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Stroke represents a main cause of death and permanent disability worldwide. The molecular mechanisms underlying cerebral injury in response to the ischemic insults are not completely understood. In this article, we summarize recent evidence regarding the role of autophagy in the pathogenesis of ischemic stroke by reviewing data obtained in murine models of either transient or permanent middle cerebral artery occlusion, and in the stroke-prone spontaneously hypertensive rat. Few preliminary observational studies investigating the role of autophagy in subjects at high cerebrovascular risk and in cohorts of stroke patients were also reviewed. Autophagy plays a dual role in neuronal and vascular cells by exerting both protective and detrimental effects depending on its level, duration of stress and type of cells involved. Protective autophagy exerts adaptive mechanisms which reduce neuronal loss and promote survival. On the other hand, excessive activation of autophagy leads to neuronal cell death and increases brain injury. In conclusion, the evidence reviewed suggests that a proper manipulation of autophagy may represent an interesting strategy to either prevent or reduce brain ischemic injury.
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1 INTRODUCTION
Stroke ranks as the second leading cause of mortality on a global scale, standing at the third place in the developed countries following cardiovascular diseases and cancer. Stroke accounts for 10%–12% of all annual deaths (Favate and Younger, 2016; Benjamin et al., 2019) and it also represents the first cause of disability and the second cause of dementia (Williams et al., 2019). Ischemic stroke (IS), the predominant form of stroke (about 87% occurrence), is caused by an occlusion of either a large or a small cerebral blood vessel whereas a rupture of an artery leads to the less frequent hemorrhagic type of stroke. The interruption of blood flow compromises the main physiological processes of cerebral cells, and leads to an increase of calcium overload, inflammatory responses, oxidative stress, alteration of the blood–brain barrier (BBB) permeability, and excitotoxity. The inflammatory response and oxidative stress are among the earliest events that characterize the cascade of cerebral ischemic injury. They cause the dysfunction of several neural mechanisms, such as the antioxidant defense system. They also increase the expression of the pro-inflammatory nuclear factor (NF)-kB and inhibit the synthesis of anti-inflammatory proteins such as cAMP responsive element binding protein (CREB) and activator protein 1 (AP-1) (Rana and Singh, 2018).
It has been reported that a dysregulation of autophagy may contribute to worsening brain damage (George and Steinberg, 2015; Wang et al., 2018; Shi et al., 2023). Autophagy is an intracellular mechanism by which cells remove damaged or senescent cytoplasmic components. Autophagy helps to maintain cellular homeostasis by eliminating dysfunctional organelles, misfolded proteins as well as other cellular debris (Gomez-Virgilio et al., 2022). The role of autophagy has been clearly identified in several diseases, particularly in the context of neurodegenerative and cardiovascular diseases, cancers, inflammatory disorders, and autoimmune diseases. Mutations of autophagy-related genes are currently recognized as causative factors in Mendelian disorders (Grosjean et al., 2022). Polymorphisms in autophagy related genes were associated with increased vulnerability to specific pathologic conditions (Grosjean et al., 2022). Accumulating evidence demonstrates that the increase of inflammation and oxidative stress, following IS, can induce the development of the autophagic process which, in turn, may exert both protective and detrimental effects, depending on the type of stress and on its duration, and on the type of cells involved. A moderate level of autophagy protects neurons and restores cerebral function by reducing the inflammatory process and oxidative stress, whereas excessive autophagy induces neuronal cell death and exacerbates brain damage (Hu et al., 2015; He et al., 2021). Therefore, the exact role of autophagy in the pathogenesis of IS has not being completely understood. In this article we provide an overview of the relevant literature regarding the involvement of autophagy in IS both in preclinical models and in humans, also highlighting gaps in knowledge.
2 OVERVIEW OF AUTOPHAGY BIOLOGY
Autophagy plays a crucial role in maintaining tissue homeostasis, and it is generally activated in response to various stresses or nutrients deprivation to provide energy and necessary elements for cell survival (Anderson and Macleod, 2019). In some circumstances, autophagy provides energy accumulation needed for later use and, at the same time, recycles macromolecules and eliminates harmful material (Klionsky, 2005). According to the mode of cargo delivery to lysosomes, three different forms of autophagy are described: macroautophagy, microautophagy and chaperone-mediated autophagy (CMA) (Wang et al., 2018; Yamamoto and Matsui, 2023). Macroautophagy is the lysosome-mediated degradation of cytoplasmic cargo in the autophagosome and involves four phases: i) the formation of an incomplete double-membrane vesicle termed phagophore; ii) the elongation phase in which the phagophore maturates into the autophagosome, able to sequester the cytoplasmic cargo; iii) a fusion phase in which the autophagosome merges with the lysosome and leads to autophagolysosome formation; and iiii) a degradation phase in which the cargo is degraded to essential elements which are then recycled and reintroduced into cell metabolism (Griffey and Yamamoto, 2022). All four phases require the involvement of several autophagy related (ATG) proteins. The family of ATG proteins includes 16–20 members that share a highly homology in mammals. ATG proteins are classified in six functional groups: 1) the unc-51 like autophagy activating kinase 1 (ULK1)-ATG13-FIP200-ATG101 protein kinase complex involved in the initiation of autophagosome formation through direct interaction with Atg16L1; 2) the class III phosphatidylinositol 3-kinase (PtdIns3K) complex, containing the vacuolar protein sorting 34 homolog (VPS34), VPS15 and Beclin one proteins, that plays a fundamental role in the nucleation and maturation of the phagophore; 3) the WD repeat domain, phosphoinositide interacting (WIPI)/ATG18-ATG2 complex that participates in the initial phase of membrane elongation, in the interaction between autophagosomes and the endoplasmic reticulum (ER) and in the lipid transport; 4) the multi-spanning transmembrane protein ATG9A involved in the autophagosome membrane expansion; 5) the ubiquitin-like ATG5/ATG12 system and 6) the ubiquitin-like ATG8/microtubule-associated proteins 1A/1B light chain 3B (LC3) conjugation system that also contributes to autophagosome membrane formation and elongation (Nishimura et al., 2013; Wesselborg and Stork, 2015; Graef, 2018; Levine and Kroemer, 2019; Matoba et al., 2020).
Microautophagy is a non-selective lysosomal degradative process. It involves direct swallow of cytoplasmic cargo at border membrane by autophagic tubes, which mediate both invagination and vesicle scission into the lumen (Li et al., 2012). In the CMA, the substrates to be removed are labeled with a KFERQ motif and later complexed to chaperons, as heat shock proteins (HSPs), for the subsequent delivery to lysosomes mediated by lysosomal-associated membrane protein 2 (LAMP2) (Cuervo and Wong, 2014).
3 ROLE OF AUTOPHAGY IN HUMAN DISEASES
Several evidence demonstrated that defective autophagy contributes to neurodegenerative diseases (Pickford et al., 2008; Klionsky et al., 2021). In this regard, mutations in ATG genes were found in patients with neurodegenerative diseases, reflecting in the accumulation of toxic aggregates which represent a common determinant of these pathological conditions (Klionsky et al., 2021). Pharmacological reactivation of autophagy was reported to exert protective effects in preclinical models of neurodegenerative diseases, such as Huntington, Alzheimer, prion disease, spinocerebellar ataxia type 3, and Parkinson (Nixon, 2013). Autophagy is also fundamental in the response to the most common infections and in the onset of autoimmune diseases (Deretic et al., 2013; Yang et al., 2015). Defects in autophagy affect the generation, survival, maturation and properties of cellular components of both innate and adaptive immunity systems (Ma et al., 2013).
In cancer, autophagy plays a dual role since it can promote both survival and death of tumor cells, depending on the cancer type and stage (Chen et al., 2021; Debnath et al., 2023). Other reports suggest a fundamental role of autophagy in metabolic disorders with a tissue-specific role in liver and adipose tissue (Menikdiwela et al., 2020). Several reports also highlighted the importance of autophagy in the pathophysiology of cardiovascular diseases such as atherosclerosis, cardiac ischemia, and stroke (Sciarretta et al., 2018; Wang et al., 2021). In this regard, Liao et al. demonstrated that autophagy plays an important role in reducing inflammasome-activation by macrophages in atherosclerotic lesions. The authors showed the induction of autophagy and autophagic flux in primary murine macrophages treated with 7-ketocholesterol, a bioactive sterol able to promote apoptosis and oxidative stress in macrophages. The autophagy activation diminished macrophage apoptosis, consequently mitigating the pathogenesis and progression of atherosclerosis, whereas the inhibition of autophagy, through ATG5 silencing, promoted apoptosis and oxidative stress (Liao et al., 2012). Autophagy limits cardiac injury in mouse models of heart failure and metabolic cardiomyopathy (Sciarretta et al., 2018). Of interest, autophagy has been demonstrated to exert both protective and detrimental effects in response to myocardial ischemia/reperfusion. In this regard, autophagy activation before ischemia reduces I/R injury whereas high levels of autophagy during reperfusion exacerbate I/R injury. At the molecular level, excessive autophagy during reperfusion leads to a form of cell death termed autosis (Sciarretta et al., 2018).
4 ROLE OF AUTOPHAGY IN STROKE
Over the last decades, autophagy activation emerged as a potential therapeutic and preventive strategy toward stroke in preclinical models (Forte et al., 2020; Forte et al., 2021a; Forte et al., 2021b; Wang et al., 2021). In regard to stroke, autophagy is activated in response to IS in all brain cells present in the damaged area such as neurons, glial cells, and microvascular cells (Perez-Alvarez et al., 2018). The current concept regarding the role of autophagy in IS that it exerts either protective or deleterious effects, depending on the duration of stress (permanent or transient), and it also differs in the ischemic vs. the reperfusion phase. Moreover, the dual role of autophagy depends on the cell type involved (Wang et al., 2021). Generally, at the neuronal level, a moderate degree of autophagy exerts protective effects because it ensures the elimination of protein aggregates, as also observed in neurodegenerative disorders including the Alzheimer’s disease (Balin et al., 2011; Medeiros et al., 2011). However, a defective or excessive autophagy can lead to neuronal cell death. In fact, an excessive level of autophagy in neonatal mice hippocampal pyramidal neurons under hypoxia/ischemia (H/I) produces, by both caspase-dependent and-independent mechanisms, important nuclear alterations resulting in neuronal injury (Chu, 2008; Uchiyama et al., 2008).
4.1 Mechanisms regulating autophagy in IS
In models of IS autophagy is mostly regulated by the mechanistic target of rapamycin (mTOR) complex I (mTORC1) and by AMPK (Adenosine monophosphate-activated protein kinase (Figure 1), which interact with multiple signaling including the Phosphoinositide-3-kinase (PI3K)/Protein Kinase B (Akt), Mitogen-activated protein kinase (MAPK), NF-κB, Tumor protein p53, and B-cell lymphoma 2 (Bcl2) pathways (Wang et al., 2021). In the specific, mTOR is an atypical serine/threonine kinase and the core component of two separate protein complexes named mTORC1 and mTOR complex 2 (mTORC2). According to the bioavailability of nutrients, growth factors, energy and oxygen, mTORC1 promotes anabolic processes and inhibits catabolic mechanisms, such as autophagy (Laplante and Sabatini, 2013). The PI3K/Akt mediates mTOR activation through the inhibition of tuberous sclerosis complexes (TSC-1/2). The modulation of the PI3K/Akt/mTOR improved neuronal survival both in vivo and in vitro in IS (Wei et al., 2016). Extracellular signal-regulated kinase (ERK), a member of MAPK family, regulates autophagy in IS through the inhibition of mTORC1 (Xu et al., 2021).
[image: Figure 1]FIGURE 1 | Schematic overview of the main pathways involved in the regulation of autophagy. In the presence of nutrients or growth factors, mTORC1 is activated and it inhibits autophagy by acting on ULK-1, AMBRA-1 or TFEB. During nutrient or energy deprivation, AMPK promotes autophagy through either direct activation of autophagic proteins or mTORC1 inhibition. See text for further details.
The AMPK pathway receives both activator and inhibitory inputs from stress sensors (Marino et al., 2014). In the brain, AMPK activity increases following an ischemic insult, due to the reduction of the adenosine triphosphate (ATP)/adenosine monophosphate (AMP) ratio, to stimulate protective autophagy by inhibition of mTORC1 (Dai et al., 2017). Moreover, mTOR inhibition by AMPK occurs through the activation of TSC-1/2 (Garcia and Shaw, 2017). Another report demonstrated that AMPK activity is regulated by calcium level through calmodulin-dependent protein kinase β in rat brains (CaMKKβ) (Li et al., 2019). NF-kB, a regulator of inflammation and apoptosis, is an additional regulator of mTOR activity in mice undergoing cerebral ischemia. In this regard, NF-kB knockout mice showed an increased cerebral injury due to the activation of detrimental autophagy (Li et al., 2013). The latter mechanism may underline the interplay between apoptosis, inflammation, and autophagy during IS. mTORC1 also inhibits autophagy by phosphorylating the transcription-factor-EB (TFEB), a positive regulator of autophagy and transcriptional regulator of genes involved both in autophagosome formation and lysosomal biogenesis. However, TFEB modulation in models of IS not dependent by mTORC1 activation (Liu et al., 2019).
Another pathway that contributes to autophagy modulation during IS mediated by Beclin-1/B-Cell Leukemia/Lymphoma 2 (Bcl-2). Beclin one is an important protein involved in the initial phase of autophagosome formation. Beclin one expression increases in neurons in response to ischemia (Rami, 2008). In addition, Beclin one interacts with the antiapoptotic protein Bcl-2 to form a Beclin-1/Bcl-2 complex which inhibits autophagy. In a rat model of cerebral ischemia followed by reperfusion, remote ischemic conditioning induces Bcl-2 dissociation from Beclin 1, leading to the enhancement of autophagy and a consequent reduction of brain injury (Qi et al., 2015). However, other reports demonstrated that ischemia/reperfusion induces autophagy via endoplasmic reticulum stress (ER) induced inhibition of Bcl-2 (Feng et al., 2017). Therefore, the exact role of the Beclin 1/Bcl-2 signaling pathway in the pathophysiology of IS requires further investigation. Other evidence suggests that Rab7, a small GTPase, mediates the protective effects of hypoxic preconditioning in rats by promoting autophagosome formation (Zhan et al., 2017). Mitophagy, the selective form of autophagy devoted to the clearance of damaged mitochondria, also plays a role during cerebral ischemia/reperfusion. In this regard, the PTEN-induced kinase 1 (PINK1)/Parkin dependent mitophagy is activated during reperfusion in the brain of rat models of IS, due to the recruitment to mitochondria of Dynamin related protein (Drp1), a protein involved in mitochondrial fission mechanism (Feng et al., 2018).
5 PROTECTIVE EFFECT OF AUTOPHAGY IN ANIMAL MODELS OF IS
Suitable animal models of IS include rats and mice subjected to either transient or permanent middle cerebral artery occlusion/reperfusion (MCAO) (Zeng et al., 2023). In a rat model of MCAO, Wang et al. demonstrated that overexpression of nicotinamide phosphoribosyl transferase (NAMPT), the rate-limiting enzyme in NAD+ biosynthesis, decreased the size of cerebral infarction via autophagy activation in an early stage of ischemia (2 h) and not after 8 and 24 h following ischemia (Wang et al., 2012). NAMPT increases NAD+ levels, which in turn contributes to activate Sirtuin-1 (SIRT1). Once activated, SIRT1 induces autophagy via inhibition of mTORC1. Of interest, another study further demonstrated that NAMPT is released in exosomes by astrocytes undergoing acute ischemia. Once released, NAMPT can activate autophagy in neurons, therefore improving the neurofunctional recovery (Deng et al., 2022). Recently, in mice undergoing MCAO, autophagy inhibition with 3-Methyladenine (3-MA) was shown to exacerbate brain injury. Mechanistically, overexpression of BAG3 (B-cell lymphoma 2-associated-athanogene 3), a protein involved in cellular protein quality control, activates autophagy and prevents both apoptosis and cerebral injury (Liu et al., 2023). Another study demonstrated that CAPN1 (calpain1), an intracellular Ca2+-regulated cysteine protease, is activated in the cortex of rats undergoing permanent MCAO. The latter leads to inhibition of the autophagic flux by impairing both lysosome function and autophagosome formation. CAPN1 inhibition rescues autophagic flux and reduces ischemic injury. The protective effects of CAPN1 inhibition are blunted by concomitant inhibition of autophagy by chloroquine (CQ) or 3-MA (Liu et al., 2021). In rats subjected to permanent MCAO, autophagy is upregulated in the early phase of ischemia (Liu et al., 2019), along with an increased activity of TFEB, especially in neurons of the cortex. At later stages after ischemia, nuclear translocation of TFEB decreases, resulting in the accumulation of autophagosomes and autophagy substrates, with a consequent exacerbation of the ischemic injury. The decreased activity of TFEB in the later phases of ischemia was not dependent by mTORC1 activation, which is a TFEB inhibitor. TFEB overexpression in neurons reduces ischemic damage. These results suggest that TFEB plays a pivotal role in the MCAO-mediated dysfunction of autophagy-lysosomal pathway.
Of interest, autophagy activation in the MCAO mouse model was also found to be regulated by non-coding RNAs, such as circular RNA (circ-RNA). In this regard, circ-RNA of FoxO3 (circ-FoxO3) improved BBB integrity via autophagy stimulation in mice undergoing MCAO for 2 h and being analyzed 2 h after reperfusion. At the molecular level, circ-FOXO3 stimulated autophagy via inhibition of mTORC1 (Yang et al., 2022). Other circ-RNAs were found to be modulated in models of MCAO and to play a role in autophagy regulation during IS (Mehta et al., 2017; Li et al., 2022). In this regard, circ-SHOC2 overexpression was reported to attenuate brain injury in mice undergoing MCAO through autophagy activation. Mechanistically, circ-SHOC2 sponges miR-7670-3p which regulates SIRT1 expression (Chen et al., 2020).
Carloni et al. showed that activation of autophagy by rapamycin, a mTORC1 inhibitor, was able to reduce the necrotic death of hippocampal and cortical neurons and to decrease brain injury in a neonatal mouse model of hypoxic-ischemic brain damage (Carloni et al., 2008). In a separate study, rapamycin reduced the infarct volume and improved neurological functions in rats undergoing focal MCAO (Wu et al., 2018). Of interest, mTOR was reported to be activated in the ischemic penumbra whereas it was inhibited in the ischemic core following MCAO. Some studies also demonstrated that the protective effects of rapamycin in the reduction of brain injury in transient MCAO rats associated with the activation of mitophagy (Li et al., 2014). Autophagy reactivation in transient MCAO models by ezetimibe, an inhibitor of NPC1L1, reduced neuronal damage and activated autophagy through an AMPK-dependent mechanism at 24 and 72 h following MCAO. The autophagy activation by ezetimibe also led to reduction of neuronal apoptosis (Yu et al., 2018). Another study demonstrated that cerebral ischemia increased TSC1 activity in cultures of rat hippocampal CA3 neurons with a consequent activation of autophagy, along with the improvement of cell survival. Upregulation of TSC1 protected CA3 neurons toward ischemia also in rats undergoing global forebrain ischemia (a more severe type of IS) (Papadakis et al., 2013). The latter was mediated by the inhibition of mTORC1 activity.
The administration of the natural flavonol kaempferol to cultures of murine neuronal cells undergoing oxygen-glucose deprivation (OGD) was reported to activate autophagy and to inhibit mitochondrial fission. At the molecular level, kaempferol reduced Drp1 level. The latter was associated with the reduction of mitochondrial damage and the size of cerebral infarct area in mice undergoing ischemia/reperfusion (Wu et al., 2017). Overall, the results obtained in models of MCAO suggest that autophagy activation in response to ischemia promotes several adaptive mechanisms to counteract the neuronal damage.
The role of autophagy was also investigated in a preclinical model of spontaneous stroke, the stroke-prone spontaneously hypertensive rat (SHRSP). The latter represents a suitable model for studies on human stroke since it shares a multifactorial etiopathogenesis which includes hypertension, genetic and epigenetic factors, and high-salt diet (Rubattu et al., 1996; Stanzione et al., 2020). High salt diet accelerates stroke occurrence in this model. SHRSP rats fed with a high salt stroke-permissive diet failed to activate autophagy/mitophagy at the cerebral level. Restoration of autophagy with the administration of different compounds, such as the synthetic peptide Tat-Beclin1, the natural disaccharide trehalose and nicotinamide mononucleotide, reduced stroke occurrence with a parallel improvement of mitochondrial function (Forte et al., 2020; Forte et al., 2021b). Of interest, reactivation of autophagy rescued endothelial dysfunction in both isolated cerebral endothelial cells and in mesenteric arteries of SHRSP. The latter evidence suggests that vascular autophagy plays a pivotal role in stroke occurrence in the SHRSP rat model. It would be interesting to verify in the future whether an impairment of autophagy occurs also in cerebral cells of SHRSP, such as neurons and astrocytes.
5.1 Molecular mechanisms involved in the protective effects of autophagy
The above-described evidence suggests that mTORC1 plays a fundamental role in the inhibition of autophagy in a later phase following ischemia. In fact, mTORC1 inhibition, achieved through rapamycin or by overexpression of TSC-1, was reported to confer beneficial effects. TFEB is also activated in neurons during the first phase of ischemia, where it elicits an adaptive activation of autophagy. In fact, TFEB overexpression reduces ischemic injury in MCAO models. Of interest, the natural disaccharide trehalose was also reported to activate autophagy by targeting TFEB and to reduce stroke occurrence in the SHRSP model (Forte et al., 2021b). Endothelial autophagy appears also to play protective effects in response to cerebral ischemia. However, the molecular mechanisms underlying the effects of endothelial autophagy in the MCAO model have not been fully characterized.
6 DETRIMENTAL EFFECT OF AUTOPHAGY IN ANIMAL MODELS OF IS
Contrarily to the above discussed evidence, different studies suggest that autophagy plays a detrimental role in few models of IS, leading to neuronal damage (Liang, 2010; Krishnan et al., 2020; Gao et al., 2022). In these cases, brain injury can be counteracted by inhibiting autophagy as demonstrated in the global ischemia/reperfusion rat model (Wang et al., 2011). In fact, autophagy is selectively activated in the damaged hippocampal area from 1 to 48 h of reperfusion after 20-min global ischemia, with a peak at 12 h; in this context, autophagy inhibition by 3-MA, administered before ischemia, prevented the neuronal injury. In contrast, 3-MA was ineffective when administered 60 min following reperfusion (Wang et al., 2011). At the molecular level, increased levels of the lysosomal cysteine protease cathepsin B were detected along with increased necrosis. Consistently, Kim et al. showed that activation of autophagy promoted occludin degradation and contributed to BBB disruption in both brain endothelial cells subjected to OGD and in a rat model of IS (Kim et al., 2020). Brain tissue of rats undergoing permanent focal cerebral ischemia showed autophagy activation in the penumbra area at various times post ischemia (1, 6, 12, 24, 48 h) (Gao et al., 2012). In the same study, the authors evaluated changes in the autophagy process in rats exposed to ischemic post-conditioning (IPOC) and in rats receiving 3-MA administration. Rats undergoing IPOC at the onset of reperfusion showed a reduced cerebral edema and infarct area along with a reduction of ischemia. Interestingly, the neuroprotective effects induced by IPOC were partially reversed by the autophagy inducer rapamycin. Moreover, 3-MA induced a protective effect against focal cerebral ischemia by upregulation of the expression of the antiapoptotic protein Bcl-2 (Gao et al., 2012).
Targeting circ-RNAs may also reduce detrimental autophagy. In this regard, circ_0025984 overexpression reduced cerebral injury in mice undergoing MCAO, along with autophagy inhibition (Zhou et al., 2021). In line with this evidence, circ_016719 expression increased in the brain of mice undergoing MCAO. Moreover, circ_016719 knockdown in vitro reduced apoptosis in neurons undergoing oxygen/deprivation along with the reduction of autophagy. However, whether the protective effects of circ_016719 occur through autophagy inhibition should be confirmed by further mechanistic experiments (Tang et al., 2020).
Vitexin, a flavone C-glycoside found in several medical and other plants, reduced brain infarction in the MCAO rat model by suppression of the ischemia-induced autophagy through a mechanism that restored mTOR level and at the same time repressed Ulk1, Beclin1 and the rate of LC3Ⅱ/LC3Ⅰ (Jiang et al., 2018). Consistently, melatonin administration before induction of cerebral ischemia in an I/R mouse model was able to exert protective effects toward brain damage through inhibition of autophagy. Mechanistically, melatonin inhibits endoplasmic reticulum stress-dependent autophagy via protein kinase RNA-like ER kinase (PERK) and inositol-requiring enzyme 1(IRE1) (Feng et al., 2017). When et al. demonstrated that permanent MCAO induced autophagosomes formation from 2 to 12 h after ischemia. Of note, autophagy inhibition by 3-MA or bafilomycin reduced brain edema and motor deficits (Wen et al., 2008). The increase of autophagy was also associated with the increase of cathepsin B. These results suggest that autophagy activation by ischemia may contribute to ischemic neuronal injury. Another study demonstrated that the upregulation of Activin-1 in the peri-infarct region reduced neuronal injury in the MCAO/R mouse model by inhibiting excessive and detrimental autophagy through the PI3K-PKB pathway (Liu et al., 2023). Knockdown of ATG5 in mice undergoing MCAO for 2 h followed by reperfusion for 24 h showed a reduced cerebral infarct area. The latter was associated with reduction of autophagy-related ferroptosis, apoptosis and reactive oxygen species (Zhu et al., 2022). Finally, the administration of netrin-1, a laminin like protein, alleviated ischemic brain damage and improved neurons viability by inhibiting autophagy via PI3K/mTOR pathway both in MCAO rat model and in OGD-rat primary cortical neuronal culture (Tang et al., 2019). Zhang et al. demonstrated that autophagy increased with reperfusion time in mice undergoing transient MCAO and persisted until 24 h. In the same study, the authors found that inhibition of autophagy by 3-MA before ischemia reduced infarct size in mice subjected to permanent MCAO whereas inhibition during reperfusion exacerbated injury. Moreover, knockdown of PARK2, a fundamental mediator of mitophagy also aggravated I/R injury, due to an impaired clearance of damaged mitochondria, which in turn induces cytochrome c release leading to apoptosis. The latter evidence suggests a protective role of autophagy activation during reperfusion (Zhang et al., 2013).
6.1 Molecular mechanisms involved in the detrimental effects of autophagy
Excessive levels of autophagy in models of MCAO promote cell death mechanisms, such as apoptosis, necrosis and ferroptosis. Autophagy is also activated by endoplasmic reticulum stress, which in turn contributes to inhibition of the anti-apoptotic factor Bcl-2 (Feng et al., 2017). Because of Bcl-2 inhibition, a detrimental autophagy is activated since Bcl-2 inhibits autophagy by interacting with Beclin-1 (Maiuri et al., 2007). In addition, the reduced levels of Bcl-2 may also explain the increase of apoptosis, since the pro-apoptotic Bax is not inhibited by Bcl-2 (Marquez and Xu, 2012). In the context of detrimental autophagy, the activities of PI3K and mTOR were also inhibited (Tang et al., 2019).
7 AUTOPHAGY AND HUMAN IS
Few studies investigated the role of autophagy in the pathogenesis of IS in humans. A genome-wide association study (GWAS) highlighted a significant correlation between three SNPs of ATG7 gene (rs2594966, rs2594973, rs4684776) and the occurrence of stroke due to small-vessel occlusion (SVO) in a cohort of 342 patients and 1,731 controls from the Han Chinese population (Dikic and Elazar, 2018). A significant reduction of autophagy was observed in platelets isolated from smoker subjects affected by metabolic syndrome (MetS) and atrial fibrillation (AF), all conditions known to be associated with a greater risk of developing cardiovascular events including stroke (Carnevale et al., 2021). The reduction of autophagy was associated with increased oxidative stress and platelet aggregation. In the same study the authors demonstrated that the reactivation of autophagy in vitro with natural compounds such as trehalose, spermidine and nicotinamide reduced platelet aggregation and oxidative stress (Carnevale et al., 2021). A recent study also demonstrated that serum ATG5 levels correlated with disease progression in patients with IS, suggesting that autophagy level may represent a valid prognostic marker. Subjects affected by IS showed higher serum levels of ATG5 compared to the control group (Ajoolabady et al., 2022). Another report suggests that autophagy inhibition may correlate with stroke occurrence in humans. The thymine T) allele variant at the NADH:Ubiquinone Oxidoreductase Subunit C2 (NDUFC2)/rs11237379, a gene associated with increased occurrence of juvenile IS, correlates with reduced expression of the protein Ndufc2, a subunit of mitochondrial Complex I, causing mitochondrial dysfunction. Endothelial progenitor cells (EPCs) isolated from subjects carrying the T allele failed to activate autophagy in response to stress and showed increased senescence when compared to EPC isolated from wild type individuals at this variant (Rubattu et al., 2016; Forte et al., 2020). The EPC senescence was rescued by Tat-Beclin one treatment (Forte et al., 2020).
7.1 Molecular mechanisms underlying autophagy in human IS
Since much of the supporting evidence on the role of autophagy in IS originated from animal studies, human confirmation is needed to support the experimental findings. In this regard, studies performed either in patients with stroke or in subjects at high risk for stroke have provided so far only partial confirmation of the crosstalk between autophagy and the molecular mechanisms highlighted in preclinical models. In the specific, a genome-wide association study revealed that variants falling within the ATG7 gene associated with the occurrence of small-vessel IS, suggesting that autophagosome formation may be defective in human IS (Lee et al., 2017; Dikic and Elazar, 2018). Other evidence suggests that complex I deficiency-dependent mitochondrial dysfunction, along with a reduced clearance of damaged mitochondria by mitophagy, may represent an important contributor to IS in patients (Rubattu et al., 2016; Forte et al., 2020). In fact, a defective Ndufc2 mitochondrial complex I subunit was shown to contribute to an increased risk of juvenile IS in a Caucasian population (Rubattu et al., 2016). More investigation is needed to explore the molecular mechanisms underlying autophagy in the human disease, and, particularly, to dissect out the contribution of both adaptive and maladaptive autophagy in the determination of brain injury in humans.
8 AUTOPHAGY AS THERAPEUTIC TARGET IN IS
Restoration of autophagy in models of IS in most cases exerts beneficial effects and reduces brain injury. To date, several strategies have been developed to enhance autophagy with pharmacological agents. Natural compounds able to activate autophagy are promising tools, with limited side effects (Frati et al., 2018; Carnevale et al., 2021). Among natural activators of autophagy, the disaccharide trehalose improves vascular function and reduces stroke occurrence in the SHRSP (Forte et al., 2021b). Spermidine, a natural polyamine, reduces platelet aggregation in patients at high risk (Carnevale et al., 2021). To the best of our knowledge, no clinical trials tested the effects of these compounds as an adjuvant therapy to improve stroke recovery or to protect patients at high risk. Synthetic compounds able to activate autophagy have also been developed. In this regard, the Tat-Beclin one is a synthetic peptide able to induce autophagy without targeting other pathways (Shoji-Kawata et al., 2013). Tat-Beclin one was shown to reduce stroke occurrence in the SHRSP and to exert cardiac protective effects (Forte et al., 2020; Forte et al., 2023). However, given its strong effects in the activation of autophagy, this peptide may also induce maladaptive autophagy, leading to autosis, as observed in some circumstances (Nah et al., 2020). Finally, lifestyle modifications, such as intermittent fasting (IF) was also suggested to increase neuronal autophagy and to reduce ageing-related diseases through autophagy dependent mechanisms (Vemuganti and Arumugam, 2021). The latter evidence suggests that IF may represent a potential tool to prevent stroke occurrence in subjects at high risk. Some data also demonstrated that IF decreased cerebral injury in mice undergoing MCAO followed by reperfusion through the reduction of inflammasome (Fann et al., 2014). However, the involvement of autophagy in mediating the protective effects of IF in models of IS needs to be further characterized.
9 CONCLUSION AND FUTURE PERSPECTIVES
The evidence discussed herein suggests that autophagy contributes to the pathogenesis of IS (Table 1) (Figure 2). However, a clear comprehension of the exact role played by this molecular mechanism in IS has still to be achieved. The current evidence supports both protective and detrimental effects depending on degree of autophagy activation (Zhang et al., 2013; Forte et al., 2020; Forte et al., 2021a; Forte et al., 2021b). For a better definition of the contribution of autophagy to IS, further efforts could be directed toward the understanding of the involvement of selective forms of autophagy such as mitophagy.
TABLE 1 | Relevant studies underlying the dual role of autophagy in models of IS.
[image: Table 1][image: Figure 2]FIGURE 2 | Dual role of autophagy in IS. Schematic overview summarizing the molecular mechanisms underlying autophagy modulation in models of IS. Top panel: evidence regarding the protective role of autophagy in preclinical models of stroke. Bottom panel: evidence regarding the detrimental role of autophagy in preclinical models of stroke. See text for further details. The dotted arrows indicate the exogenous modulation of autophagy.
Deepening our knowledge on the molecular mechanisms of autophagy and related signal transduction pathways could be useful to avoid the activation of harmful forms of autophagy. Finally, translation of data derived from preclinical studies to the human disease needs to be further developed by both genetic approaches targeting variants of autophagy genes, and by the identification of circulating autophagy biomarkers able to predict stroke predisposition and prognosis. By working on these multiple aspects, we may be able to ultimately develop therapeutic strategies targeting autophagy for the treatment of human IS.
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