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The central nervous system (CNS) is the primary regulator of physiological activity, and when CNS is compromised, its physical functions are affected. Spinal cord injury (SCI) and traumatic brain injury (TBI) are common trauma in CNS that are difficult to recover from, with a higher global disability and mortality rate. Autophagy is familiar to almost all researchers due to its role in regulating the degradation and recycling of cellular defective or incorrect proteins and toxic components, maintaining body balance and regulating cell health and function. Emerging evidence suggests it has a broad and long-lasting impact on pathophysiological process such as oxidative stress, inflammation, apoptosis, and angiogenesis, involving the alteration of autophagy marker expression and function recovery. Changes in autophagy level are considered a potential therapeutic strategy and have shown promising results in preclinical studies for neuroprotection following traumatic brain injury. However, the relationship between upward or downward autophagy and functional recovery following SCI or TBI is debatable. This article reviews the regulation and role of autophagy in repairing CNS trauma and the intervention effects of autophagy-targeted therapeutic agents to find more and better treatment options for SCI and TBI patients.
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1. Introduction

The central nervous system (CNS) functions as a data processor, coordinating and integrating various signals from the brain and spinal cord to regulate human behavioral activities (Reinhold and Rittner, 2017). Under the direct or indirect effect, CNS dysfunction can result in disorders of sensory, motor and nervous system functions, causing enormous physical and mental strain on patients and diminishing their quality of life (Hayta and Elden, 2018; Wang P. et al., 2018). In recent years, patients with Spinal cord injury (SCI) and traumatic brain injury (TBI) have shown accelerated development, bringing the issue into focus (Brown et al., 2012; Putatunda et al., 2018). Based on the mechanism of pathophysiology, there are two types of SCI: primary and secondary injury. The primary SCI is caused by external force factors, such as mechanical trauma or unintentional injury, which results in lesion region hemorrhage and dysfunction axon transmission. The secondary SCI is caused by primary spinal cord injury, and the residual normal nerve cells are permanently damaged due to ionic concentration imbalance, edema, and lipid peroxides overexpression (Anjum et al., 2020). The secondary injury process is long-lasting, more severe and affects a large area than the primary injury. Therefore, the primary focus of studying SCI is the treatment and mechanisms for secondary SCI that could limit the destruction range, identify neurological protection targets, and repair neurons in the spinal cord (Norenberg et al., 2004; Zhou et al., 2017; Wu et al., 2021). Clinically, spinal cord contusions are a common type of injury, accounting for approximately half of all SCI. TBI is comparable to SCI in that it can be divided into primary and secondary injuries. It can destroy the structure of the blood-brain barrier and the cellular environment through a series of cellular reactions, resulting in increased membrane permeability and exacerbated neurological system lesions (Hu and Tao, 2021). Secondary neural injury causes complex alterations and influences the pathway of autophagy after TBI. Specifically, brain damage increases the risk of neurodegenerative diseases in the elderly (Gardner and Yaffe, 2015). In addition, there is currently no universally accepted treatment for brain trauma.

The term “autophagy” refers to self-eating and dates back to 1963 (Ravikumar et al., 2010). Autophagy, triggered by external stimuli including hypoxia, inadequate nutritional intake or hyperthermia, is a conservative organism degradation and recycling process of clearing defective or incorrect proteins, toxic substances, and damaged organelles under the multiple lysosomal hydrolases (Levine and Kroemer, 2008; Glick et al., 2010). It keeps all eukaryotic cells at low activation levels and maintains cellular metabolic and homeostatic equilibrium (Parzych and Klionsky, 2014; Mo et al., 2019). When nutrition levels are adequate, autophagy can protect cells from abnormal proteins and damaged organelles, thereby preventing the development of certain diseases. Autophagy provides nutrition and energy for cell activities by degrading macromolecules and organelles during starvation. Blocking autophagy is the underlying cause of numerous diseases, including aging (Wong et al., 2020), infection (Deretic et al., 2013), cancer (Levy et al., 2017), and neurodegenerative disease (Guo F. et al., 2018). However, excessive autophagy can be detrimental to the organism, cause metabolic disorders and hasten cell death to an extreme degree (Maiuri et al., 2007). Three types of autophagy have been discussed thus far: macroautophagy, microautophagy and chaperone-mediated autophagy (CMA) (Glick et al., 2010; Mizushima and Komatsu, 2011; Parzych and Klionsky, 2014). Macroautophagy refers to the formation of an autophagosome with a double membrane structure to encapsulate intracellular material and the eventual fusion of the autophagosome with the lysosome. Microautophagy directly engulfs numerous cytoplasmic components by lysosomal membrane auto-transport (Zientara-Rytter and Subramani, 2016). It is the easiest way to disassemble the vesicle cargo. CMA contains an HSP70 complex that only identifies and expands KFERQ gene-encoded proteins and transports proteins into lysosomes by associated proteins on the lysosomal membrane surface (Kaushik and Cuervo, 2018). Generally, autophagy is the disorganized digestion of numerous components, including organelles with specific dysfunctions and long-lived proteins, including mitochondria and endoplasmic reticulum. CMA differs from others in that it is highly specific in mammals. In most cases, we are more concerned with macroautophagy, referred to as autophagy below (Mizushima and Komatsu, 2011; Parzych and Klionsky, 2014).

The review studies the fundamental mechanisms of autophagy and several common autophagy signaling pathways. We explore how autophagy affects the general two CNS insults and which drug has a protective effect against CNS damage.



2. Autophagy flux and related genes, autophagy signaling pathways


2.1. Autophagy flux and related genes

The autophagy flux reflects the dynamic process of autophagy-mediated cargo acquisition to degradation (Zhou et al., 2017; Wang P. et al., 2018). Phagophores are mostly formed by plasma membrane invagination, and their formation marks the beginning of autophagy. Accompanied by nucleation and expansion of phagophore until the formation of the autophagosome with a double-membrane vesicle structure that encloses various cytoplasmic cargo. Then autophagosome carrying cargo migrates toward the lysosome under the influence of the cytoskeleton, fuse to form the autolysosome and degrades their contents (Parzych and Klionsky, 2014; Zientara-Rytter and Subramani, 2016; Figure 1).
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FIGURE 1
The formation of macroautophagy process and ATG proteins in mammalian cells. ULK1 complex involves in the induction of phagophores formation, and Beclin-1–Vps34 complex to enhances phagophores nucleation. Elongation of the autophagosome is mediated by two conjugated systems comprising ATG12– ATG5–ATG16L, and LC3–PE. After formation of complete autophagy vesicles, the mature autophagosome becomes fused with a lysosome to create an autolysosome, where sequestered molecules and organelles are degraded.


About 30 cores of autophagy-related genes (ATG) are involved in the whole process of autophagy flux (Ornatowski et al., 2020), and each gene has a distinct function at a specific stage (Levine and Kroemer, 2019). The ULK1 is a serine/threonine protein kinase in mammalian cells, and its deficiency disrupts the normal autophagy of cells (Zachari and Ganley, 2017). FIP200, ATG13 and ATG101 are essential proteins for phagophore induction; they interact with ULK1 and form a ULK1 complex (ULK1-ATG13-FIP200-ATG101). Activation of the ULK1 complex can induce autophagy in mammalian cells (Zachari and Ganley, 2017).

Beclin1 is phosphorylated by UKLI, facilitating the interaction of Beclin1, ATG14, VPS15, and VPS34 to form a PI3K III complex (Russell et al., 2013). The complex is necessary for autophagy’s nucleation. VPS34 is an essential component of the complex that phosphorylates the substrate phosphatidylinositol (PI) to induce the production of PI3P, one of the key components of the autophagosome membrane. Beclin1 is an ATG6 ortholog in yeast composed of an evolutionarily conserved domain, an N-terminal Bcl-2-homology-3(BH3) domain, and a central coiled-coil domain (Kang et al., 2011). Beclin1 binds with VPS34-15 after phosphorylating by ULK1. VPS34 complex (Beclin1-VPS34-15) selectively binds to distinct sections of autophagy, from formation to maturation, as determined by the types of binding proteins, including ATG14, Bcl-2, and UVRAG. The anti-apoptotic family proteins Bcl-2 can inhibit the formation of autophagosomes by interacting with Beclin1 through their BH3 domain. ATG14 interacts with the VPS34 complex to promote autophagosome elongation (Xu and Qin, 2019). UVRAG can mediate the fusion of autophagosomes and lysosomes. Therefore, Beclin1-VPS34 complex kinase activity is significantly correlated with autophagosomes, and Beclin1 can be used as an indicator of autophagy level.

Two ubiquitin-like complex protein systems affect autophagy, and both are advantageous to the extension or completion of phagophore double-membrane formation (Nakatogawa, 2013). The first is that ATG12 and ATG5 bind covalently under the ATG7 (E1) and ATG10 (E2) enzymes, forming an ATG12-5-16L multimeric via non-covalent bonding with ATG16L (Parzych and Klionsky, 2014). The second is ATG8/LC3 system (Schaaf et al., 2016). ATG8 is a homologous gene of microtubule-associated 1 protein light chain 3 (LC3) in yeast. ATG4 cleaves LC3 to form LC3-I during autophagy, and LC3-I binds with phosphatidylethanolamine (PE) to form LC3-II under the action of E1. ATG12-5-16L complex accelerates the fusion between LC3-II and membranes. The two systems are not completely independent and interact with each other. Numerous studies show that gene deficiency can result in autophagy defects, highlighting the significance of ATG genes in the entire process of autophagy flux (Glick et al., 2010). Kaizuka and Mizushima (2016) found that ATG13 knockout mice die in utero, and their fibroblasts are incapable of forming autophagosomes. Another piece of literature is consistent with this point via inactivating ATG5 (Huang et al., 2021).

We typically measure the level of cellular autophagy using biomarkers in a western blot or immunofluorescence experiment, as the intensity of autophagy flux varies in response to external stimuli. Evidence documented that increasing autophagy in mammalian (Lai et al., 2008) and cellular experiments (Wang et al., 2014) of SCI or TBI by alteration in biomarkers persisted for at least 1 month. Although this method is simple, rapid and quantitative, each marker has its limitations that must be thoroughly considered when selecting markers. The following key proteins have been tested for autophagy in recent years: LC3 (microtubule-associated protein 1 light chain 3), p62/sequestosome-1(SQSTM1) (Zhou et al., 2017).

Light chain 3, an ATG8 ortholog in yeast, is the universal marker that participates in autophagy membrane formation. There are two forms: LC3-I and LC3-II, that can be transformed into one another. In autophagy, when LC3 protein is synthesized, ATG4 immediately cleaves at its carboxyl-terminal Gly120 resulting in the formation of LC3-I. The ATG12-5-16L complex can regulate the ATG3 activity. They work with E1 closely to promote the combination of LC3-I and PE, thereby establishing the relationship between LC3 and autophagic vesicles (Tanida et al., 2008). Consequently, LC3-II or LC3-II/I are frequently used to describe indicators of autophagy flux alterations. It has been suggested that autophagy is significantly activated by the amounts of LC3-positive cells and autophagy vacuoles from 4 h to 21 days in the lesion site of SCI (Kanno et al., 2011).

P62, also known as SQSTM1, is an adaptor protein with multiple regions: N-terminal Phox1 and Bem1p region, the Keap1-interacting region, the ubiquitin-associated protein region and the LC3 binding region. It is primarily responsible for degrading unwanted proteins and damaged cell components. After autophagy initiation, P62 binds to ubiquitinated proteins and forms a complex with LC3-II, which is located on the autophagosome endomembrane, then phagophore envelops complex enters into the lysosome for degradation to achieve recycling. The P62 protein levels are negatively correlated with autophagic flux activity. Consequently, the degradation of P62 is typically used as a variable in autophagy level analysis (Pankiv et al., 2007; Lamark et al., 2017).



2.2. Autophagy signaling pathways

The mammalian target of rapamycin (mTOR), a key cellular regulatory factor, coordinates nutrition, growth and metabolism. mTOR interacts with RAPTOR, PRAS40, mLST8, and DEPTOR to form a mTOR complex 1 (mTORC1) (Wang and Zhang, 2019). mTORC1 is only activated when the cell has growth factors, adequate glucose levels, nutrition and sufficient oxygen; otherwise, it is inactive. The level of cellular nutrition is proportional to mTORC1 activity. The mTORC1 acts as a negative regulator of the actor on the ULK1 complex of autophagy regulation. Under adequate nutrition, mTORC1 can bind to the Ser757 on ULK1 to inhibit the formation of the ULK1 complex and achieve the effect of inhibiting autophagy. In contrast, its activity decreases under energy starvation conditions or in rapamycin (TOR) presence. Then ULK1 complex is activated and phosphorylates ATG13 and FIP200 to induce autophagy (Kim et al., 2011). The purpose is to maintain the nutrition required for cell survival. After CNS injury, inhibiting the mTOR pathway significantly impacts autophagy, according to numerous studies (Guo Y. et al., 2018).

Adenylate-activated protein kinase (AMPK) is a highly conserved serine/threonine protein kinase that acts as an energy change sensor to maintain the energy balance between catabolism and anabolism in cells. It comprises three subunits: α catalytic subunit, β and γ regulatory subunits. Multiple studies have shown that AMPK activity is affected by the intracellular ratio of AMP/ATP (Lin and Hardie, 2018). Under normal conditions, AMPK is inactivated, and the cell has minimal AMP. When energy is insufficient, AMPK is activated. It induces autophagy progress in three ways, directly or indirectly acting on the ULK1 complex (Kim et al., 2011). TSC (tuberous sclerosis complex) is an upstream negative regulator of mTORC1 with GTP-activating enzyme activity. Rheb (Ras Homolog Enriched in Brain) is a GTP enzyme that positively regulates the activity of mTORC1 by combining GTP (Pereira et al., 2017). AMPK inhibits the growth of mTORC1 by combining TSC with Rheb after phosphorylation. AMPK directly inhibits mTORC1 activation by competing with the substrate for mTORC1 RAPTOR, thereby reducing substrate recruitment. In addition, AMPK interacts directly with certain sites on ULK1 to regulate autophagy, such as Ser467, Ser317, and Ser777. Other evidence indicates that AMPK also affects Beclin1 S91/S94 sites to upregulate autophagy (Kim et al., 2013), but further study is required. It has been reported that activating the mTOR and AMPK signaling pathways can induce autophagy to protect against lysosomal damage (Jia et al., 2019; Figure 2A).
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FIGURE 2
The main pathways involved in autophagy by interacting with different complexes. (A) Autophagy is regulated by AMPK and mTOR signaling pathway in different ways. Upon the energy depletion, AMPK responds to energy changes, and repress mTORC1 to modulate ULK1 activity and induce autophagy. (B) Keap1-Nrf2 signal pathway is a defense mechanism to protect the body from oxidative stress. The adaptor protein p62 competitives with NRF2 and forms a p62-KEAP1 complex. Hence, Nrf2 accumulates in the cytoplasm and then translocates to the nucleus to initiate transcription, which provides an antioxidant action. Repress mTORC1 to modulate ULK1 activity and induce autophagy.


The principal cascade signaling pathway that regulates mTORC1 is the PI3K pathway, which can be divided into three classes. The increase in Complex III is caused by the activation of PI3KIII, resulting in autophagy activation. However, it generates PI3P after classIPI3K is activated, as stated previously. PI3P acts as a second messenger that regulates the downstream PDK1 protein and activates AKT protein, thereby inhibiting TSC, activating mTORC1, and finally mediating autophagy (Carloni et al., 2010; Ersahin et al., 2015). Activating the PI3K/AKT signaling pathway is beneficial for nervous system disorders (He et al., 2022).

Kelch-like ECH-associated protein 1 (Keap1)-nuclear factor-erythroid 2-related factor 2 (Nrf2) signaling pathway is considered a critical defense mechanism to protect the body from oxidative stress in nervous system disorders (Bartolini et al., 2018). Researchers have suggested that the P62 protein may link autophagy to Nrf2 and facilitate intercommunication via the autophagy-lysosome pathway. In only a few days following trauma, oxidation species over-express in tissue, damaging proteins, lipids, and DNA structure (Deshmukh et al., 2017). In addition, the membrane permeability and integrity are compromised due to the depletion of endogenous antioxidants. Keap1 and Nrf2 complex formation is necessary under normal conditions, however, P62 protein can compete with Nrf2 for the Kelch binding site of Keap1 when P62 protein accumulates heavily after autophagic flux blockade. When this occurs, Nrf2 immediately transfers from the cytoplasm to the nucleus to activate transcription against oxidative damage. Lv et al. demonstrated that polydatin acts on Nrf2/HO-1 pathway to protect spinal cord microglia (Lv et al., 2019). In vitro studies demonstrated that the addition of aucubin promotes the gradual transfer of Nrf2 to the nucleus and reduces the levels of reactive oxygen species, while in vivo studies showed that the antioxidant effect of aucubin is mediated by the Nrf2 pathway using the Nrf2 knockout models before and after treatment (Wang et al., 2020; Figure 2B).

Beclin1 pathway (Tran et al., 2021), nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) pathway (Zhou et al., 2018) and others are additional signaling pathways involved in the regulation of autophagy. Notably, the AMPK and the mTOR pathways regulate metabolic homeostasis as two opposites of yin and yang (González et al., 2020). The complex cross-links between the signal pathways and the hidden links between the pathways must be continuously studied.

The upstream molecules mediate the activation of autophagy, including mTOR, AMPK, PI3K/AKT, and Nrf2. In addition, activate forkhead box O 3a (FoxO3a), which is strongly associated with glucose metabolism (Liu Z. et al., 2015), energy-related dynamin-related protein 1 (Drp1) (Song et al., 2015), and toll-like receptor 4 (TLR4)/nuclear factor kappa-light-chain-enhancer of activated B cells (TLR4/NF-κB) pathway relevant to inflammation also regulate the progress of autophagy (Fang et al., 2013; Zhang and Wang, 2018). The downstream of autophagy receives signals and provides neuroprotection by increasing cognitive ability (Zhang et al., 2021), inhibiting oxidative stress (Cui et al., 2021), apoptosis (Chen et al., 2018), and inflammation (Levine et al., 2011).




3. The interaction of autophagy with apoptosis, inflammation and angiogenesis in CNS trauma


3.1. Autophagy crosstalk apoptosis in CNS trauma

As we all know, apoptosis, autophagy cell death and necrosis occur after injury. Both autophagy and apoptosis accompany trauma and closely regulated biochemical mechanisms between them to determine the life of the cell, the Bcl-2 family is particularly important at this time (Mariño et al., 2014). Anti-apoptotic proteins-Bcl-xl and Bcl-2-jointly regulate autophagy and apoptosis, BH3 pro-apoptotic structure can accelerate the separation of Bcl-2 and Bcl-xl proteins from Beclin1 through competitive binding. With AMPK, Beclin1-PI3K complex formation is promoted to enhance autophagy and maintain low level of Bcl-2, and Bcl-xl proteins, promoting neuronal survival in the injured area after CNS injury (Zhao et al., 2022). Qin et al. (2022) found from experiment that long non-coding RNA LINC00158 overexpression repressed neuronal apoptosis by inducing autophagy, while 3-Methyladenine and chloroquine deteriorate this phenomenon, as a result of increased apoptosis in spinal cord tissue. Poly-arginine R18 reduced neurocyte apoptosis and promoted neurocyte cell growth in TBI model (Batulu et al., 2019). However, autophagy and apoptosis are not simply cooperative, also antagonistic. Fibroblast growth factor-2 (FGF2) protected cells from various forms of death such as apoptosis or necrosis to play a neuroprotective role through inhibition of autophagy, and got an opposite effect after intervention with rapamycin in mild TBI (Tang et al., 2017). After brain trauma, there is a phenomenon characterized by significantly increased levels of LC3-II biomarkers within 48 h. Pretreatment with 3-MA decreased the overall rise in autophagy activation-induced LC3 and lowered the expression of cathepsins B, which may contribute to cell death. Consequently, autophagy may interact with cell death (Luo et al., 2011). Therefore, the complex interaction between autophagy and apoptosis remains a major challenge for current research.



3.2. Autophagy modulates inflammation in CNS trauma

The inflammatory response is present throughout the development of CNS trauma. After injury, astrocytes and microglia are activated to varying degrees, releasing a variety of inflammatory factors such as TNF-α, IL-1β, and IL-6, which amplify the neuroinflammatory response and extend the normal tissue to be damaged accordingly. Neural stem cell-derived small extracellular vesicles treatment can regulate apoptosis and inflammatory processes by inducing autophagy to promote functional recovery in damage model of spinal cord (Rong et al., 2019). Conversely, inhibition of autophagy after SCI potentiates pro-inflammatory activation in microglia, and complementary evidence through transcriptomics, cellular, and molecular studies provided ample evidence that defective autophagy exacerbates neuroinflammation and is associated with worse functional outcomes following insult (Li et al., 2022). Stimulator of interferon genes (STING) often perceived as key mediators of the inflammatory reaction in the central nervous systems, they concluded a detrimental role for STING in mediating the TBI-induced neuroinflammatory response and autophagy dysfunction (Abdullah et al., 2018). All of above findings can be confirmed that inhibition of inflammatory process acts as a useful tool for CNS trauma via the modulation of autophagy.



3.3. Autophagy modulates angiogenesis in CNS trauma

The regulation of angiogenesis by autophagy is dual in nature. Autophagy-related proteins and inflammatory factors can promote angiogenesis by regulating cellular autophagy after spinal cord or brain injury. Knockdown of autophagy-related proteins can inhibit angiogenesis. Wan and co-authors verified that G protein-coupled receptor kinase 2 interacting protein-1 (GIT1) may prompt microvascular endothelial cells to clear myelin debris via autophagy and further stimulate microvascular endothelial cells angiogenesis via upregulating VEGF (Wan et al., 2021). NADPH oxidase 2 (NOX2)-induced ROS production is a double-edged sword that exacerbated brain injury in the acute phase but promoted functional recovery, this effect appears to be achieved by inhibiting NLRP3 inflammasome activation and promoting angiogenesis via PI3K/Akt autophagy pathway activation (Yingze et al., 2022). Endothelial cells exerted critical functions to promote inflammation and angiogenesis and may contribute to fibrotic scar formation by autophagy-lysosome pathway in both SCI and EAE after neural injury (Zhou et al., 2019). RTN4-S1PR2 suppressed angiogenesis in the ipsilateral thalamus by bafilomycin A1 treatment, conversely, inhibition of autophagy initiation with 3-methyladenine enhanced angiogenesis. This means that RTN4-S1PR2 negatively regulates angiogenesis through enhancing autophagy (Xiao et al., 2022). Moreover, some researchers found that the inhibition of angiogenesis was reduced when ATG-7 was knocked out or inhibited using 3-MA (Codogno et al., 2011; Alers et al., 2012).




4. The role of autophagy in CNS trauma

Multiple studies have been carried out on the action between autophagy and central nervous damage, however, the function and role are not yet fully understood. Kanno et al. (2009) first described the interaction between the spinal cord and autophagy through the expression of Beclin1 in hemisection models of mice spinal cord. Erlich et al. (2007) hypothesized that autophagy plays a protective role in adult mice TBI models treated with rapamycin. Autophagy plays a key and complex role in the study of CNS through recovering and degrading damaged organelles and misfolded proteins and has become a hot topic. However, it has been controversial whether it plays a protective or a detrimental role (Lipinski et al., 2015). The level of autophagy flux and the number of autophagosomes correlate closely with autophagy activity (Zhou et al., 2017; Nakatogawa, 2020).


4.1. Possible neurological protective role of autophagy

Upregulation of autophagy levels is considered a potential therapeutic strategy as damaged organelles and proteins accumulate in neurons after injury has occurred (Gu et al., 2021). Animal models such as mice and rats can represent human brain or spinal cord damage. Recent studies have reported that autophagy flux trends vary between models (Ray, 2020). In traumatic injuries such as spinal cord contusion model, Beclin1 and LC3-II reached their peak 2 h after injury and enhanced Basso-Beattie-Bresnahan scale (BBB) in rats, indicating that the autophagy level was improved, and functional recovery was accelerated after injury (Hao et al., 2013). During hemisection injury, however, LC3 radioactivity increased significantly and peaked at 3 days, as determined by immunohistochemical analysis. In the non-traumatic rat model involving spinal cord ischemia and reperfusion injury rat model, Fang et al. (2016) and Xiong et al. (2020) found that autophagy flux was induced by blocking the aorta for 60 and 14 min, respectively. However, the specific temporal pattern requires further investigation.

Increasing evidence indicates that reactive oxygen species (ROS) levels can modulate autophagy flux. Following SCI, damaged tissue generates redundant reactive oxygen species, resulting in an uneven distribution of ROS and activation of the oxidative stress system (Salim, 2017). ATG4 is a molecule that detects ROS in the body or cell and can enhance the lipidation process of LC3 to enable autophagy directly when ROS levels are elevated. H2O2 is one of the forms of ROS that can indirectly activate autophagy by modifying the AMPK subunit to upregulate AMPK activity (Zmijewski et al., 2010). Tong et al. (2018) studied the role of lithium chloride (LiCl) in autophagy and SCI using Western blotting in rat animal models. The experiments showed that LiCl upregulated ATG5 and LC3-II expression and downregulated the expression of P62, indicating its protective role in damaging the spinal cord and neural cells by inducing autophagy flux (Tong et al., 2018). In the SCI model developed by Bisicchia et al. (2017) it was observed that LC3-positive autophagosomes accumulated in neurons while the expression of LC3II/LC3I and p62 increased, indicating that the decrease in autophagosome clearance caused this accumulation, autophagy inhibitor 3-MA could reduce autophagosome formation, reduce degeneration, and improve spontaneous functional recovery. Activation of autophagy reduces damage to cortical neurons and provides a certain degree of protection against moderate brain injury by inhibiting the formation of inflammatory vesicles (Gao et al., 2020c).



4.2. Possible neurological damage role of autophagy

Autophagy flux is activated after mild or moderate injury and inhibited after severe injury. Excess reactive oxygen species and pro-apoptotic proteins are produced in the body when severe SCI occurs, which inhibit autophagy via the mTOR pathway and result in neuronal death (Yun et al., 2020). In addition, autophagy degradation is lysosome-dependent, thus lysosomal dysfunction, as a negative regulator factor for autophagy flux, causes autophagosome accumulation (Ballabio and Bonifacino, 2020). Liu S. et al. (2015) observed that the decrease in lysosomal protease cathepsin D was accompanied by an increase in LC3-II and P62 in SCI rats, indicating that autophagy was induced, but degradation was inhibited, ensuing aggravation of the injury. Neuronal apoptosis and worsened neurological recovery are reported to have extensive communication with impaired autophagy (Yin et al., 2017). Sarkar et al. (2014) found that P62 was increased in both the cortex and hippocampus of brain-injured rats, suggesting that inactive lysosomal inhibits autophagy and negatively regulates neurological function. Other data revealed a high neuronal survival rate and fewer nervous system defects in VPS34 gene-deficient rats compared to normal rats, indicating that nociceptors are also protected by a reduction in excess autophagosomes (Quan et al., 2021).

Autophagy, as a “Trash Disposal Center,” plays a dual role in the neurological function of CNS injuries (Kabadi and Faden, 2014; Ray, 2020). By stimulating autophagy flux and inducing neuronal apoptosis, neuronal cells are protected through the acceleration of autophagy degradation. The antithesis is the inhibition of autophagic flux and autophagy overload, which exacerbates neurological lesions (Wu and Lipinski, 2019). The level of autophagy is a function of both the environment and the severity of the trauma. Mild injury has almost no effect on autophagy, moderate injury protects damaged neurons, and severe injury induces apoptosis. Notably, the temporary inhibition of autophagic flux following injury may have the opposite effect when autophagic flux is activated (Zmijewski et al., 2010). Therefore, further research is needed to understand the role of autophagy (Figure 3).
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FIGURE 3
The role of autophagy in CNS trauma. When the CNS is damaged, changes in the pathophysiological processes, such as oxidative stress, inflammatory response, and apoptosis, leading to changes in the lysosomal membrane and blockage of the autophagy process. Moderate activation autophagy can protect neuronal cell and function recovery, hyperactivation autophagy causes neuronal cell death. Therefore, autophagy pathway represents a potential clinical therapeutic value for treatment of CNS trauma.





5. Targeting autophagy therapeutics in CNS trauma

The likelihood of a permanent cure for diseases of the central nervous system is insufficiently high. Currently, surgical and pharmacological interventions are the most prevalent treatment options for CNS diseases. Numerous studies indicate that some drugs can mediate autophagy and play an effective therapeutic role in CNS injury. Hence, we mainly looked for drugs that protect neurons by inducing or promoting autophagy can be divided into two main categories: drugs that protect neurons by inhibiting or blocking autophagy in the last 5 years (Table 1).


TABLE 1    Autophagy-targeted therapeutic agents for neuroprotection and functional recovery in central nervous trauma.
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5.1. Drugs that induce or promote autophagy in CNS trauma

Rapamycin, as a non-nephrotoxic antibacterial drug and autophagy activator, has also been shown to contain anti-inflammatory properties. It targets mTORC1 action (Li et al., 2014). Goldshmit et al. (2015) believed that rapamycin is most probably useful in acute SCI via injecting it once into neurons and astrocytes in the cell, which inhibits p62 expression and proliferation of astrocytes, thereby reducing inflammatory factor invasion at the damaged site. Sekiguchi et al. (2012) and others concluded that rapamycin benefits mice with TBI and SCI (Chen et al., 2013; Gao et al., 2020c). Transcription factor EB (TFEB), acting as the primary regulator of the autophagy-lysosome pathway (Cortes and La Spada, 2019), was involved in regulating autophagy. Betulinic acid is largely extracted from the bark and leaves of birch trees. It acts on the AMPK-mTOR-TFEB signaling pathway to inhibit spinal proptosis by increasing autophagy and decreasing ROS levels (Wu et al., 2021). Salidroside is a well-known extract of the Chinese herb Rhodiola, stimulating autophagy flux through AMPK/mTOR exerts anti-apoptotic levels of Salidroside in neuronal cells near the site of SCI (Wang C. et al., 2018). In addition, PI3K/Akt signaling can partially downregulate edema and apoptosis following TBI (Chen et al., 2012). Eugenol, resveratrol, anthocyanins and curcumin are phenolic compounds. They interact with receptors or enzymes at the site of injury to modulate the activity of signaling pathways involved in improving disease and cognitive function. Eugenol is one of the active components of the traditional Chinese medicine Acorus Tatarinowii Schott, which protects the brain from cerebral ischemia-reperfusion injury. In vivo and in vitro studies have shown that eugenol can mitigate brain injury by modulating the AMPK/mTOR/P70S6K signaling pathway (Sun et al., 2020). In addition, eugenol affects SCI by inhibiting oxidative stress and inflammation systems in the damaged spinal cord (Ma et al., 2018). Previous studies have demonstrated that resveratrol improves experimental SCI or TBI models by inhibiting inflammatory signaling pathways and activating oxidative stress (Kesherwani et al., 2013; Xu L. et al., 2018). In addition, resveratrol influences the autophagy process by activating the AMPK/mTOR signaling pathway, intending to enhance the protection of damaged cells and neurological function (Meng et al., 2018; Pineda-Ramírez et al., 2020). Anthocyanins, as a natural pigment, protect against both spinal cord and brain injuries by regulating autophagy. Apigenin, one of the anthocyanins in flavonoids, is primarily found in temperate or tropical zone vegetables, fruits and tea, with celery having the highest content. Kim et al. (2011) found that apigenin inhibited the progression of neurodegenerative lesions. Melatonin can regulate the immune system, eliminate free radicals, and has neuroprotective properties. Melatonin can act on SIRT1/AMPK or PI3K/AKT/mTOR, two pathways to increase autophagy and reduce apoptosis (Ding et al., 2015; Li et al., 2019; Gao et al., 2020a). Curcumin derived from Curcuma longa exhibits anti-cancer and antioxidant effects in clinical settings. It can reduce the brain content and improve cell death following brain injury (Forouzanfar et al., 2020). Also promotes recovery of hind limb function after SCI (Li et al., 2021).



5.2. Drugs that inhibit or block autophagy in CNS trauma

Chloroquine (CQ) is a common autophagy inhibitor that disrupts the integration process of autophagosomes with lysosomes to protect the organism (Wu et al., 2018; Xu R. et al., 2018), 3-MA widely used as an inhibitor of autophagy by inhibiting class III PI3K (Bisicchia et al., 2017), both of them significantly blocked the formation of autophagy to promoting neuroprotection in trauma regions. Hydrogen sulfide (H2S) is reportedly a new protective gas for neurological function, with NaHS as its donor. Indeed, inhibition of autophagy and improved memory scores were observed with NaHS treatment after TBI (Karimi et al., 2017). After combined treatment with NASH and autophagy activator compared to only NASH in SCI, negative improvement in blood-spinal cord barrier (BSCB) permeability was observed (Wang H. et al., 2018). Ketamine is an intravenous anesthetic, and its neuroprotective effects have recently been studied from a new angle. Experiments showed that ketamine affects the activity of the mTOR pathway and promotes its suppression of autophagy to improve injury recovery (Wang et al., 2017).

In addition, it is concluded that specific drugs have dual effects on the regulation of autophagy, which can improve cerebral injury by inducing autophagy and protect neurons from excessive injury by inhibiting autophagy. Stilbene glycoside, a kind of monomer component with a neuroprotective effect, is isolated from Fallopia multiflora. It has numerous pharmacological effects, including antioxidant, hypolipidemic, anti-inflammatory, detoxification, and neuroprotective properties. Studies have shown that stilbene glycosides can exert a role in improving behavioral disorders effect in a mouse model by inhibiting (Luo et al., 2015) or promoting autophagy (Gao et al., 2020d). The regulatory effect of Wnt3a on autophagy also belongs to this category, which could activate in the SCI model by inhibiting the mTOR pathway and inhibit in TBI (Zhang et al., 2018; Gao et al., 2020b).

Currently, there are feasibility studies for drugs used to treat one of two injuries, which can serve as a benchmark for the other. In addition, the same compound can modulate autophagy in injured tissues by acting on different regulatory signaling pathways. In short, target studies of autophagy are a new and viable gateway to the development of CNS trauma. Although there are relatively few clinical trials of these agents at present, their discovery opens up more and more possibilities for repairing central nervous damage, prolonging the survival period and enhancing the well-being of patients after injury.




6. Conclusion

Despite rapid medical advancements over the past two decades, brain and spinal cord trauma remains one of humanity’s greatest challenges. Mild or moderate autophagy is considered as an endogenous mechanism for protecting neurons, whereas excessive autophagy exacerbates neuronal injury. Much interest has been in modulating autophagy as a new therapeutic modality for CNS injury. Numerous compounds have been investigated to modulate autophagy by activating, promoting or inhibiting autophagy through various signaling pathways or targets to improve neural injury and increase cell survival duration. However, it appears that autophagy exerts beneficial effects within a certain interval, but how this interval is quantified and whether the regulatory effect on autophagy in previous studies is to adjust autophagy levels to this beneficial interval remains to be further investigated. In addition, there is a problem with the current research on autophagy, which is the monitoring of autophagy levels in injured patients. If autophagy levels could be controlled by detecting metabolites secreted via autophagy-dependent pathways in patients, “saving” yourself so future research is necessary. Targeting the autophagy process for the treatment of CNS injury promises to provide more opportunities and directions for the future development of therapeutic drugs.



Author contributions

SW had written the original draft. GY revised and edited the manuscript. BL designed and provide the graphic image. All authors have read and agreed to the published version of the manuscript.



Funding

This study was funded by Natural Science Foundation of Shandong Province (grant no. ZR2020MH414).



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.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

Abdullah, A., Zhang, M., Frugier, T., Bedoui, S., Taylor, J., and Crack, P. (2018). STING-mediated type-I interferons contribute to the neuroinflammatory process and detrimental effects following traumatic brain injury. J. Neuroinflammation 15:323. doi: 10.1186/s12974-018-1354-7

Alers, S., Löffler, A., Wesselborg, S., and Stork, B. (2012). Role of AMPK-mTOR-Ulk1/2 in the regulation of autophagy: Cross talk, shortcuts, and feedbacks. Mol. Cell. Biol. 32, 2–11. doi: 10.1128/MCB.06159-11

Anjum, A., Yazid, M., Fauzi Daud, M., Idris, J., Ng, A., Selvi Naicker, A., et al. (2020). Spinal cord injury: Pathophysiology, multimolecular interactions, and underlying recovery mechanisms. Int. J. Mol. Sci. 21:7533. doi: 10.3390/ijms21207533

Ballabio, A., and Bonifacino, J. (2020). Lysosomes as dynamic regulators of cell and organismal homeostasis. Nat. Rev. Mol. Cell Biol. 21, 101–118. doi: 10.1038/s41580-019-0185-4

Bartolini, D., Dallaglio, K., Torquato, P., Piroddi, M., and Galli, F. (2018). Nrf2-p62 autophagy pathway and its response to oxidative stress in hepatocellular carcinoma. Transl. Res. 193, 54–71. doi: 10.1016/j.trsl.2017.11.007

Batulu, H., Du, G., Li, D., Sailike, D., Fan, Y., and Geng, D. (2019). Effect of poly-arginine R18 on neurocyte cell growth via autophagy in traumatic brain injury. Exp. Therap. Med. 17, 4109–4115. doi: 10.3892/etm.2019.7423

Bisicchia, E., Latini, L., Cavallucci, V., Sasso, V., Nicolin, V., Molinari, M., et al. (2017). Autophagy inhibition favors survival of rubrospinal neurons after spinal cord hemisection. Mol. Neurobiol. 54, 4896–4907. doi: 10.1007/s12035-016-0031-z

Brown, J., Deriso, D., and Tansey, K. (2012). From contemporary rehabilitation to restorative neurology. Clin. Neurol. Neurosurg. 114, 471–474. doi: 10.1016/j.clineuro.2012.04.009

Carloni, S., Girelli, S., Scopa, C., Buonocore, G., Longini, M., and Balduini, W. (2010). Activation of autophagy and Akt/CREB signaling play an equivalent role in the neuroprotective effect of rapamycin in neonatal hypoxia-ischemia. Autophagy 6, 366–377. doi: 10.4161/auto.6.3.11261

Chen, H., Fong, T., Hsu, P., and Chiu, W. (2013). Multifaceted effects of rapamycin on functional recovery after spinal cord injury in rats through autophagy promotion, anti-inflammation, and neuroprotection. J. Surg. Res. 179, e203–e210. doi: 10.1016/j.jss.2012.02.023

Chen, S., Tsai, H., Hung, T., Chen, C., Lee, C., Wu, C., et al. (2012). Salidroside improves behavioral and histological outcomes and reduces apoptosis via PI3K/Akt signaling after experimental traumatic brain injury. PLoS One 7:e45763. doi: 10.1371/journal.pone.0045763

Chen, X., Wang, Z., Yang, Q., Zhao, F., Qin, X., Tang, X., et al. (2018). Diosgenin glucoside protects against spinal cord injury by regulating autophagy and alleviating apoptosis. Int. J. Mol. Sci. 19:2274. doi: 10.3390/ijms19082274

Codogno, P., Mehrpour, M., and Proikas-Cezanne, T. (2011). Canonical and non-canonical autophagy: Variations on a common theme of self-eating? Nat. Rev. Mol. Cell Biol. 13, 7–12. doi: 10.1038/nrm3249

Cortes, C., and La Spada, A. (2019). TFEB dysregulation as a driver of autophagy dysfunction in neurodegenerative disease: Molecular mechanisms, cellular processes, and emerging therapeutic opportunities. Neurobiol. Dis. 122, 83–93. doi: 10.1016/j.nbd.2018.05.012

Cui, C., Wang, C., Jin, F., Yang, M., Kong, L., Han, W., et al. (2021). Calcitriol confers neuroprotective effects in traumatic brain injury by activating Nrf2 signaling through an autophagy-mediated mechanism. Mol. Med. 27:118. doi: 10.1186/s10020-021-00377-1

Deretic, V., Saitoh, T., and Akira, S. (2013). Autophagy in infection, inflammation and immunity. Nat. Rev. Immunol. 13, 722–737. doi: 10.1038/nri3532

Deshmukh, P., Unni, S., Krishnappa, G., and Padmanabhan, B. (2017). The Keap1-Nrf2 pathway: Promising therapeutic target to counteract ROS-mediated damage in cancers and neurodegenerative diseases. Biophys. Rev. 9, 41–56. doi: 10.1007/s12551-016-0244-4

Ding, K., Xu, J., Wang, H., Zhang, L., Wu, Y., and Li, T. (2015). Melatonin protects the brain from apoptosis by enhancement of autophagy after traumatic brain injury in mice. Neurochem. Int. 91, 46–54. doi: 10.1016/j.neuint.2015.10.008

Erlich, S., Alexandrovich, A., Shohami, E., and Pinkas-Kramarski, R. (2007). Rapamycin is a neuroprotective treatment for traumatic brain injury. Neurobiol. Dis. 26, 86–93. doi: 10.1016/j.nbd.2006.12.003

Ersahin, T., Tuncbag, N., and Cetin-Atalay, R. (2015). The PI3K/AKT/mTOR interactive pathway. Mol. Biosyst. 11, 1946–1954. doi: 10.1039/C5MB00101C

Fang, B., Li, X., Bao, N., Tan, W., Chen, F., Pi, X., et al. (2016). Role of autophagy in the bimodal stage after spinal cord ischemia reperfusion injury in rats. Neuroscience 328, 107–116. doi: 10.1016/j.neuroscience.2016.04.019

Fang, H., Wang, P., Zhou, Y., Wang, Y., and Yang, Q. (2013). Toll-like receptor 4 signaling in intracerebral hemorrhage-induced inflammation and injury. J. Neuroinflammation 10:27. doi: 10.1186/1742-2094-10-27

Forouzanfar, F., Read, M., Barreto, G., and Sahebkar, A. (2020). Neuroprotective effects of curcumin through autophagy modulation. IUBMB Life 72, 652–664. doi: 10.1002/iub.2209

Gao, C., Yan, Y., Chen, G., Wang, T., Luo, C., Zhang, M., et al. (2020c). Autophagy activation represses pyroptosis through the IL-13 and JAK1/STAT1 pathways in a mouse model of moderate traumatic brain injury. ACS Chem. Neurosci. 11, 4231–4239. doi: 10.1021/acschemneuro.0c00517

Gao, K., Niu, J., and Dang, X. (2020a). Neuroprotection of melatonin on spinal cord injury by activating autophagy and inhibiting apoptosis via SIRT1/AMPK signaling pathway. Biotechnol. Lett. 42, 2059–2069. doi: 10.1007/s10529-020-02939-5

Gao, Y., Li, J., Li, J., Hu, C., Zhang, L., Yan, J., et al. (2020d). Tetrahydroxy stilbene glycoside alleviated inflammatory damage by mitophagy via AMPK related PINK1/Parkin signaling pathway. Biochem. Pharmacol. 177:113997. doi: 10.1016/j.bcp.2020.113997

Gao, K., Niu, J., and Dang, X. (2020b). Wnt-3a improves functional recovery through autophagy activation via inhibiting the mTOR signaling pathway after spinal cord injury. Neurosci. Lett. 737:135305. doi: 10.1016/j.neulet.2020.135305

Gardner, R., and Yaffe, K. (2015). Epidemiology of mild traumatic brain injury and neurodegenerative disease. Mol. Cell. Neurosci. 66(Pt B), 75–80. doi: 10.1016/j.mcn.2015.03.001

Glick, D., Barth, S., and Macleod, K. (2010). Autophagy: Cellular and molecular mechanisms. J. Pathol. 221, 3–12. doi: 10.1002/path.2697

Goldshmit, Y., Kanner, S., Zacs, M., Frisca, F., Pinto, A., Currie, P., et al. (2015). Rapamycin increases neuronal survival, reduces inflammation and astrocyte proliferation after spinal cord injury. Mol. Cell. Neurosci. 68, 82–91. doi: 10.1016/j.mcn.2015.04.006

González, A., Hall, M., Lin, S., and Hardie, D. (2020). AMPK and TOR: The Yin and Yang of cellular nutrient sensing and growth control. Cell Metab. 31, 472–492. doi: 10.1016/j.cmet.2020.01.015

Gu, Y., Chen, D., Zhou, L., Zhao, X., Lin, J., Lin, B., et al. (2021). Lysine-specific demethylase 1 inhibition enhances autophagy and attenuates early-stage post-spinal cord injury apoptosis. Cell Death Discov. 7:69. doi: 10.1038/s41420-021-00455-7

Guo, F., Liu, X., Cai, H., and Le, W. (2018). Autophagy in neurodegenerative diseases: Pathogenesis and therapy. Brain Pathol. 28, 3–13. doi: 10.1111/bpa.12545

Guo, Y., Wang, F., Li, H., Liang, H., Li, Y., Gao, Z., et al. (2018). Metformin protects against spinal cord injury by regulating autophagy via the mTOR signaling pathway. Neurochem. Res. 43, 1111–1117. doi: 10.1007/s11064-018-2525-8

Hao, H., Wang, L., Guo, Z., Bai, L., Zhang, R., Shuang, W., et al. (2013). Valproic acid reduces autophagy and promotes functional recovery after spinal cord injury in rats. Neurosci. Bull. 29, 484–492. doi: 10.1007/s12264-013-1355-6

Hayta, E., and Elden, H. (2018). Acute spinal cord injury: A review of pathophysiology and potential of non-steroidal anti-inflammatory drugs for pharmacological intervention. J. Chem. Neuroanat. 87, 25–31. doi: 10.1016/j.jchemneu.2017.08.001

He, X., Li, Y., Deng, B., Lin, A., Zhang, G., Ma, M., et al. (2022). The PI3K/AKT signalling pathway in inflammation, cell death and glial scar formation after traumatic spinal cord injury: Mechanisms and therapeutic opportunities. Cell Prolif. 55:e13275. doi: 10.1111/cpr.13275

Hu, Y., and Tao, W. (2021). Microenvironmental variations after blood-brain barrier breakdown in traumatic brain injury. Front. Mol. Neurosci. 14:750810. doi: 10.3389/fnmol.2021.750810

Huang, Q., Liu, Y., Zhang, S., Yap, Y., Li, W., Zhang, D., et al. (2021). Autophagy core protein ATG5 is required for elongating spermatid development, sperm individualization and normal fertility in male mice. Autophagy 17, 1753–1767. doi: 10.1080/15548627.2020.1783822

Jia, J., Abudu, Y., Claude-Taupin, A., Gu, Y., Kumar, S., Choi, S., et al. (2019). Galectins control MTOR and AMPK in response to lysosomal damage to induce autophagy. Autophagy 15, 169–171. doi: 10.1080/15548627.2018.1505155

Kabadi, S., and Faden, A. (2014). Neuroprotective strategies for traumatic brain injury: Improving clinical translation. Int. J. Mol. Sci. 15, 1216–1236. doi: 10.3390/ijms15011216

Kaizuka, T., and Mizushima, N. (2016). Atg13 is essential for autophagy and cardiac development in mice. Mol. Cell. Biol. 36, 585–595. doi: 10.1128/MCB.01005-15

Kang, R., Zeh, H., Lotze, M., and Tang, D. (2011). The Beclin 1 network regulates autophagy and apoptosis. Cell Death Differ. 18, 571–580. doi: 10.1038/cdd.2010.191

Kanno, H., Ozawa, H., Sekiguchi, A., and Itoi, E. (2009). The role of autophagy in spinal cord injury. Autophagy 5, 390–392. doi: 10.4161/auto.5.3.7724

Kanno, H., Ozawa, H., Sekiguchi, A., Yamaya, S., and Itoi, E. (2011). Induction of autophagy and autophagic cell death in damaged neural tissue after acute spinal cord injury in mice. Spine 36, E1427–E1434. doi: 10.1097/BRS.0b013e3182028c3a

Karimi, S., Hosseinmardi, N., Janahmadi, M., Sayyah, M., and Hajisoltani, R. (2017). The protective effect of hydrogen sulfide (H(2)S) on traumatic brain injury (TBI) induced memory deficits in rats. Brain Res. Bull. 134, 177–182. doi: 10.1016/j.brainresbull.2017.07.014

Kaushik, S., and Cuervo, A. (2018). The coming of age of chaperone-mediated autophagy. Nat. Rev. Mol. Cell Biol. 19, 365–381. doi: 10.1038/s41580-018-0001-6

Kesherwani, V., Atif, F., Yousuf, S., and Agrawal, S. (2013). Resveratrol protects spinal cord dorsal column from hypoxic injury by activating Nrf-2. Neuroscience 241, 80–88. doi: 10.1016/j.neuroscience.2013.03.015

Kim, J., Kim, Y., Fang, C., Russell, R., Kim, J., Fan, W., et al. (2013). Differential regulation of distinct Vps34 complexes by AMPK in nutrient stress and autophagy. Cell 152, 290–303. doi: 10.1016/j.cell.2012.12.016

Kim, J., Kundu, M., Viollet, B., and Guan, K. (2011). AMPK and mTOR regulate autophagy through direct phosphorylation of Ulk1. Nat. Cell Biol. 13, 132–141. doi: 10.1038/ncb2152

Lai, Y., Hickey, R., Chen, Y., Bayir, H., Sullivan, M., Chu, C., et al. (2008). Autophagy is increased after traumatic brain injury in mice and is partially inhibited by the antioxidant gamma-glutamylcysteinyl ethyl ester. J. Cereb. Blood Flow Metab. 28, 540–550. doi: 10.1038/sj.jcbfm.9600551

Lamark, T., Svenning, S., and Johansen, T. (2017). Regulation of selective autophagy: The p62/SQSTM1 paradigm. Essays Biochem. 61, 609–624. doi: 10.1042/EBC20170035

Levine, B., and Kroemer, G. (2008). Autophagy in the pathogenesis of disease. Cell 132, 27–42. doi: 10.1016/j.cell.2007.12.018

Levine, B., and Kroemer, G. (2019). Biological functions of autophagy genes: A disease perspective. Cell 176, 11–42. doi: 10.1016/j.cell.2018.09.048

Levine, B., Mizushima, N., and Virgin, H. (2011). Autophagy in immunity and inflammation. Nature 469, 323–335. doi: 10.1038/nature09782

Levy, J., Towers, C., and Thorburn, A. (2017). Targeting autophagy in cancer. Nat. Rev. Cancer 17, 528–542. doi: 10.1038/nrc.2017.53

Li, J., Kim, S., and Blenis, J. (2014). Rapamycin: One drug, many effects. Cell Metab. 19, 373–379. doi: 10.1016/j.cmet.2014.01.001

Li, W., Yao, S., Li, H., Meng, Z., and Sun, X. (2021). Curcumin promotes functional recovery and inhibits neuronal apoptosis after spinal cord injury through the modulation of autophagy. J. Spinal Cord Med. 44, 37–45. doi: 10.1080/10790268.2019.1616147

Li, Y., Guo, Y., Fan, Y., Tian, H., Li, K., and Mei, X. (2019). Melatonin enhances autophagy and reduces apoptosis to promote locomotor recovery in spinal cord injury via the PI3K/AKT/mTOR signaling pathway. Neurochem. Res. 44, 2007–2019. doi: 10.1007/s11064-019-02838-w

Li, Y., Lei, Z., Ritzel, R., He, J., Li, H., Choi, H., et al. (2022). Impairment of autophagy after spinal cord injury potentiates neuroinflammation and motor function deficit in mice. Theranostics 12, 5364–5388. doi: 10.7150/thno.72713

Lin, S., and Hardie, D. (2018). AMPK: Sensing glucose as well as cellular energy status. Cell Metab. 27, 299–313. doi: 10.1016/j.cmet.2017.10.009

Lipinski, M., Wu, J., Faden, A., and Sarkar, C. (2015). Function and mechanisms of autophagy in brain and spinal cord trauma. Antioxid. Redox Signal. 23, 565–577. doi: 10.1089/ars.2015.6306

Liu, S., Sarkar, C., Dinizo, M., Faden, A., Koh, E., Lipinski, M., et al. (2015). Disrupted autophagy after spinal cord injury is associated with ER stress and neuronal cell death. Cell Death Dis. 6:e1582. doi: 10.1038/cddis.2014.527

Liu, Z., Wang, Y., Zhao, S., Zhang, J., Wu, Y., and Zeng, S. (2015). Imidazole inhibits autophagy flux by blocking autophagic degradation and triggers apoptosis via increasing FoxO3a-Bim expression. Int. J. Oncol. 46, 721–731. doi: 10.3892/ijo.2014.2771

Luo, C., Li, B., Li, Q., Chen, X., Sun, Y., Bao, H., et al. (2011). Autophagy is involved in traumatic brain injury-induced cell death and contributes to functional outcome deficits in mice. Neuroscience 184, 54–63. doi: 10.1016/j.neuroscience.2011.03.021

Luo, H., Li, Y., Guo, J., Liu, Z., Zhang, Z., Wang, Y., et al. (2015). Tetrahydroxy stilbene glucoside improved the behavioral disorders of APP695V717I transgenic mice by inhibiting the expression of Beclin-1 and LC3-II. J. Tradit. Chin. Med. 35, 295–300. doi: 10.1016/S0254-6272(15)30100-X

Lv, R., Du, L., Zhang, L., and Zhang, Z. (2019). Polydatin attenuates spinal cord injury in rats by inhibiting oxidative stress and microglia apoptosis via Nrf2/HO-1 pathway. Life Sci. 217, 119–127. doi: 10.1016/j.lfs.2018.11.053

Ma, L., Mu, Y., Zhang, Z., and Sun, Q. (2018). Eugenol promotes functional recovery and alleviates inflammation, oxidative stress, and neural apoptosis in a rat model of spinal cord injury. Restor. Neurol. Neurosci. 36, 659–668. doi: 10.3233/RNN-180826

Maiuri, M., Zalckvar, E., Kimchi, A., and Kroemer, G. (2007). Self-eating and self-killing: Crosstalk between autophagy and apoptosis. Nat. Rev. Mol. Cell Biol. 8, 741–752. doi: 10.1038/nrm2239

Mariño, G., Niso-Santano, M., Baehrecke, E., and Kroemer, G. (2014). Self-consumption: The interplay of autophagy and apoptosis. Nat. Rev. Mol. Cell Biol. 15, 81–94. doi: 10.1038/nrm3735

Meng, H., Shao, D., Li, H., Huang, X., Yang, G., Xu, B., et al. (2018). Resveratrol improves neurological outcome and neuroinflammation following spinal cord injury through enhancing autophagy involving the AMPK/mTOR pathway. Mol. Med. Rep. 18, 2237–2244. doi: 10.3892/mmr.2018.9194

Mizushima, N., and Komatsu, M. (2011). Autophagy: Renovation of cells and tissues. Cell 147, 728–741. doi: 10.1016/j.cell.2011.10.026

Mo, H., He, J., Yuan, Z., Wu, Z., Liu, B., Lin, X., et al. (2019). PLK1 contributes to autophagy by regulating MYC stabilization in osteosarcoma cells. Oncotargets Ther. 12, 7527–7536. doi: 10.2147/OTT.S210575

Nakatogawa, H. (2013). Two ubiquitin-like conjugation systems that mediate membrane formation during autophagy. Essays Biochem. 55, 39–50. doi: 10.1042/bse0550039

Nakatogawa, H. (2020). Mechanisms governing autophagosome biogenesis. Nat. Rev. Mol. Cell Biol. 21, 439–458. doi: 10.1038/s41580-020-0241-0

Norenberg, M., Smith, J., and Marcillo, A. (2004). The pathology of human spinal cord injury: Defining the problems. J. Neurotrauma 21, 429–440. doi: 10.1089/089771504323004575

Ornatowski, W., Lu, Q., Yegambaram, M., Garcia, A., Zemskov, E., Maltepe, E., et al. (2020). Complex interplay between autophagy and oxidative stress in the development of pulmonary disease. Redox Biol. 36:101679. doi: 10.1016/j.redox.2020.101679

Pankiv, S., Clausen, T., Lamark, T., Brech, A., Bruun, J., Outzen, H., et al. (2007). p62/SQSTM1 binds directly to Atg8/LC3 to facilitate degradation of ubiquitinated protein aggregates by autophagy. J. Biol. Chem. 282, 24131–24145. doi: 10.1074/jbc.M702824200

Parzych, K., and Klionsky, D. (2014). An overview of autophagy: Morphology, mechanism, and regulation. Antioxid. Redox Signal. 20, 460–473. doi: 10.1089/ars.2013.5371

Pereira, G., Antonioli, M., Hirata, H., Ureshino, R., Nascimento, A., Bincoletto, C., et al. (2017). Glutamate induces autophagy via the two-pore channels in neural cells. Oncotarget 8, 12730–12740. doi: 10.18632/oncotarget.14404

Pineda-Ramírez, N., Alquisiras-Burgos, I., Ortiz-Plata, A., Ruiz-Tachiquín, M., Espinoza-Rojo, M., and Aguilera, P. (2020). Resveratrol activates neuronal autophagy through AMPK in the ischemic brain. Mol. Neurobiol. 57, 1055–1069. doi: 10.1007/s12035-019-01803-6

Putatunda, R., Bethea, J., and Hu, W. (2018). Potential immunotherapies for traumatic brain and spinal cord injury. Chin. J. Traumatol. 21, 125–136. doi: 10.1016/j.cjtee.2018.02.002

Qin, F., He, G., Sun, Y., Chen, G., Yu, Q., and Ma, X. (2022). Overexpression of long non-coding RNA LINC00158 inhibits neuronal apoptosis by promoting autophagy in spinal cord injury. Chin. J. Physiol. 65, 282–289. doi: 10.4103/0304-4920.360035

Quan, X., Song, L., Zheng, X., Liu, S., Ding, H., Li, S., et al. (2021). Reduction of autophagosome overload attenuates neuronal cell death after traumatic brain injury. Neuroscience 460, 107–119. doi: 10.1016/j.neuroscience.2021.02.007

Ravikumar, B., Sarkar, S., Davies, J., Futter, M., Garcia-Arencibia, M., Green-Thompson, Z., et al. (2010). Regulation of mammalian autophagy in physiology and pathophysiology. Physiol. Rev. 90, 1383–1435. doi: 10.1152/physrev.00030.2009

Ray, S. (2020). Modulation of autophagy for neuroprotection and functional recovery in traumatic spinal cord injury. Neural Regen. Res. 15, 1601–1612. doi: 10.4103/1673-5374.276322

Reinhold, A., and Rittner, H. (2017). Barrier function in the peripheral and central nervous system-a review. Pflugers Arch. 469, 123–134. doi: 10.1007/s00424-016-1920-8

Rong, Y., Liu, W., Wang, J., Fan, J., Luo, Y., Li, L., et al. (2019). Neural stem cell-derived small extracellular vesicles attenuate apoptosis and neuroinflammation after traumatic spinal cord injury by activating autophagy. Cell Death Dis. 10:340. doi: 10.1038/s41419-019-1571-8

Russell, R., Tian, Y., Yuan, H., Park, H., Chang, Y., Kim, J., et al. (2013). ULK1 induces autophagy by phosphorylating Beclin-1 and activating VPS34 lipid kinase. Nat. Cell Biol. 15, 741–750. doi: 10.1038/ncb2757

Salim, S. (2017). Oxidative stress and the central nervous system. J. Pharmacol. Exp. Therap. 360, 201–205. doi: 10.1124/jpet.116.237503

Sarkar, C., Zhao, Z., Aungst, S., Sabirzhanov, B., Faden, A., and Lipinski, M. (2014). Impaired autophagy flux is associated with neuronal cell death after traumatic brain injury. Autophagy 10, 2208–2222. doi: 10.4161/15548627.2014.981787

Schaaf, M., Keulers, T., Vooijs, M., and Rouschop, K. (2016). LC3/GABARAP family proteins: Autophagy-(un)related functions. FASEB J. 30, 3961–3978. doi: 10.1096/fj.201600698R

Sekiguchi, A., Kanno, H., Ozawa, H., Yamaya, S., and Itoi, E. (2012). Rapamycin promotes autophagy and reduces neural tissue damage and locomotor impairment after spinal cord injury in mice. J. Neurotrauma 29, 946–956. doi: 10.1089/neu.2011.1919

Song, Y., Ding, W., Xiao, Y., and Lu, K. (2015). The progress of mitophagy and related pathogenic mechanisms of the neurodegenerative diseases and tumor. Neurosci. J. 2015:543758. doi: 10.1155/2015/543758

Sun, X., Wang, D., Zhang, T., Lu, X., Duan, F., Ju, L., et al. (2020). Eugenol attenuates cerebral ischemia-reperfusion injury by enhancing autophagy via AMPK-mTOR-P70S6K pathway. Front. Pharmacol. 11:84. doi: 10.3389/fphar.2020.00084

Tang, C., Shan, Y., Hu, Y., Fang, Z., Tong, Y., Chen, M., et al. (2017). FGF2 attenuates neural cell death via suppressing autophagy after rat mild traumatic brain injury. Stem Cells Int. 2017:2923182. doi: 10.1155/2017/2923182

Tanida, I., Ueno, T., and Kominami, E. (2008). LC3 and autophagy. Methods Mol. Biol. 445, 77–88. doi: 10.1007/978-1-59745-157-4_4

Tong, M., He, Z., Lin, X., Zhou, Y., Wang, Q., Zheng, Z., et al. (2018). Lithium chloride contributes to blood-spinal cord barrier integrity and functional recovery from spinal cord injury by stimulating autophagic flux. Biochem. Biophys. Res. Commun. 495, 2525–2531. doi: 10.1016/j.bbrc.2017.12.119

Tran, S., Fairlie, W., and Lee, E. (2021). BECLIN1: Protein structure, function and regulation. Cells 10:1522. doi: 10.3390/cells10061522

Wan, B., Li, C., Wang, M., Kong, F., Ding, Q., Zhang, C., et al. (2021). GIT1 protects traumatically injured spinal cord by prompting microvascular endothelial cells to clear myelin debris. Aging 13, 7067–7083. doi: 10.18632/aging.202560

Wang, C., Wang, Q., Lou, Y., Xu, J., Feng, Z., Chen, Y., et al. (2018). Salidroside attenuates neuroinflammation and improves functional recovery after spinal cord injury through microglia polarization regulation. J. Cell. Mol. Med. 22, 1148–1166. doi: 10.1111/jcmm.13368

Wang, C., Ye, Y., Chen, F., Han, W., Sun, J., Lu, X., et al. (2017). Posttraumatic administration of a sub-anesthetic dose of ketamine exerts neuroprotection via attenuating inflammation and autophagy. Neuroscience 343, 30–38. doi: 10.1016/j.neuroscience.2016.11.029

Wang, H., Wu, Y., Han, W., Li, J., Xu, K., Li, Z., et al. (2018). Hydrogen sulfide ameliorates blood-spinal cord barrier disruption and improves functional recovery by inhibiting endoplasmic reticulum stress-dependent autophagy. Front. Pharmacol. 9:858. doi: 10.3389/fphar.2018.00858

Wang, H., Zhou, X., Wu, L., Liu, G., Xu, W., Zhang, X., et al. (2020). Aucubin alleviates oxidative stress and inflammation via Nrf2-mediated signaling activity in experimental traumatic brain injury. J. Neuroinflammation 17:188. doi: 10.1186/s12974-020-01863-9

Wang, P., Jiang, L., Zhou, N., Zhou, H., Liu, H., Zhao, W., et al. (2018). Resveratrol ameliorates autophagic flux to promote functional recovery in rats after spinal cord injury. Oncotarget 9, 8427–8440. doi: 10.18632/oncotarget.23877

Wang, Y., and Zhang, H. (2019). Regulation of autophagy by mTOR signaling pathway. Adv. Exp. Med. Biol. 1206, 67–83. doi: 10.1007/978-981-15-0602-4_3

Wang, Z., Lin, J., Muharram, A., and Liu, W. (2014). Beclin-1-mediated autophagy protects spinal cord neurons against mechanical injury-induced apoptosis. Apoptosis 19, 933–945. doi: 10.1007/s10495-014-0976-1

Wong, S., Kumar, A., Mills, J., and Lapierre, L. (2020). Autophagy in aging and longevity. Hum. Genet. 139, 277–290. doi: 10.1007/s00439-019-02031-7

Wu, C., Chen, H., Zhuang, R., Zhang, H., Wang, Y., Hu, X., et al. (2021). Betulinic acid inhibits pyroptosis in spinal cord injury by augmenting autophagy via the AMPK-mTOR-TFEB signaling pathway. Int. J. Biol. Sci. 17, 1138–1152. doi: 10.7150/ijbs.57825

Wu, F., Wei, X., Wu, Y., Kong, X., Hu, A., Tong, S., et al. (2018). Chloroquine promotes the recovery of acute spinal cord injury by inhibiting autophagy-associated inflammation and endoplasmic reticulum stress. J. Neurotrauma 35, 1329–1344. doi: 10.1089/neu.2017.5414

Wu, J., and Lipinski, M. (2019). Autophagy in neurotrauma: Good, bad, or dysregulated. Cells 8:693. doi: 10.3390/cells8070693

Xiao, P., Gu, J., Xu, W., Niu, X., Zhang, J., Li, J., et al. (2022). RTN4/Nogo-A-S1PR2 negatively regulates angiogenesis and secondary neural repair through enhancing vascular autophagy in the thalamus after cerebral cortical infarction. Autophagy 18, 2711–2730. doi: 10.1080/15548627.2022.2047344

Xiong, Y., Xia, Y., Deng, J., Yan, X., Ke, J., Zhan, J., et al. (2020). Direct peritoneal resuscitation with pyruvate protects the spinal cord and induces autophagy via regulating PHD2 in a rat model of spinal cord ischemia-reperfusion injury. Oxid. Med. Cell. Longev. 2020:4909103. doi: 10.1155/2020/4909103

Xu, H., and Qin, Z. (2019). Beclin 1, Bcl-2 and autophagy. Adv. Exp. Med. Biol. 1206, 109–126. doi: 10.1007/978-981-15-0602-4_5

Xu, L., Botchway, B., Zhang, S., Zhou, J., and Liu, X. (2018). Inhibition of NF-κB signaling pathway by resveratrol improves spinal cord injury. Front. Neurosci. 12:690. doi: 10.3389/fnins.2018.00690

Xu, R., Ji, Z., Xu, C., and Zhu, J. (2018). The clinical value of using chloroquine or hydroxychloroquine as autophagy inhibitors in the treatment of cancers: A systematic review and meta-analysis. Medicine. 97:e12912. doi: 10.1097/MD.0000000000012912

Yin, Y., Sun, G., Li, E., Kiselyov, K., and Sun, D. (2017). ER stress and impaired autophagy flux in neuronal degeneration and brain injury. Ageing Res. Rev. 34, 3–14. doi: 10.1016/j.arr.2016.08.008

Yingze, Y., Zhihong, J., Tong, J., Yina, L., Zhi, Z., Xu, Z., et al. (2022). NOX2-mediated reactive oxygen species are double-edged swords in focal cerebral ischemia in mice. J. Neuroinflammation 19:184. doi: 10.1186/s12974-022-02551-6

Yun, H., Jo, Y., Kim, J., Shin, Y., Kim, S., and Choi, T. (2020). Roles of autophagy in oxidative stress. Int. J. Mol. Sci. 21:3289. doi: 10.3390/ijms21093289

Zachari, M., and Ganley, I. (2017). The mammalian ULK1 complex and autophagy initiation. Essays Biochem. 61, 585–596. doi: 10.1042/EBC20170021

Zhang, J., Lee, J., Gu, X., Wei, Z., Harris, M., Yu, S., et al. (2018). Intranasally delivered wnt3a improves functional recovery after traumatic brain injury by modulating autophagic, apoptotic, and regenerative pathways in the mouse brain. J. Neurotrauma 35, 802–813. doi: 10.1089/neu.2016.4871

Zhang, L., and Wang, H. (2018). Autophagy in traumatic brain injury: A new target for therapeutic intervention. Front. Mol. Neurosci. 11:190. doi: 10.3389/fnmol.2018.00190

Zhang, Z., Yang, X., Song, Y., and Tu, J. (2021). Autophagy in Alzheimer’s disease pathogenesis: Therapeutic potential and future perspectives. Ageing Res. Rev. 72:101464. doi: 10.1016/j.arr.2021.101464

Zhao, Y., Luo, Y., Liu, Y., Lenahan, C., Wu, Q., and Chen, S. (2022). The role of autophagy and apoptosis in early brain injury after subarachnoid hemorrhage: An updated review. Mol. Biol. Rep. 49, 10775–10782. doi: 10.1007/s11033-022-07756-9

Zhou, K., Sansur, C., Xu, H., and Jia, X. (2017). The temporal pattern, flux, and function of autophagy in spinal cord injury. Int. J. Mol. Sci. 18:466. doi: 10.3390/ijms18020466

Zhou, M., Xu, W., Wang, J., Yan, J., Shi, Y., Zhang, C., et al. (2018). Boosting mTOR-dependent autophagy via upstream TLR4-MyD88-MAPK signalling and downstream NF-κB pathway quenches intestinal inflammation and oxidative stress injury. EBioMedicine 35, 345–360. doi: 10.1016/j.ebiom.2018.08.035

Zhou, T., Zheng, Y., Sun, L., Badea, S., Jin, Y., Liu, Y., et al. (2019). Microvascular endothelial cells engulf myelin debris and promote macrophage recruitment and fibrosis after neural injury. Nat. Neurosci. 22, 421–435. doi: 10.1038/s41593-018-0324-9

Zientara-Rytter, K., and Subramani, S. (2016). Autophagic degradation of peroxisomes in mammals. Biochem. Soc. Trans. 44, 431–440. doi: 10.1042/BST20150268

Zmijewski, J., Banerjee, S., Bae, H., Friggeri, A., Lazarowski, E., and Abraham, E. (2010). Exposure to hydrogen peroxide induces oxidation and activation of AMP-activated protein kinase. J. Biol. Chem. 285, 33154–33164. doi: 10.1074/jbc.M110.143685


OPS/images/fnins-17-1128087-t001.jpg
Regulation of
autophagy

Mechanisms

Action pathway

References

Rapamycin Induction Activate of autophagy flux, inhibit mTOR activation, decrease No mention Sekiguchi et al. (2012), Chen et al.
inflammation, reduce neuronal apoptosis (2013), Goldshmit et al. (2015)
Betulinicacid | Induction Restore autophagy flux, eliminate the accumulation of ROS AMPK-mTOR-TFEB Wu et al. (2021)
Salidroside Induction Stimulate autophagy flux, reduce edema and apoptosis AMPK/mTOR PI3K/Akt |Chen et al. (2012), Wang C. et al. (2018)
Eugenol Induction Enhance autophagy, alleviate inflammation, oxidative stress, and |AMPK-mTOR-P70S6K Ma et al. (2018), Sun et al. (2020)
neural apoptosis NE-kB
Resveratrol Induction Activate neuronal autophagy, inhibit neuroinflammation and AMPK/mTOR NF-«B, Kesherwani et al. (2013), Meng et al.
activate oxidative stress Nrf2 (2018), Wang P. et al. (2018), Xu L. et al.
(2018), Pineda-Ramirez et al. (2020)
Anthocyanins | Induction Increase autophagy and reduce apoptosis SIRT1/AMPK Ding et al. (2015), Li et al. (2019), Gao
PI3K/AKT/mTOR et al. (2020a)
Curcumin Induction Reduce neuron apoptosis, improve spinal cord integrity, recovery, Akt/mTOR Forouzanfar et al. (2020), Li et al. (2021)
and re-myelination, and suppress the inflammatory response
Chloroquine Inhibition Inhibit autophagy-associated inflammation and endoplasmic No mention Wu et al. (2018), Xu R. et al. (2018)
reticulum stress
3-MA Inhibition Inhibit of autophagosomes formation, attenuate remote No mention Bisicchia et al. (2017)
degeneration and improve spontaneous functional recovery
Hydrogen Inhibition Improve memory function, Inhibiting Endoplasmic Reticulum  |No mention Karimi et al. (2017), Wang H. et al.
sulfide Stress-Dependent Autophagy (2018)
Ketamine Inhibition Exert anti-inflammatory, decrease autophagy-associated protein |mTOR Wang et al. (2017)
synthesis
Stilbene Induction Attenuate injury, improving learning, memorizing, and spatial | AMPK/PINK1/parkin Luo et al. (2015), Gao et al. (2020d)
glycoside Inhibition orientation behavior
Wnt3a Induction Significantly reduced the loss of neurons, reduced cell death, mTOR Zhang et al. (2018), Gao et al. (2020b)
Inhibition promote neuroprotection and neural regeneration Wnt/B-catenin






OPS/images/cross.jpg
@ Check for updates.





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Targeting autophagy process in center nervous trauma



		1. Introduction



		2. Autophagy flux and related genes, autophagy signaling pathways



		2.1. Autophagy flux and related genes



		2.2. Autophagy signaling pathways







		3. The interaction of autophagy with apoptosis, inflammation and angiogenesis in CNS trauma



		3.1. Autophagy crosstalk apoptosis in CNS trauma



		3.2. Autophagy modulates inflammation in CNS trauma



		3.3. Autophagy modulates angiogenesis in CNS trauma







		4. The role of autophagy in CNS trauma



		4.1. Possible neurological protective role of autophagy



		4.2. Possible neurological damage role of autophagy







		5. Targeting autophagy therapeutics in CNS trauma



		5.1. Drugs that induce or promote autophagy in CNS trauma



		5.2. Drugs that inhibit or block autophagy in CNS trauma







		6. Conclusion



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		References

















OPS/images/fnins-17-1128087-g003.jpg
e - msm——— =

i N / - .
< Autophagy \Autophagy '
" ~ . e

———— - ——— -

O (F—
S
mome

=  Promote —1 Inhibit






OPS/images/fnins-17-1128087-g001.jpg
complex

Recycline
endsome

_»

Mitochondria

ATG12-ATGS5-ATG16L

ATG16L/T

ATG12-ATGS

ATG10

ATG12

Macroautophagy

LC3 Y LC3-|

ATG4

ATG3 ATG12-ATG5-ATG16L

y






OPS/images/cover.jpg
’ frontiers I Frontiers in Neuroscience





OPS/images/fnins-17-1128087-g002.jpg
AMP/ATP1

A

)

i
1!’

AMPK

T AD
o : , /

Qur{ kempr ] <~ -

|
|
|
| 2
|
|
|

@ GO

<— — Competitive

-«—— Activation

—— Inhibition
A y













OPS/images/logo.jpg
’frontiers ‘ Frontiers in Neuroscience







