, further underscoring the differences between the animal model and human necroptosis mechanisms. At the leveling of signaling, there are close interplays between apoptosis and necroptosis. A study has suggested that cFLIPL (FLIP) blocks caspase-8-dependent apoptosis, and at the same time, the resulting caspase-8-FLIP heterodimers block RIPK3-dependent signaling requiring for necroptosis in the analysis of FADD, RIPK3 and FLIP, RIPK3 double-knockout mice. (Dillon et al., 2012). High intracellular ATP levels enable a cell to undergo apoptosis, and low ATP level favors necroptosis on the contrary (Eguchi et al., 1997); p53 promotes MOMP to trigger apoptosis and has been recently reported to be required for necroptosis activation (Vaseva et al., 2012); the BCL-2 family of proteins has well-established roles in apoptosis, while their involvement in necroptosis is still under investigation. Current studies have suggested the requirements of the homotypic interactions of RHIMs and the kinase activity of RIPK3 for cell death execution. (Samir et al., 2020).
5 META-ANALYSIS ON THE DIAGNOSTIC VALUE OF TNF-Α BASED ON 65 STUDIES
Accordingly, TNF-α plays a prominent role in damaging multi-organs by inducing inflammatory cell death and perpetuating cytokine storm. TNF-α is largely responsible for the timing of iNOS induction by inducing a rapid response. (Karki et al., 2021). Elevated serum TNF-α and mRNA expression in patients with viral myocarditis were consistently observed compared to healthy control implicating the involvement in the pathogenesis of viral myocarditis (Wang et al., 2016; Chen and Deng, 2020). Therefore, we investigated the serum levels of TNF-α, used as serological markers, to identify its VMC values in diagnosis and disease monitoring.
5.1 Methods of Meta-Analyses
5.1.1 Search Strategy
Relevant studies were identified through cross-checking of references and by electronic search of databases including PudMed, Embases, Cochrane Library, Scopus, ScienceDirect, and Chinese National Knowledge Infrastructure (CNKI). The following terms were used in the search strategy: (“necroptosis” OR “programmed necrosis” OR “necrotic cell death”), “viral myocarditis,” and “Tumor Necrosis Factor alpha” as well as their abbreviations and synonyms and all possible combination. The detailed search strategy is shown in the supplementary material.
5.1.2 Inclusion and Exclusion Criteria
The studies were included in this analysis if they met the same condition and inclusion criteria as follows: 1) investigation of the TNF-α level and its diagnostic potential for viral myocarditis; and 2) studies provided sufficient data including exact data of the serum TNF-α measurement, sensitivity, and specificity. The exclusion criteria were as follows: 1) studies contributed no data to our analysis; and 2) studies were not in the form of original articles.
5.1.3 Data Extraction and Statistical Analysis
Data were extracted from all eligible studies: the first author’s name, year of publication, number of participants, patient characteristics, age, the expression level of TNF-α, diagnostic accuracy data for VMC detection, the optimal cut-off values, etc. Meta-analysis was carried out by STATA 15.0 software. Continuous data of serum TNF-α expression levels in different periods were summarized using STD mean difference (SMDs) and 95%CIs as their effect sizes and a 95%CI excluding the point of no effect indicates statistical significance. The pooled sensitivity, specificity, and area under the curve (AUC) of the area under the summary receiver operating characteristic (SROC) were estimated to show the diagnostic accuracy of serum TNF-α. Heterogeneity across studies was assessed using the I2 statistic, and an I2 > 50% with a p-value < 0.05 was considered as having significant heterogeneity.
5.2 Results
5.2.1 Resutls of Literature Search
We conducted a meta-analysis according to the guidelines set forth by the 2020 PRISM statement and discussed the diagnostic efficiency of serum TNF-α in viral myocarditis. A flow diagram of the study selection is displayed in Supplementary Figure S1. In brief, 702 potentially relevant articles were obtained from electronic databases and then 611 of them were excluded after matching the inclusion/exclusion criteria. Finally, 65 studies met the inclusion criteria and were included in the meta-analysis. Quality assessment was conducted according to the QUADAS-2 tool. In detail, all studies demonstrated a moderate risk of bias among the included studies.
5.2.2 Resutls of Meta-Analyses
During our meta-analysis on the existing literature of the clinical researches, serum TNF-α was significantly increased for the myocarditis group with an SMD of 3.54 (95% CI, 2.99–4.08; p < 0.05; Table 2) compared to controls in its acute stage. A significant decrease of TNF-α in the recovery period was assessed (SMD −3.23, 95% CI −3.89, −2.56; p < 0.05; Table 2) when compared to the acute period. All differences between groups were significant. Significant heterogeneity was observed (I2 >50%, p < 0.05) and a random-effect model was used. Subgroup analysis and sensitivity analysis were also conducted for the assessment of heterogeneity. To account for the potential source of between-study heterogeneity, subgroup analyses were further conducted based on age (children and adults), while no impact of age difference on heterogeneity was found. Both children and adults showed significantly elevated TNF-α levels in the acute stage and decreased TNF-α levels in the recovery stage. When compared to the control group, the VMC group in the recovery stage was still having a significantly higher TNF-α level (SMD 1.41, 95% CI 1.02, 1.81; p < 0.05; Table 2) indicating a possible role for TNF-α during the prognosis period.
TABLE 2 | Pooled analysis of TNF-α level in comparison to a different stage and subgroup analysis based on age
[image: Table 2]The application of serum TNF-α for identifying acute viral myocarditis patients presented a pooled sensitivity of 79% (95% CI 0.67–0.88) and specificity of 86% (95% CI 0.74–0.93). The pooled positive likelihood ratio (PLR) was 5.7 (95% CI, 3.0–10.6) and the pooled negative likelihood ratio (NLR) was 0.24 (95% CI, 0.15–0.39). Using a random-effects model, the DOR was 24 (95% CI, 11–53). There was no threshold effect, as indicated by Spearman correlation analysis (−0.44; p = 0.19). We used Deek’s funnel plot to evaluate the publication bias of included studies and the shape of the funnel plot showed no between-study heterogeneity (p = 0.19), and no publication bias was found (p = 0.30). The AUC was 0.90 (95% CI 0.87–0.92) implicating that the use of serum TNF-α can provide reliable performance for the diagnosis of VMC (Supplementary Figures 7, 8s).
5.3 TNF-α as a Potential Biomarker in VMC
The meta-analysis further confirmed that TNF-α was significantly higher in patients with viral myocarditis and gradually decreased as the disease progressed. Serum TNF-α could be a useful marker for identifying VMC in acute and recovery periods. The virus infection in myocarditis is characterized as a substantial production of TNF-α. Under the strong stimulation of TNF-α, complex II was formed and ultimately caused cardiomyocyte degeneration, necrosis, apoptosis, myocardial interstitial hyperplasia, and an immune-inflammatory response depending on whether caspase-8 is inhibited (Corsten et al., 2012). Overexpression of TNF-α can also confer cytoprotection reducing ischemia-reperfusion (I/R) injury through TRAF2-mediated activation of NF-κB (Burchfield et al., 2010).
6 NECROPTOSIS, CARDIOMYOCYTE DEATH AND VMC PROGRESS
During the evaluation of CVB3-infected myocarditis, serum concentrations of creatine kinase, CK-MB, and cardiac troponin I (cTnI) were significantly increased in the CVB3-infected mice than the noninfected group and the model group with Nec-1, suggesting severe damage to cardiomyocytes in the VMC mice models. Histopathologic features also showed distinct changes between groups. In the CVB3 infected mice, necrosis of most cardiomyocytes was observed, as well as myocardial swelling, unclear and strong acidophil staining, pyknosis, karyorrhexis, karyolysis, cell outline disappearance, and inflammatory cell infiltration. Myofilament and myotome were normal under an electronic electroscope of the control group; the cardiac muscle fibers were well-arranged. In the CVB3 group, mitochondrial swelling and severity vacancy-like denaturation with visible infiltrating mononuclear cells and leukomonocyte revealed that necroptosis is involved in viral myocarditis. Necroptosis has been certified to determine a crucial effort on the pathophysiological change of various diseases. Among patients suffering acute critical illnesses such as MI, septic shock, or acute viral myocarditis, the activation of caspase is inhibited due to the inadequacy of adenosine triphosphate (ATP) a cell can produce. Once the activation of caspases (in this case, caspase-8) was prevented, the necrotic signaling is initiated. Necrostatin-1, a necroptosis pathway inhibitor, can dramatically reduce inflammatory infiltration in cardiomyocytes and promote mice survival via blocking the inhibition of RIP1 kinase (He et al., 2009; Zhou et al., 2018). The study of Wu et al. has also implied that necroptosis is related to experimental autoimmune myocarditis (EAM) (Wu et al., 2021).
The current research progress is the application of the human-induced pluripotent stem cells (hiPSCs) in establishing an in vitro model of CVB3-induced myocarditis, investigating the molecular mechanisms of viral myocarditis via iCell® Cardiomyocytes (Kraft et al., 2021). It is said to be newly suitable for cardiomyocytes than other cardiac-like cells since cardiomyocytes represent the target cells of enteroviruses in the human heart, and those cardiac-like and non-cardiac cell lines (HeLa cells, HL-1 cells and H9c2 cells, etc.) that have been used frequently to investigate the mechanism can only distantly represent human cardiomyocytes (Claycomb et al., 1998). Not only the change of histopathology indicating the initiation of necroptosis was a key role in the pathology of VMC; the experiment implicates that the inhibition of RIPK1 and RIPK3 resulted in a reduction of viral replication by around half (Kraft et al., 2021), suggesting that the activity of RIPK1/3 may also be crucial for CVB3 replication. However, how RIPK3 functions on CVB3 replication in the cardiomyocytes remains unknown, and the time element should be specially considered about the “paradox” until the exact mechanism is accurately defined.
7 INSIGHT FROM THE RELATION BETWEEN NECROPTOSIS AND VMC
Necroptosis is not equivalent to the concept of necrosis but illustrates a new concept that cell death can be regulated through a series of signal transductions instead of dying passively, therefore suggesting a new therapeutic option, and blocking the necroptosis pathway may serve as a cardiovascular protective role in acute viral myocarditis. Direct evidence has implicated that necroptosis is the significant contributor to myocardial injury in VMC using Nec-1 to block the necroptosis signaling pathway and prevents myocardial injury via downregulating RIP1 and RIP3 expression (Zhou et al., 2018). Necrostatin-1, identified as having the ability to attenuate cell necroptosis in various inflammatory diseases, inhibits overexpression and endogenous RIP1 autophosphorylation (Degterev et al., 2008). The CVB3-induced viral myocarditis model showed significantly stronger RIP1 and RIP3 staining in myocardial tissues compared to the controls and demonstrated disseminated distribution. Nec-1 exerts significant downregulation of positivity indicating the protective effect of Nec-1 in VMC. The protective role of Nec-1 has been reported in various diseases (Yang et al., 2018; Liu et al., 2015). Instead of suppressing autophagy, a cell death process involved in many cellular aspects, Nec-1 can be developed as a potential therapeutic target for inflammatory myocarditis. As of now, infection of coronavirus (COVID-19) causes the quick activation of the immune system and continuous inflammatory response (Figure 2). Cytokines of IL-1B, IL-6, and TNF-α involved in necroptosis have been proven as key cytokines in the development of COVID-19 (Moore and June 2020). Therefore, using Nec-1 may be a potential strategy to treat COVID-19 (Cao and Mu, 2021). In addition, because RIP3 is an energy metabolism regulator switching TNF-induced apoptosis to necroptosis and the key determinant, the deficiency of RIP3 ameliorated myocardial necroptosis and heart failure by inhibiting cardiac remodeling (Cho et al., 2009; Sun et al., 2012; Zhao et al., 2012; Wu et al., 2013; Humphries et al., 2015; Zhang et al., 2016).
[image: Figure 2]FIGURE 2 | Proposed model for COVID-19 association with myocarditis. After COVID-19 infection, naive T lymphocytes can be primed for viral antigens via antigen-presenting cells, and proinflammatory cytokines of IL-1B, IL-6, and TNF-α which are involved in necroptosis are released into the circulation. The release of cytokines results in a positive feedback loop of immune activation and myocardial damage and also helps the development of COVID-19.
8 FUTURE DIRECTIONS
The updated investigation on programmed cell death provides insight into the pathology mechanism of myocarditis. Necroptosis plays an important role in cardiomyocyte death in acute viral myocarditis. Low sensitivity of viral detection and diagnostic methods hinders the treatment for acute myocarditis and may result in the development of dilated cardiomyopathy in partial patients (Pollack et al., 2015). For the establishment of more appropriate treatment strategies, cytokine TNF-α, inducing necroptosis, presents its significant performance for VMC diagnosis and can be used as a biomarker for subsequent prognosis prediction. Recent researches in the relationship between necroptosis and cardiovascular diseases are still in its beginning stage. While CVB3-induced viral myocarditis is the predominant model for viral myocarditis exploration, other types of viruses associated with inflammation or their relationship with other forms of cell death remains an effort to explore. Currently, researches on necroptosis are insufficient, for example, the roles of death receptor signaling and crosstalk between necrosis, apoptosis, and necroptosis make differentiation difficult to define in vivo. Also, the role of necroptosis in diseases across the body including virus induced-cancer is warranted. Optimal window period and markers are poorly defined when marking cell death. Identifying these unknown mechanisms and biomarkers will lead to a novel understanding of necroptosis and new therapeutic treatments for their related diseases. The application of Nec-1 is worth investigating as it can not only contribute to the comprehension of necroptosis but also contribute to identifying the potential therapeutic targets.
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Background: As an effective antitumor drug, doxorubicin (DOX) is primarily used to treat solid tumors and hematologic malignancies. However, increasing evidence has emerged indicating its cardiotoxicity, and few solutions have been proposed to counter this side effect. Higenamine (HG) is a natural compound widely found in many Chinese herbs and also serves as a component in many healthcare products. Several studies have demonstrated its cardioprotective effect in different models, but little is known about the underlying influences of HG against myocardial damage from DOX-induced chronic cardiotoxicity.
Methods and Results: C57BL/6 mice and neonatal rat ventricular cardiomyocytes (NRVMs) were used to evaluate the cardioprotective effect of HG against DOX-induced myocardial damage. In mice, DOX (intraperitoneally injected 5 mg/kg every 3 days for 4 weeks) significantly increased cardiomyocyte apoptosis, cardiac atrophy, and cardiac dysfunction, which were significantly attenuated by HG (intragastrically administered with 10 mg/kg every day for 4 weeks). In NRVMs, DOX (3 μM for 24 h) significantly increased cell apoptosis and the level of reactive oxygen species while reducing the level of superoxide dismutase and mitochondrial membrane potential. Remarkably, HG can reverse these pathological changes caused by DOX. Interestingly, the protective effect of HG on DOX-induced cardiotoxicity was independent of the activation of the beta-2 adrenergic receptor (β2-AR), known for mediating the effect of HG on antagonizing ischemia/reperfusion-induced cardiac apoptosis. Furthermore, HG attenuated the abnormal activation of phosphorylated adenosine-activated protein kinase (AMPK). Consistently, AMPK agonists (AICAR) can eliminate these pharmacological actions of HG.
Conclusion: Collectively, our results suggested that HG alleviated DOX-induced chronic myocardial injury by suppressing AMPK activation and ROS production.
Keywords: doxorubicin, higenamine, adenosine-activated protein kinase, cardiac remodeling, myocyte apoptosis
INTRODUCTION
Tumor cardiopathy is a major disease that affects the survival rate and time of tumor patients, where chemotherapy-induced cardiotoxicity accounts for significant complications (Koutsoukis et al., 2018). Doxorubicin (DOX), a cornerstone of chemotherapy, is widely known for its cardiotoxicity, which is difficult to combat in the clinic (Singal and Iliskovic., 1998). DOX-induced cardiomyocyte apoptosis, myocardial atrophy, dilated cardiomyopathy, and myocardial fibrosis contribute to myocardial remodeling, left ventricular dysfunction, and even heart failure (Zhang et al., 2018; Galan-Arriola et al., 2019).
At present, the mechanism of cardiotoxicity induced by DOX is not fully understood. Increasing research has indicated that it might be a multifactorial process including oxidative stress, inflammatory response, mitochondrial damage, disorder of calcium metabolism, induced myocardial cell apoptosis, and autophagy (Mantawy et al., 2014; Wang et al., 2021). Moreover, most drugs which can protect heart remodeling in other types of heart disease fail to do so with DOX-induced cardiotoxicity. The exception to this is dexrazoxane (Yu et al., 2020), the only drug authorized by the FDA to reduce the incidence and severity of cardiomyopathy associated with DOX administration. Furthermore, the administration of dexrazoxane is not 100% effective, so seeking new therapies for the treatment of cardiotoxicity has garnered significant attention. As the primary component of the heart structure, cardiomyocytes are the basis to maintain normal physiological functions of the heart. The fate of cardiomyocytes from DOX treatment has attracted significant attention from the bench to the clinic (Hagag et al., 2020).
Higenamine {HG; 1-[(4-hydroxyphenyl)methyl]-1,2,3,4-tetrahydroisoquinoline-6,7-diol} is the main active ingredient of aconite root, a traditional Chinese herb which was widely used to treat heart failure-like symptoms in Asian countries for thousands of years. Interestingly, HG has been also used as a common component of health products for fat degradation and sports performance in Europe and North America (Lee et al., 2013; Liu and Santillo., 2016). In recent years, a vast number of clinical experimental studies have proven that HG can serve as a cardiotonic, tracheal smooth muscle relaxant, anticoagulant, and anti-inflammatory agent (Tsukiyama et al., 2009; Zhang et al., 2014; Tariq and Aronow, 2015).
Our previous studies have reported that the β2/PI3K/Akt signaling pathway can be activated by HG to inhibit the myocardial injury induced by ischemia-reperfusion (Wu et al., 2016). It has also been found that HG can inhibit myocardial injury and cardiac fibrosis via the TGF-β/Smad signaling pathway, which inhibits the activation of cardiac fibroblasts and reduces the deposition of matrix proteins (Zhu et al., 2021). Although these studies have confirmed the therapeutic effect of HG on cardiovascular diseases, it is uncertain whether HG can protect against DOX-induced cardiotoxicity. In the current study, we have examined the effects of HG in chronic DOX-induced heart injury in C57 mice. Using NRVMs, we examined the effects of HG on NRVM apoptosis and the levels of ROS induced by DOX. We also determined the mechanism of HG in this pharmacological function. Here, we have demonstrated that HG remarkably inhibits myocardial apoptosis induced by DOX and restores heart functions. Furthermore, we found that the mechanism of HG in these diseases is different from known pathways, partially through suppressing the abnormal AMPK activation and ROS production, which has not been reported yet.
MATERIALS AND METHODS
Reagents and Drugs
HG was purchased from TAUTO Biochemical Technology Co., Ltd. (Shanghai, China). DOX was procured from MedChemExpress (Shanghai, China). The primary antibodies for cleaved caspase 3, GAPDH, phosphor-AMPKα, and total-AMPKα were purchased from Cell Signaling Technology (Danvers, MA, United States). Cell culture media were purchased from Gibco (Grand Island, NY, United States).
Animal Care
Adult male C57BL/6 mice, 8 weeks of age, were purchased from Shanghai Slac Laboratory Animal Co. Ltd. The mice were routinely kept in the animal room of Shanghai Tongji University. The protocols were approved by the Laboratory Animal Ethics Committee of Shanghai Tongji University (Shanghai, China; Permit No. TJHBLAC-2019-057). All animal procedures were performed in accordance with the Shanghai University of Traditional Chinese Medicine guidelines and the National Natural Science Foundation of China (NSFC).
Doxorubicin Injection Model
To mimic chronic cardiotoxicity of DOX in vivo, we exposed the mice to continuous intraperitoneal injection of vehicle saline or DOX. The mice in DOX and DOX + HG groups were intraperitoneally injected with 5 mg/kg DOX every 3 days for 4 weeks. For HG treatment, HG was dissolved in a vehicle consisting of 10% (vol/vol) DMSO in 40% β-cyclodextrin. The mice were then randomized to receive either HG (10 mg/kg) or vehicle (10% DMSO in 40% β-cyclodextrin) treatment administered intragastrically once daily for 4 weeks. The aforementioned procedure is described in Figure 1. After 4 weeks, the general condition and survival of the mice were observed.
[image: Figure 1]FIGURE 1 | Administration modes in vivo and in vitro.
Neonatal Rat Ventricular Cardiomyocytes Isolation, Culture, and Treatment
NRVMs were isolated from 2- to 3-day-old suckling Sprague Dawley rats following the methods previously published (Golden et al., 2012). In brief, the rat hearts were excised; their ventricles were separated and washed in Hank’s balanced salt solution (HBSS) three times and then digested repeatedly with type II collagenase containing HBSS. The cells were collected by 100 × g centrifugation and resuspended in Dulbecco’s modified Eagle medium (DMEM), supplemented with 15% fetal bovine serum (FBS), 100 IU/ml penicillin, and 100 g/ml streptomycin. Fibroblasts were then removed by differential adherent culture and placed at 37°C for 90 min. The cell suspension was collected and plated directly into six-well plates with 5-BrdU in a density of about 3 × 105 cells/ml. After 24 h, the cells were washed several times with PBS and treated with DMEM containing 10% fetal bovine serum. Cardiomyocytes were treated with DOX (3 μM) for 24 h, with or without different interventions. The aforementioned procedure is described in Figure 1.
Echocardiography
Cardiac function was assessed by transthoracic echocardiography and using a Vevo 2100 ultra-high resolution small animal ultrasound imaging system (Fujifilm, Toronto, ON, Canada). Left ventricular systolic and diastolic functions, LV ejection fraction (EF%), and fractional shortening (FS%) were measured.
Assessment of Cell Viability
Cell viability was measured by using the Cell Counting Kit-8 (CCK-8). In brief, after 24 h of treatment, cells were incubated with CCK-8 solution (Beyotime, China). To facilitate the reaction, stained cells were incubated at 37°C for 3 h. At the end of the treatment, the absorbance at 450 nm was measured using a BioTek® Epoch microplate reader (BioTek Instruments, Inc. United States).
Assessment of Reactive Oxygen Species Levels
Intracellular reactive oxygen species levels were assessed by using a DCFH-DA fluorescence probe (Beyotime, China). In brief, after 24-h treatment, cells were incubated with a 10 μM DCFH-DA fluorescence probe for 30 min at 37°C in the dark. The fluorescence intensity was determined by flow cytometry.
Assessment of Superoxide Dismutase Levels
Intracellular superoxide dismutase levels were measured by using superoxide dismutase kits (Beyotime, China), following the manufacturer’s instructions. The data were measured by using a BioTek® Epoch microplate reader (BioTek Instruments, Inc. United States).
Western Blot Analysis
Western blot analysis was performed as described previously (Knight et al., 2016). In brief, cell and heart samples after various treatments were collected to extract the proteins. The protein concentration was determined by using a BCA protein assay (Thermo Fisher Scientific, Rockford, IL, United States). The protein samples were separated by SDS-PAGE and transferred to PVDF membranes. PBST containing 5% (m/v) BSA (in Tris buffer containing 0.1% Tween 20) was used to block the membrane at room temperature for 2 h. The cells were then incubated with anti-AMPK (1:1000), anti-P-AMPK (THR 172, 1:1000), anti-cleaved caspase 3 (1:1000), and anti-GAPDH (1:1000) primary antibodies at 4°C overnight. Subsequently, the membrane was washed with PBST and exposed to the corresponding secondary antibody (1:6000) at room temperature for 2 h. A Bio-Rad imaging system (Bio-Rad, Hercules, CA, United States) was used to detect fluorescence signals, and Image Lab software (Bio-Rad, Hercules, CA, United States) was used to quantify the signal.
Hematoxylin–Eosin Staining
Hematoxylin–eosin staining was performed as described previously (Cardiff et al., 2014). Mice hearts were collected, fixed, embedded, and sectioned, in accordance with the standard protocol. In short, the heart sections were dewaxed with xylene and dehydrated with ethanol. The sections were incubated in the hematoxylin staining solution at room temperature for 5–10 min, washed with distilled water for 5 min, re-stained with eosin staining solution for 3 min, and finally washed with distilled water for 5 min. The sections were soaked in 75, 85, 95, and 100% ethanol for 2 min, and then heart sections were cleaned in xylene and sealed with neutral resin.
Wheat Germ Agglutinin Staining
Wheat germ agglutinin (WGA) staining was performed as described previously (Wang et al., 2019). In brief, heart sections were dewaxed with xylene and dehydrated with ethanol. The heart tissues were preheated in a pressure cooker containing 0.01 M citrate solution, incubated with glycine at room temperature for 20 min, and washed with PBS for 5 min. WGA staining solution was prepared at a dilution of 1:50. The staining solution was dropped on the glass slide and incubated at room temperature for 1 h in the dark. The slides were then washed three times with PBS, taking 5 min per wash. DAPI sealing solution was then added to seal the heart sections. Images were collected by using a fluorescence microscope. Image-Pro software (Media Cybernetics) was used to quantify the mean cardiomyocyte cross-sectional area (CSA).
Terminal Deoxynucleotidyl Transferase–Mediated dUTP Nick-End Labeling Staining
TUNEL staining was performed in accordance with the instructions of the TUNEL kit (Roche, Switzerland). In brief, the tissue sections were dewaxed and rehydrated following standard protocols. The tissue sections were incubated for 30 min at 37°C with proteinase K working solution (20 μg/ml in 10 mM Tris–HCl, pH 7.4–8). The blocking solution (5% goat serum in PBS) was then added and incubated for 1 h at room temperature. The TUNEL reagent was added to the samples and incubated at 37°C for 1 h in the dark. After washing with distilled water three times (5 min each), DAPI dye solution was added and incubated at room temperature for 10 min. After washing with distilled water twice, images were taken under a fluorescence microscope. The images were obtained from three random regions of each mouse heart section. The apoptotic index was expressed as the percentage of TUNEL-positive nuclei to DAPI-stained nuclei.
Measurement of Mitochondrial Membrane Potential
The mitochondrial membrane potential (MMP) was evaluated by staining with a cationic dye, 5,5,6,6-tetrachloro-1,1,3,3-tetraethylbenzimidazolylcarbocyanine iodide (JC-1, Beyotine, China), in accordance with the manufacturer’s instructions. In brief, neonatal rat cardiomyocytes were inoculated into six-well plates; the culture medium was aspirated, and the cells were washed with PBS. Afterward, 1 ml of the culture medium and 1 ml of the JC-1 staining solution were added and the mixture was incubated at 37°C for 20 min. After incubation, the cells were washed twice with 1X buffer and the culture medium was added. The images were normalized by fluorescence imaging using a Leica inverted fluorescence microscope.
Immunohistochemistry
For immunohistochemistry, the heart paraffin sections were heated using the pressure cooker for antigen retrieval and 8% goat serum was used to block non-specific binding sites incubated with anti-P-AMPK (ab23875, Abcam) and anti-T-AMPK antibody (ab131512, Abcam), followed by incubation with goat anti-rabbit EnVisionTM+/horseradish peroxidase (HRP) reagent, and stained using a DAB detection kit (GeneTech, Shanghai, China). Negative control was obtained by replacing primary antibody with PBS. Immunohistochemistry paraffin sections were visualized by light microscopy.
STATISTICAL ANALYSIS
All data are presented as mean ± SEM. Statistical analysis was performed using Prism 8.0 one-way ANOVA, followed by Bonferroni’s post hoc test for comparisons of multiple groups. p-values < 0.05 were considered statistically significant.
RESULTS
Higenamine Attenuates DOX-Induced Cardiac Injury In Vivo
To explore the function of Higenamine in cardiac injury induced by DOX in vivo, C57BL/6 mice were intraperitoneally injected with 5 mg/kg of DOX every 3 days for 4 weeks to mimic the chronic myocardial injury induced by DOX. For HG intervention, mice were randomized to receive either HG (10 mg/kg) or vehicle [10% (vol/vol) DMSO in 40% β-cyclodextrin] treatment administered intragastrically once daily starting from the first day of DOX injection. As shown in Figure 2A, after 4 weeks, there was no statistical difference in the survival rate among each group. DOX-induced heart atrophy was assessed by global morphology. Daily HG application reversed this pathological deterioration (Figure 2B). H&E staining was used to evaluate cardiac remodeling, and WGA staining was performed to illustrate the cross-sectional area of each cardiomyocyte. Using H&E staining, we found a similar tendency of morphological changes in the global shape (Figure 2C). Consistently, WGA staining indicated that HG can reverse the DOX-induced cross-sectional area (CSA) reduction of cardiomyocytes (Figures 2D,E), suggesting that HG attenuates DOX-induced cardiac remodeling in vivo.
[image: Figure 2]FIGURE 2 | HG attenuated DOX-induced cardiac injury in vivo. (A) Survival curve of mice. (B) Representative heart images of each group. Mice were injected with normal saline (NS) or DOX (5 mg/kg/3 days) and systemically administrated with HG (10 mg/kg/day) during DOX injection for 4 weeks. (C) Schematic diagram of HE staining of the heart cross-sectional area for each group. (D) Schematic diagram of representative heart tissue WGA staining for each group of mice. (E) Quantification of the cross-sectional area of single cardiac muscle cells after WGA staining. All values are presented as mean ± SEM; statistical analysis was performed using Prism 8.0 one-way ANOVA. * p < 0.05 DOX vs NS; # p < 0.05 DOX + HG vs DOX. Animal numbers: NS, n = 8; HG, n = 7; DOX, n = 10; Dox + HG, n = 10.
Higenamine Improves Doxorubicin-Induced Cardiac Dysfunction In Vivo
To evaluate the effects of HG on the cardiac dysfunction induced by DOX, we monitored cardiac function by echocardiography (Figure 3A and Table 1). As depicted in Figures 3B,C, compared with the normal saline group, the cardiac function in the DOX model group decreased, reflected by the ejection fraction (EF) and shortening fraction (FS) (p < 0.05). With HG application, EF and FS were significantly rescued (p < 0.05). Consistently, DOX induced heart atrophy as reflected by the stroke volume (SV), and this deterioration is markedly attenuated in mice receiving treatment with HG (p < 0.05) (Figure 3D). Using the ELISA kit to detect BNP levels in serum, the results showed that DOX can also promote BNP content in serum, and HG can reduce BNP content (Supplementary Figure S3A). All these results suggest that HG has a protective effect on cardiac remodeling and heart failure induced by DOX.
[image: Figure 3]FIGURE 3 | HG improved DOX-induced cardiac dysfunction in vivo. (A) Representative M-mode echocardiographic images of mice in each group at 4 weeks. (B–D) Summary of (B) ejection fraction (EF), (C) shortening fraction (FS), and (D) stroke volume (SV) data in each group. All values are presented as mean ± SEM; statistical analysis was performed using Prism 8.0 one-way ANOVA. * p < 0.05 DOX vs NS; # p < 0.05 DOX + HG vs DOX. Animal numbers: NS, n = 8; HG, n = 7; DOX, n = 10; DOX + HG, n = 10.
TABLE 1 | Echocardiographic indexes in each group of mice.
[image: Table 1]Higenamine Inhibited Doxorubicin-Induced Cardiomyocyte Apoptosis In Vivo
Cardiomyocyte apoptosis is a pivotal pathological process of DOX-induced myocardial injury. To evaluate the effect of HG on DOX-induced cardiomyocyte apoptosis, TUNEL staining and Western blots were performed on mice hearts. As expected, TUNEL staining showed that mice with DOX had a significantly increased number of apoptotic cardiomyocytes compared to the normal saline group, and HG could inhibit DOX-induced cardiomyocyte apoptosis (Figures 4A,B). Similarly, Western blot results showed that compared to the saline control mice, the expression level of cleaved caspase 3 in mice with DOX was largely increased (p < 0.05). After application with HG, the protein level of cleaved caspase 3 was significantly decreased (p < 0.05) (Figures 4C,D). Combined with the TUNEL staining, these results confirmed that HG could attenuate DOX-induced cardiac apoptosis in mice. Doxorubicin has been proved to lead to adverse ventricular remodeling of the heart in the chronic progressive approach, mainly involved in cardiac fibrosis. In order to detect the degree of myocardial fibrosis after DOX stimulation, we performed PSR staining and Masson staining. The results showed that myocardial fibrosis did not increase after injecting DOX for 4 weeks, and HG treatment did not remarkably reduce myocardial fibrosis and the perivascular collagen volume area (Supplementary Figures S1A–D).
[image: Figure 4]FIGURE 4 | HG inhibited DOX-induced cardiomyocyte apoptosis in vivo. (A) Representative TUNEL staining image of a myocardial section. Nuclei of apoptosis cells are marked with orange arrows. (B) Quantitative data of nuclei of apoptosis cells in mice evaluated by TUNEL staining. (C) Western blot analysis of GAPDH, cleaved caspase 3 in cardiac tissues expressed in mice. (D) Quantitative data of cleaved caspase 3 expressed in mice. All values are presented as mean ± SEM; statistical analysis was performed using Prism 8.0 one-way ANOVA. * p < 0.05 DOX vs NS; # p < 0.05 DOX + HG vs DOX. Animal numbers: NS, n = 8; HG, n = 7; DOX, n = 10; DOX + HG, n = 10.
Higenamine Protected Doxorubicin-Induced Neonatal Rat Ventricular Myocyte Apoptosis In Vitro
Various concentrations of DOX were used to stimulate NRVMs for 24 h in vitro. As shown in Figure 5A, 1–3 μM DOX was enough to cause death of half of the NRVMs (p < 0.05). As the concentration of DOX increased, the proportion of NVRMs that died also increased. In order to further explore whether HG can inhibit DOX-induced cytotoxicity in NRVMs in vitro, we first tested cytotoxicity of HG. After incubation with various concentrations of HG for 24 h, the activity of NRVMs did not significantly decrease when the concentration of HG was less than 1 mM, indicating that HG itself has no obvious cytotoxic effect on NRVMs (Figure 5B). Based on the results depicted in Figure 5A, we used 3 μM DOX-induced NRVM death as the cell model and added varying concentrations of HG 30 min prior to DOX. The results showed that when the concentration of HG was under 30 μM, it could not effectively inhibit DOX-induced NRVM death (p > 0.05). However, when the concentration of HG reached 100 μM, it could significantly inhibit DOX-induced cytotoxicity (p < 0.05) (Figure 5C). Next, we evaluated whether the effect of HG was rooted in its inhibition of apoptosis. As anticipated, DOX observably increased the expression of cleaved caspase 3, by Western blot (p < 0.05) (Figures 5D, E). At concentrations less than 30 μM, HG had no effect on cell apoptosis (p > 0.05). Conversely, the expression of the cleaved caspase 3 protein obviously decreased as the concentration of HG increased above 30 µM (Figure 5D). To further test whether HG protects DOX-induced myocardial cell activity in a time-dependent manner, we added HG 30 min in advance and then DOX to stimulate cardiomyocytes for 48 h and found that HG could still protect the activity of DOX-induced cardiomyocytes (Supplementary Figure S2A). Thus, for the subsequent in vitro studies, the cells were treated with 3 µM DOX for 24 h with a concentration of 100 µM HG.
[image: Figure 5]FIGURE 5 | HG inhibited DOX-induced NRVM apoptosis in vitro. (A) NRVMs were treated with DOX (1, 3, 10, and 30 μM) for 24 h after detection by the CCK8 reagent. (B) NRVMs were treated with HG (1, 3, 10, 30, 100, 300, and 1000 μM) for 24 h after detection by the CCK8 reagent. (C) NRVMs were pretreated with HG (1, 3, 10, 30, and 100 μM) for 30 min after treatment with DOX for 24 h. Cell activity was detected by using the CCK8 reagent. (D) Protein level of cleaved caspase 3 was detected by Western blot. (E) Quantitative data of cleaved caspase 3 expressed in NRVMs. The aforementioned experiments were repeated more than three times. All values are presented as mean ± SEM; statistical analysis was performed using Prism 8.0 one-way ANOVA. * p < 0.05 DOX vs Control C and HG vs Control C; # p < 0.05 DOX + HG vs DOX; ns, p > 0.05 DOX + HG vs DOX.
Higenamine Alleviates Doxorubicin-Induced Neonatal Rat Ventricular Myocyte Oxidative Stress Injury In Vitro
Oxidative stress injury is a central pathogenesis of DOX-induced myocardial apoptosis. Oxidative stress injury is primarily due to the imbalance between oxidative and antioxidant systems. Here, oxidative stress comprises an increase in reactive oxygen species and a decrease in antioxidant enzymes. We evaluated mean fluorescence intensity (MFI) to reflect the level of intracellular ROS. As shown in Figure 6A, DOX increased ROS production in NRVMs, while HG pretreatment can alleviate DOX-induced ROS production. In addition, we evaluated the level of superoxide dismutase (SOD) in NRVMs, as shown in Figure 6B. Here, HG could reverse the DOX-induced decrease in the expression of SOD.
[image: Figure 6]FIGURE 6 | HG alleviated DOX-induced NRVM oxidative stress injury in vitro. (A) Content of ROS activity in NRVMs. (B) Content of SOD activity in NRVMs. (C) Mitochondrial membrane potential in cardiomyocytes were detected by using the JC-1 probe. The images were recorded using a microscope (Laika) at ×40 magnification. (D) Quantitative data of the JC-1 red-to-green fluorescence intensity ratio. The aforementioned experiments were repeated more than three times. All values are presented as mean ± SEM; statistical analysis was performed using Prism 8.0 one-way ANOVA. * p < 0.05 DOX vs Control C; # p < 0.05 DOX + HG vs DOX.
The mitochondrial membrane is the premise of ATP production and necessary for maintaining mitochondrial function. The stability of mitochondrial membrane potential is conducive for maintaining normal physiological functions of cells. During oxidative stress, free radicals are not sufficiently eliminated from the cell, leading to the decline of mitochondrial membrane potential and the damage of mitochondrial function. JC-1 was used to detect the changes of mitochondrial membrane potential in NRVMs by fluorescence microscopy and analyzed by Image-Pro Plus. As shown in Figures 6C,D, DOX exposure changed JC-1 from a polymer to monomer, resulting in a decrease of red fluorescence and increase in green fluorescence, which suggested the loss of mitochondrial membrane potential in NRVMs after DOX treatment. Notably, pretreatment with HG can significantly improve the ratio of red to green fluorescence, indicating that HG can improve DOX-induced mitochondrial dysfunction.
Topoisomerase IIβ (Top 2β) is a protein that helps DNA in fixing topological difficulties and protects cells from being destroyed. DOX interacts with DNA and topoisomerase, forming the Top2–DOX–DNA complex, which increases double strand breakage, leading to cytotoxic effects (Tewey et al., 1984). As previously defined, Top 2β is an essential driver of DOX-induced cytotoxicity and DNA damage in cardiomyocytes (Zunino and Capranico, 1990). To explore whether HG is related to DOX-induced DNA damage by interfering with Top 2β, we detected Top 2β mRNA levels by qRT-PCR. We also observed that DOX administration reduced the Top 2β mRNA levels, but the levels of Top 2β were not reversed by HG intervention (Supplementary Figure 2B).
Higenamine Blocked the AMPK Signal Pathway in Neonatal Rat Ventricular Myocytes and Mice
Previous studies have shown a similar structure of HG and catecholamine, which activates both β1- and β2-adrenergic receptors (AR). Our former studies reported that HG can reduce myocardial apoptosis induced by ischemia/reperfusion through activation of the β2/PI3K/Akt signaling pathway (Wu et al., 2016). We attempted to determine whether the inhibitory effect of HG on DOX-induced myocardial apoptosis is through the same pathway as that in ischemia/reperfusion-induced apoptosis. Here, we used specific β1-AR (CGP20712a), β2-AR (ICI118551), and PI3K inhibitors (LY294002). Interestingly, pretreatment with these three inhibitors did not change the protective effect of HG on DOX-induced NRVM apoptosis (Figure 7A), suggesting that the effect of HG on DOX-induced NRVM apoptosis is independent of the signaling pathway in ischemia/reperfusion disease.
[image: Figure 7A]FIGURE 7A | HG blocked the AMPK signal pathway in neonatal ventricular myocytes and in mice. (A) Effect of HG was not eliminated in the presence of CGP20712a (1 μM), ICI118551 (0.5 μM), and LY294002 (1 μM). (B) Western blot representative images and analysis of the expression of phosphorylated and total AMPK in neonatal ventricular cardiomyocytes. (C) Western blot representative images confirmed the efficacy of the agonist AICAR. (D) In the absence of agonist AICAR, HG could inhibit DOX-induced cardiomyocyte apoptosis. (E) AICAR blocked the inhibitory effect of HG on DOX-induced cardiomyocyte apoptosis. (F) Immunohistochemical staining of the phosphorylated and total AMPK in each group of 4 weeks and the phosphorylated AMPK-positive cell for quantitative analysis in mice hearts; scale bar: 100 μM. The aforementioned experiments were repeated more than three times. All values are presented as mean ± SEM; statistical analysis was performed using Prism 8.0 one-way ANOVA. * p < 0.05 DOX vs control C, AICAR vs control C, DOX vs NS; # p < 0.05 DOX + HG vs DOX; ns, p > 0.05 DOX + HG + AICAR vs DOX + AICAR. Animal numbers: NS, n = 8; HG, n = 7; DOX, n = 10; DOX + HG, n = 10.
[image: Figure 7B]FIGURE 7B | (Continued).
To explore the molecular mechanism of HG in DOX-induced NRVM apoptosis, we examined the AMPK signaling pathway, a typical pathway that participates in DOX-induced NRVM damage. Our results showed that the phosphorylation of AMPK was significantly increased in DOX-treated NRVMs, while HG significantly inhibited the phosphorylation of AMPK (Figure 7B). To further verify whether the AMPK signaling pathway contributed to the cardioprotective effect of HG, we used the AMPK-specific agonist, AICAR. As shown in Figure 7C, AICAR can increase the phosphorylation of AMPK, indicating the effectiveness of the agonist. In the absence of AMPK agonist AICAR, HG could inhibit DOX-induced NRVM apoptosis (Figure 7D). In the case of presence of AICAR, we found that the inhibitory effect of HG on DOX-induced NRVM apoptosis cold be blocked by AICAR (Figure 7E). Furthermore, the result of immunohistochemical staining showed that DOX treatment led to an increase in the level of phosphorylated AMPK-positive cells, and HG inhibited the number of phosphorylated AMPK-positive cells (Figure 7F). These results suggested that HG can inhibit DOX-induced NRVM apoptosis, and the protective effect of HG on the heart at least partially depends on the AMPK signaling pathway.
DISCUSSION
The cardiotoxic side effects of DOX, a typical anthracycline antitumor drug that has been prescribed for several decades around the world, have restricted the outcome for patients. At present, a few people have been successful in solving this problem. Dexrazoxane is the only drug that has been approved by the Food and Drug Administration (FDA) as a cardiac protective agent against DOX-induced cardiotoxicity (Kane et al., 2008). However, its use has been controversial due to its carcinogenic potential (Reichardt et al., 2018). Therefore, it is urgent to find new drugs to protect against DOX-induced cardiotoxicity. In Oriental Asia, aconite roots, a traditional Chinese medicine, has been commonly used to treat similar symptoms for thousands of years (Zhang et al., 2017). Higenamine (HG) is the main effective compound extracted from this Chinese herb. Recently, it has also been used as a common component in health products for fat degradation and sports performance in Europe and North America. Previous studies have shown that HG has positive inotropic and chronotropic effects on cardiomyocytes as well as antioxidant, antiapoptotic, and vasodilator effects (Zhang et al., 2014; Tariq and Aronow., 2015).
The aim of this study was to investigate the effect of HG on DOX-induced chronic cardiotoxicity. During our study, other groups reported the protective effect of 6-gingerol combined with HG on DOX-induced chronic heart injury (Chen et al., 2013; Wen et al., 2019; Wen et al., 2020). Herein, we provide further evidence that HG can prevent DOX-induced oxidative stress injury and improve cardiomyocyte apoptosis in neonatal rat cardiomyocytes in vitro. A DOX model was used to mimic clinical cardiotoxicity induced by chemotherapy drugs in vivo. We found that HG reduced DOX-induced myocardial atrophy and cardiomyocyte apoptosis and improved cardiac dysfunction and cardiac remodeling in mice. In general, our chronic cardiotoxicity mouse model and DOX cytotoxicity model demonstrated that HG could reduce DOX-induced cardiotoxicity.
The pathogenesis of DOX-induced cardiotoxicity has been a controversial and complex topic. Oxidative stress injury is one of the common causes of cell dysfunction and a vital factor in the pathogenesis of many diseases. Several studies have shown that DOX can accumulate in mitochondria, destroying the electron chain, increasing the content of ROS, and causing the imbalance of antioxidant and oxidative systems. This induces myocardial oxidative stress damage, further leading to myocardial cell apoptosis and ultimately causing cardiac dysfunction and even heart failure. In our study it also demonstrated that DOX can induce the increase of ROS, and the decrease of SOD content and mitochondrial membrane potential, all of which is consistent with previous research results. HG intervention can improve mitochondrial dysfunction, restore the mitochondrial membrane potential, promote the expression of superoxide dismutase, and reduce the production of ROS, indicating that HG can reduce DOX-induced oxidative stress injury.
Excessive production of reactive oxygen species can activate mitochondrial anion channels, further open mPTP channels, and reduce the mitochondrial membrane potential, all of which facilitate apoptosis triggered by the mitochondrial-dependent pathway (Sinha et al., 2013). In our in vivo study, TUNEL staining and Western blots showed that DOX could induce the increase of TUNEL-positive nuclei and the abundance of apoptosis protein cleaved caspase 3, indicating that DOX could induce cardiomyocyte apoptosis. Simultaneously, after HG intervention, the number of TUNEL-positive nuclei and the abundance of the apoptosis protein decreased significantly. These results indicated that HG could reduce cardiomyocyte apoptosis. In addition, we found that EF, FS, and SV were significantly improved after HG intervention, indicating that HG could improve DOX-induced cardiac dysfunction in mice.
Topoisomerase IIβ (Top 2β) is considered to be an important driver of the DOX-induced cardiotoxicity. Studies have found that DOX binds to Top 2β when entering the body, and a Top2–DOX–DNA complex is formed, which promotes ROS production, impairs mitochondrial function, and induces cardiomyocyte apoptosis (Tewey et al., 1984). In addition, dexrazoxane, the only drug that has been shown to prevent and treat DOX-induced cardiotoxicity, was reported to antagonize DOX-induced DNA damage by interfering with Top 2β (Lyu et al., 2007). Unfortunately, in our study, HG did not affect DOX-induced Top 2β expression.
The most well-known molecular target of HG is β-AR (Tsukiyama et al., 2009). Previous studies, including our own laboratory findings, have shown that HG is a β2-AR agonist in bronchorelaxation, and HG, through the activation of the β2/PI3K/Akt signaling pathway, inhibits cardiomyocyte apoptosis and protects myocardia from ischemia-reperfusion injury. Moreover, researchers have found that the heart-strengthening effect of HG is achieved through the β-adrenergic receptor pathway. In this study, we utilized the β1-AR agonist CGP20712a, β2-AR agonist ICI118551, and PI3K agonist LY294002 to investigate the mechanism of DOX-induced apoptosis inhibition by HG. Our studies found that HG could still protect against the DOX-induced apoptosis of cardiomyocytes. Notably, our results showed that HG inhibited DOX-induced cardiomyocyte apoptosis independent of the β-AR signaling pathway, suggesting that HG may have a new pharmacological target for anti-cardiomyocyte apoptosis induced by DOX.
Adenosine-activated protein kinase (AMPK) plays a key role in the regulation of biological energy metabolism. Previous studies have found that AMPK is a major regulator of lipid metabolism and glucose metabolism and is a hot topic in the study of diabetes and other metabolic diseases (Madhavi et al., 2019). In recent years, studies have revealed that the AMPK signaling pathway is also closely related to cardiovascular disease (Howell et al., 2011). Several studies support that the AMPK signaling pathway plays an important role in DOX-induced cardiac dysfunction (Feng et al., 2018). On the one hand, it is believed that activation of the AMPK signaling pathway can promote DOX-induced cardiomyocyte apoptosis (Liu et al., 2018). On the other hand, a few studies suggest that inhibition of the AMPK signaling pathway can play an antiapoptotic role in cardiomyocytes (Lv et al., 2012), which differs from the mainstream opinion of the AMPK signaling pathway. During our in vitro and in vivo study, DOX can significantly induce the phosphorylation of AMPK, while HG pretreatment can inhibit the phosphorylation of AMPK and protect cardiomyocytes from DOX-induced apoptosis. When AMPK agonist AICAR was added, the effect of HG disappeared. Therefore, the protective effect of HG may be achieved by inhibiting the AMPK signaling pathway. In the future, it is of great significance to study whether HG is related to the AMPK signaling pathway and the interaction between HG and AMPK signaling pathways.
CONCLUSION
In this study, we found a new role of HG in tumor cardiopathy by inhibiting DOX-induced cardiomyocyte apoptosis. In addition, we demonstrated that this protective effect worked partially through the suppression of the AMPK signaling pathway. In the future, it is of great significance to study whether HG is related to the AMPK signaling pathway and the interaction between HG and AMPK signaling pathways.
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FTH Binds iron and suppresses cardiomyocyte capacity

MFRN Regulates mitochondial ron import

MCcU Regulates mitochondrial calcium uniporter

ABCBS Augments mitochondial iron output

IRP Modulates iron intake, reservation, and release

IRE Regulates the synthesis of iron metabolism-associated proteins

FPN Mobilizes and releases ferrous ion to peripheral circulation

FtMt Inputs iron and redistributes iron from the cytosol to mitochondia

DMT-1 Promotes iron indrawal and inputs iron

Abbreviations: HIF, hypoxia-inducible factor; FTH, ferrtin heavy chain; MFRN, mitoferrin 2; MCU, mitochonaial calcium uniporter; ABCBS, ATP-binding cassette subfamily 8 member 8;
IRP, iron regulatory proteins: IRE, iron-responsive elements; FPN, ferroportin; FtMt, mitochondrial ferritin: and DMT-1, divalent metal transporter 1.
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Upregulation of Decrease lipid ROS Protect Park et al., 2019
GPX4 levels cardiomyocytes in MI.
Overexpression Increase GSH Mediate cardiac iron  Fang et al., 2020
of SLC7A11 levels homeostasis and

prevent hypertrophic
cardiomyopathy.

Fer-1 DXZ Prevent lipid Maintain the function Fang et al., 2019
peroxidation of mitochondrial and
prevent DIC.
Lip-1 Increase GPX4 Reduce myocardial Feng et al., 2019
protein levels and infarct size and
reduce ROS ischemia/reperfusion
generation injury
Vitamin E Suppress LOX Inhibit PUFA oxidation Kagan et al., 2017
and prevent
ferroptosis.

DIC, doxorubicin-induced cardiomyopathy; GPX4, glutathione peroxidase 4; ROS,
reactive oxygen species; MI, myocardial infarction; GSH, glutathione; DXZ,
dexrazoxane; Fer-1, ferrostatin-1; Lip-1, liproxstatin-1; LOX, lipoxygenase; PUFA,
polyunsaturated fatty acid.
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Type

Ferroptosis

Apoptosis

Necroptosis

Autophagy

Pyroptosis

Morphological features

Smaller mitochondria with condensed
mitochondrial membrane densities;

reduction or vanishing of mitochondria
crista, outer mitochondrial membrane

rupture; normal nucleus

Plasma membrane blebbing without
rupture; retraction of pseudopods;
chromatin condensation and nuclear
fragmentation; formation of apoptotic

bodies

Rupture of plasma membrane; cell

swelling; moderate chromatin

condensation; release of cell contents

Accumulation of double-membraned

autophagic vesicle

Plasma membrane rupture, release of
cell contents, unaffected mitochondrial

integrity

Biochemistry

Iron-dependent lipid
peroxidation, accumulation of
iron and ROS

Caspase activation;
Oligonucleosomal DNA
fragment; phosphatidylserine
exposure

Drop in ATP levels; RIPK1,
RIPK3 and MLKL
phosphorylation; ROS
production; DAMPs release

Activation approach

Iron overload, decreased cystine
uptake, GSH depletion

Activated death receptor

TNF-a plus pan-Caspase inhibitor
co-treatment; HSV-1 infection

LC3-I to LC3-Il conversion, p62 Nutritional deficiencies, oxidative

degradation

Activation of caspase-1 and
GSDMD, GSDMDN-induced
pore formation, IL-1p release

stress
Activation of inflammasomes

Regulated genes

Positive: VDAC2/3, RAS, NOX, TfR1, p53,
CARS, ACSL4, NCOA4, GLS2s Negative:
GPX4, NRF2, HSPB1/5, SLC7A11

Positive: initiator caspase (CASP2/8/9/10),
effector caspase (CASP3/6/7), BCL2 family
(BAX, BOK, BAK1, BBC3, BID, PMAIP1,
and BCL2L11) and TP53, p53 Negative:
Bcl-2 family

Positive: RIPK1/3, MLKL

Positive: ATG5/7, Beclin 1, AMPK Negative:
mTOR

Positive: CASP1/11, GSDMD Negative:
PKA, ESCRTIII, GPX4
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Reagents

Inducer Erastin,
Sulfasalazine

Sorafenib
Glutamate
INF-y

RSL3, ML162

FIN56

FINO,

Statins

Inhibitor Ferrostatin-1
Liproxstatins

Gilutathione

CoQ'®
Vitamin E,
a-Tocopherol
Iron chelator
Troglitazone,
Rosiglitazone,
Pioglitazone

Mechanisms

Inhibit system x,~ and cause
GSH depletion

Downregulate expression of
system x.~

Inhibit GPX4 and lipid
peroxidation

Deplete CoQ'? and degrade
GPX4

Deactivate GPX4 and oxidate
iron

Inhibit mevalonate pathway to
prevent CoQ'0 synthesis
Block lipid peroxidation

Suppress LOXs

Deplete iron
Inhibit ACSL4

References

Dixon et al., 2012

Dixon et al., 2014
Zhang et al., 2019

Zitvogel and
Kroemer, 2019

Yang et al., 2014

Gaschler et al.,
2018

Viswanathan et al.,
2017

Dixon et al., 2012

Friedmann Angeli
etal., 2014

Schreiber et al.,
2019

Kagan et al., 2017

Li N. et al., 2020
Doll et al., 2016

GSH, glutathione; GPX4, glutathione peroxidase 4; RSL3, RAS-selective lethal 3;
LOX; lipoxygenase; ACSL4, acyl-CoA synthetase long-chain family member 4.
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Target

Iron export

Iron import

Iron storage and
utilization

Other iron
metabolism
GPX4

System Xc~

FSP1-CoQ10-
NADPH
Lipid metabolism

Regulation mechanism
Hepcidin-Fpn pathway
MiR-124/Fpn pathway
Serum transferrin level, NTBI
and SLC39A14
SREBF2 and transferrin
USP7/PS3/TiR1 pathway
Feritinophagy
HSF1/HSPB1/TIR1 pathway
Selenium metabolism
mTORC1/4EBP/GPX4
pathway
ATF3 and ATF4 transcriptional

reguiation
KEAP1/NRF2/SLCTAT 1

BECN1 post-translational
modification
Amino acid metabolism

Immunotherapy and
chemotherapy
MDM2 and MOMX

ACSLs

Lipoxygenase

MDM2 and MDMX

Effect

Hepcidin promotes FPN intemalization and degradation, causing iron
accumulation in cells, which promotes feroptosis

High serum levels of miR-124 inhibit FPN expression and promote
ferroptosis

‘When serum transferrin levels decrease, NTBI levels increase. NTBI
accelerates celular iron accumulation and ferroptosis. But at this time,
SLC39A14, which is not the main transport protein under normal
circumstances, can antagonize the effect of NTB.

SREBF2 induces ferritin at the transcriptional level and inhibits ferroptosis
USP? promotes P53 ubiquitination and increases TIR1 transcription. And
TR1 is one of the markers of ferroptosis

NCOA4 faciitates degradation of feritin in a selective cargo-mediated
autophagy manner, whichis animportant source of iron for labile iron pool
HSF1 indirectly regulates cellular iron homeostasis and recuces the
expression of TIR1 through HSPB1

Selenium not only participates in the synthesis of GPX4 but also promotes
the transcription of GPX4 through TFAP2C and SP1

MTORC1 and 4EBP act as abridge between cystine, cysteine and GPX4,
and can accelerate the synthesis of GPX4

AATF3 binds to the SLC7A11 promoter to inhibit transcription, while ATF4
does the opposite

After separation of NRF2 from KEAP1, NRF2 enters the nucieus and
binds with the ARE of the SLG7AT1 promoter to up-reguiate the
expression of SLC7A11

BECN?1 directly binds to SLC7A11 to inhibit its activity

AMPK/SREBP1/BCAT2 pathway reduces intracelular glutamate
concentration and inhibits system Xc~. Increasing the concentration of
extracelular glutamate produce the same result

IFNy secreted by CD8" cells inhibits SLC7A11 and SLC3A2.
Radiotherapy can also interfere with the function of SLC7A11

The MDM2-MDMX heterodimer can up-regulate the antioxidant system
activity of FSP1-CoQ10

ACSL4 promotes phosphatidylethanolamine containing AA and AdA to
participate in phospholipid synthesis and increase the proportion of
phospholipids that are proneto be oxidized. And ACSL1 adjusts the fipid
composition by assembling aESA into DAG and TAG.

ALOX12 catalyzes the oxidation of arachidonic acid. 15LOX and PEBP1
combine to form a complex and then oxidize PUFA to form 15-HpETE-
PE, which is an important signaling molecule of ferroptosis

MDM2 and MDMX form a complex to inhibit the transcription factor
PPARa, and up-regulate the sensitiviy to ferroptosis

References

Bao et al. (2021)
Bao et al. (2020)

Yu et al. (2020)

Hong et al. (2021)
Tang et al. (2021b)

o et . (2021)
Sun et al. (2015)

Alm et al. (2019)

Zhang et al. (2021)

Wang L et al. (2020), Chen et al. (2017)

Habib et al. (2015)

Song et al. (2018)

Gao et al. (2015); Wang et al. (2021)

Lang et al., (2019), Wang W et al. (2019)
Venkatesh et al. (2020)
Doll et al. (2017)

, Beatty et al. (2021)

Chu et al., (2019), Anthonymuthu et al.
(2021), Wenzel et al. (2017)

Venkatesh et al. (2020)

FPN, ferroportin; NTBJ, non-transferrin-boundiron; USP7, ubiquitin-specific protease 7; TR, transferrin receptor 1; HSF1, heat shock factor 1; HSPB1, heat shock protein beta-1; GPX4,
glutathione peroxidase 4; mTORC1, mechanistic target of rapamycin complex 1; ATF3, activating transcription factor 3; ATF4, activating transcription factor 4; KEAP1, Kelch-lke ech-

associated protein 1; NRF2, NF E2 Related Factor 2; ARE, antioxidant response element; AMPK, AMP-activated protein kina:

; SREBP1, sterol response element binding protein 1;

BCAT2, branched-chain amino acid aminotransferase 2; IFNy, interferon y; FSP1, Ferrop-Suppressor-Protein 1; AGSLs, acyl-CoA synthetase long-chain family; ACSL4, long-chain acyl-
CoA synthetase 4; AA, arachidonic acid; AdA, adrenal acid; ACSL1, long-chain acy-CoA synthetase 1; DAG, diacylglycerols; TAG, triacyiglycerols; ALOX12, arachidonate 12-
lipoxygenase; 15LOX, 15-licoxygenase; PEBP1, phospholipid-ethanolamine binding protein-1; PUFA, polyunsaturated fatty acid; 15-HPETE-PE, 15-hydroperoxy-eicosatetraenoyl
phosphatidylethanolamine.
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Receptors G proteins Functions References

GPCRs

LPA receptor Gayz Migration of fibroblasts Gan et al. (2013)
LPA receptor Gazro Embryonic blood vessel development Tanaka et al. (2006)
LPAR1 Gayy Prolferation of astrocytes Loskutov et al. (2018)
LPAR1/LPAR2 Gazro Cell prolferation, migration, and cytoskeleton changes Kihara et al. (2014)
LPAR4/LPARG Gazis Changes in the tension of the actin cytoskeleton (Noguchi et al. (2003), Yanagida et al. (2009)
LPAR4/LPARGS Garzis Angiogenesis Yasuda et al. (2019)
LPARS Gaszis Axon retraction and stress fiber formation Lee et al. (2006)
FZD Garzi Bone formation and cell migration Park et al. (2015)
FZD Gazis Bone homeostasis Hendrickx et al. (2020)
FZD4 Gaizre  Angiogenesis Arthofer et al. (2016)
FZD10 Gays Angiogenesis Hot et al. (2017)
PAR1/PAR2 Gas Fibroblast adhesion maturation, spreading, and migration Spoeri et al. (2020)
PAR1 Gazis Stress fiber formation Regué et al. (2013)
PAR2 Gas Smooth muscle contraction Sriwai et al. (2013)
S1PR1/S1PR3/SPRS Garz Inflammation K et al. (2007)
S1PR2 Gayzie Vascular smooth muscle cell migration and neointimal hyperplasia ~Kim et al. (2011)
StPR2 Garzne Myofibroblast contraction Sobel et al. (2015)
St1PR2 Gays Cardiomyocyte migration Ye and Lin, (2013)
S1PR/STPR3 Garzio Stress fiber formation Olivera et al. (2003)
S1PR2/S1PR3 Gaizrio Cardiac progenttor cell proiferation Castaldi et al. (2016)
S1PR3 Garzio Inflammation Dusaban et al. (2017)
S1PR3 Gays Cardioprotection Yung et al. (2017)
M1R Gars Impaired growth Sabbir et al. (2018)
M3R Garz Human airway smooth muscle cells contraction Yoo et al. (2017)
CXCR4 Gars Tumor cell migration and adhesion Scarlett et al. (2018)
CXCR4 Gaya Breast cancer metastasis Yagi et al. (2011)
Calcium-sensing receptor Gayza Gene expression, cytoskeleton, and cell shape Leach et al. (2012), Leach et al. (201)
AT/R Gayzna  Vasoconstriction Lymperopoulos et al. (2021)
Thromboxane A2 receptor Gayza Neointima formation and restenosis Feng et al. (2016)
Ghreiin receptor Gayz Food intake Mende et al. (2018)
Doparnine D3 receptor Gayz Inhibit inflammation Wang et al. (2015)
5-HT,R Gaya Hippocampal synaptic function Miller et al. (2021)
5-HT,R Gays Angiogenesis Profirovic et al. (2013)
Uil receptor Gaya Tumor invasion Lecointre et al. (2015)
Complement C5a receptor Garzi Macrophage tail retraction Raghavan et al. (2018)
GPR56 Gaizna Myelination Ackerman et al. (2015)
Purinergic receptor 6 Gas Cell migration Girard et al. (2020)
Gastirin type 2 cholecystokinin receptor ~ Gays Cell migration Masia-Balagué et al. (2015)
GPR4O Garzis Release of insulin vesicles Rives et al. (2018)
GPRS6 Garzi Muscle protein synthesis and myotube hypertrophy White et al. (2014)
GPRO1 Gay, Mitochondial fission and cell migration Ko etal. (2017)
ET-1 type A receptor Gayzis Formation of myofioroblasts Nishida et al. (2007)

Non-GPCRs
integrin By Gas Cell migration Shen et al. (2013), Shen et . (2015)
Integrin aups Gais Cell retraction and migration Gong et al. (2010)
Integrin aBs Gays Promote thrombosis Pang et al. (2018)
PPARy Gays Inhibit thrombosis Unsworth et al. (2017)

Smoothened Gayy Tumor growth and ant-apoptosis Qu et al. (2013)
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Primer name  Sequence (5’ — 3')

COX-2 Forward ATTCCAAACCAGCAGACTCATA
Reverse CTTGAGTTTGAAGTGGTAACCG
NLRP3 Forward CCAGACACTCATGTTGCCTGTTC
Reverse GAGGCTCCGGTTGGTGCTTA
IL-18 Forward CACTACAGGCTCCGAGATGAACAAC
Reverse TGTCGTTGCTTGGTTCTCCTTGTAC
IL-18 Forward AGACCTGGAATCAGACAACTTT
Reverse TCAGTCATATCCTCGAACACAG
IL-6 Forward ACAACCACGGCCTTCCCTACTT
Reverse CACGATTTCCCAGAGAACATGTG
TNF-a Forward AAGCCTGTAGCCCACGTCGTA
Reverse GGCACCACTAGTTGGTTGTCTTTG
B-Tubulin Forward GGGAGGTGATAAGCGATGAA

Reverse AGGGACATACTTGCCACCTG
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Parameter

EF (%)
FS (%)
LVEDV (m)
LVESV (m)
SV (m)

VSd (mm)
VSs (mm)
LVIDs (mm)
LVIDd (mm)
LVPWs (mm)
LVPWd (mm)
HR(beats/min)

P < 0.05 vs NS; #p < 0.05 vs Dox.

NS

73.195 + 8.028
33.606 + 5.522
0.063 + 0.016
0.015 + 0.010
0.038 + 0.008
0.509 + 0.101
0.7 + 0.053
2.495 + 0.393
3.744 + 0354
0.709 + 0.077
0.586 + 0.068

539.00 + 37.964

Values are expressed as mean + SEM.
EF, gjection fraction; FS, fractional shortening; LVEDV, left ventricular end-dlastolic volume; LVESV, left ventricular end-systolic volume; SV, stroke volume; IVSd, diastolic interventricular
septal thickness; IVSs, systolic interventricular septal thickness; LVIDs, left ventricular intemal diameter in systole; LVIDd, Left ventricular internal diameter in diastole; LVPWs, left ventricular

posterior wall thickness at systole; LVPWA, left ventricular posterior wall thickness at diastole; HR, heart rate.
Al values ane presented as mean + SEM: statistical analvsis was performed using Prism 8.0 one-way ANOVA.

HG

73.096 + 6.751
36.829 + 4.379
0.043 + 0.007
0.011 + 0.003
0.031 + 0.006
0.461 + 0.029
0.683 + 0.085
222 +0.171
3.516 + 0.160
0.797 + 0.008
0.603 + 0.070

510.714 + 65.226

Dox

525 + 9.393"
26.875 + 3.683"
0.04 + 0.007
0.019 + 0.003
0.021 + 0.006"
0.544 £ 0.074
0.635 + 0.072
2519 + 0.154
3.445 £ 0.142
0.639 + 0.109
0.543 + 0.079
500.75 + 31.52

Dox + HG

71.668 + 6.123#
34.073 + 3.753#
0.044 + 0.009
0.013 + 0.004
0.031 + 0.006#
0.509 + 0.066
0.649 + 0.107
2311 £0.219
3.506 + 0.259
0.679 + 0.070
0.509 + 0.054
482.625 + 35.6
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Promote disease
progression

Necrosis

Non-programmed cell death
Physical/environmental factors outside the cell

Passive and uncontrollable

Uncontrolled and passive process

Occurred in large fields of cells

Loss of membrane integrity; cytoplasmic vacuole
formation; ruptured mitochondia and lysosomal
organelles; release of cytosolic content into
extracellular regions

Yes

No

Apoptosis
Programmed cell death
Activation of instructions within cell DNA

Intrinsic pathway: oligomerization of the B-cell
lymphoma-2 (BCL-2) family proteins BAK
and BAX

Extrinsic pathway: engagement of membrane
receptors such as TNFR1, or Toll Like
Receptors (TLRs)

Caspase-dependent

Limited to individual or small clusters of cells

Maintainance of membrane integry:
apoptosis body was phagocytosed by
macrophages o adjacent cells

No
Yes

Preventing cancer and regulating cell growth

Excessive cell apoptosis can lead to serious
diseases such as Parkinson's disease and
Alzheimer's disease

Necroptosis

Outside trauma or deprivation

Following the activation of the tumor necrosis
receptor (TNFR1) by TNF-a; other receptors
such as death receptors (i.e., Fas/FasL), Toll-like
receptors (TLR4 and TLR3), and cytosolic
nucleic acid sensors such as RIG-1 and STING,
which induce type I interferon (IFN-I)

Caspase-independent

Occurred in vital process

Loss of membrane ntegrity; myocardial sweling:
unclear and strong acidophi staining; pyknosis,
Karyorrhexis; karyolysis; inflammatory cell
infiltration

Yes

Yes

DAMPs caused by necroptosis wil alert
surrounding cels of danger and promote
inflammation

Excessive cell necroptosis may contribute o
inflammatory diseases such as psoriasis,
ulcerative colis, and Crohn's disease
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Type of cell death

Apoptosis
Autophagy

Ferroptosis
Pyroptosis
NETosis
Parthanatos

When nitrosative stress increases

The upregulated mediators

Cytochrome ¢, Bax, caspases
Autophagy-lysosome signaling (Beclin1, LC3, LAMP2, and cathepsin B)

Lethal lipid peroxidation
Nod-like receptor protein-3 (NLRP3) inflammasome
Phosphoinositide 3-kinase (PI3K) and myeloperoxidase

Poly adenosine diphosphate-ribose polymerase-1 (PARP-1), and apoptosis-inducing
factor (AIF)

The downregulated
mediators

Bal-2

Protein kinase B (PKB)-Akt
pathway, and the
Akt-mTOR pathway

Histones H2A and H2B





OPS/images/fcell-10-809996/fcell-10-809996-g005.gif





OPS/images/fcell-09-742483/fcell-09-742483-t002.jpg
Type of abnormal oxygen metabolism

Hypoxia

Oxidative stress

Nitrosative stress

Carbonyl stress

Endoplasmic reticulum stress

Mitochondrial dysfunction

Explanation

Any state of insufficient physiological oxygen or insufficient tissue oxygen
demand

The imbalance between oxidation and antioxidation and a tendency for
increased oxidation

The joint biochemical reaction of nitric oxide (NO) and the free radical
superoxide (02 7)

The joint biochemical reaction of oxidation and glycosylation, increasing the
accumulation of reactive carbonyl compounds from unsaturated aldehyde
ketone

In order to cope with the accumulation of misfolded and unfolded proteins in
the endoplasmic reticulum lumen and the calcium ion imbalance, cells activate
signal pathways such as unfolded protein response (UPR) and endoplasmic
reticulum overload response

Mitochondria are the primary source and direct target of ROS. Abnormal
respiratory chain function and ATP synthesis disorders are the main
characteristics of mitochondrial dysfunction.

Mediators

Hypoxia-inducible factor (HIF)

Reactive oxygen species (ROS)

Reactive nitrogen species (RNS)

Advanced glycation end product
(AGESs)

Inositol requiring (IRE) 1a, PKR-like
ER kinase (PERK), and activating
transcription factor (ATF) 6a

Adenosine-triphosphate (ATP)
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