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Depression, a major public health problem, imposes a significant economic burden on society. Recent studies have gradually unveiled the important role of neuroinflammation in the pathogenesis of depression. Pyroptosis, a programmed cell death mediated by Gasdermins (GSDMs), is also considered to be an inflammatory cell death with links to inflammation. Pyroptosis has emerged as an important pathological mechanism in several neurological diseases and has been found to be involved in several neuroinflammatory-related diseases. A variety of chemical agents and natural products have been found to be capable of exerting therapeutic effects by modulating pyroptosis. Studies have shown that depression is closely associated with pyroptosis and the induced neuroinflammation of relevant brain regions, such as the hippocampus, amygdala, prefrontal cortex neurons, etc., in which the nucleotide-binding oligomerization domain-like receptor protein 3 inflammasome plays a crucial role. This article provides a timely review of recent findings on the activation and regulation of pyroptosis in relation to depression.
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INTRODUCTION

Depression is a common disabling mental illness. Human susceptibility to depression has changed with variations in lifestyles, such as diet and sleep, and increased social stress (Bassi et al., 2020; Marx et al., 2021; Sweetman et al., 2021). Affluent environments will reduce depressive manifestations, while the majority of depressed patients in low- and middle-income countries do not receive effective treatment (Evans-Lacko et al., 2018; Gu et al., 2021). This imposes a heavy burden on individuals, families, and society. Until now, studies have shown that the onset and progression of depression are mainly related to neurotrophic support, disorders of monoamine neurotransmitters, dysregulation of excitatory and inhibitory neurotransmitters, and peripheral or central neuroinflammation (Prévot and Sibille, 2021; Tian H. et al., 2021). Recent studies have gradually unveiled the important role played by neuroinflammation in the pathogenesis of depression (Ali et al., 2020). Therapeutic strategies for neuroinflammation-related depression are developing continuously and providing promising results.

Pyroptosis is a programmed cell death mediated by Gasdermins (GSDMs), which has been discovered in recent years (Shi et al., 2017). In response to stimulation by viral and bacterial antigens and cytotoxins, inflammasomes are activated, leading to activation of downstream caspase-1. The downstream GSDM-N terminus, which is activated by caspase-1 shearing, eventually forms small pores in the cell membrane and leads to pyroptosis (Shi et al., 2017). Pyroptosis is closely related to tumor growth. It has been shown that the programmed death-ligand 1 has a non-immune checkpoint function and induces pyroptosis, thereby promoting tumor cell death (Wang et al., 2017; Hou et al., 2020). In addition, pyroptosis is also considered as a form of inflammatory cell death (Broz et al., 2020). Activation of caspase-1 cleaves both pro-interleukin (IL)-1β and pro-IL-18 and promotes their maturation in addition to the formation of GSDMD-induced pore channels. Eventually, these inflammatory factors are released extracellularly and induce inflammation (Broz et al., 2020). This property has contributed to the association of pyroptosis with a variety of inflammatory-related diseases, including infectious diseases and inflammatory diseases of the digestive and urinary systems (Man et al., 2017; Xu et al., 2018; Lin et al., 2020). Pyroptosis has also been found to be involved in a number of neuroinflammatory-related diseases, such as multiple sclerosis, Parkinson's disease (PD), and stroke (McKenzie et al., 2018; Li Q. et al., 2020; Zhang X. et al., 2020). Recent studies have found that the onset of depression is closely associated with neuronal pyroptosis in relevant brain regions and neuroinflammation induced by it. Herein, this study summarizes the recent research progress and thus describes the link between depression and pyroptosis, with the aim of providing new therapeutic ideas for the treatment of depression.



PYROPTOSIS AND INFLAMMATION

Pyroptosis is a non-apoptotic form of cell death that is highly associated with the immunostimulant of the GSDM protein superfamily (Chen et al., 2016). In terms of molecular mechanisms, the pyroptosis mechanism can be divided into two pathways, namely, the canonical pathway mediated by caspase-1 and GSDMD, and the non-canonical pathway initiated by caspase-4/-5/-11 or caspase-3 (Wang et al., 2019). After removing the C segment of GSDM protein, the N-terminal segment forms an oligomer and a pore structure on the cell membrane (Ding et al., 2016). With the rapid formation of membrane pores (10–15 nm in diameter), intracellular ion gradients dissipate through these pores, leading to cell swelling and osmotic lysis and release of pro-inflammatory components, including IL-1β, IL-18, high mobility group box-1 (HMGB1) protein, and heat shock proteins (Cookson and Brennan, 2001).

The activation of the inflammasome, such as nucleotide-binding oligomerization domain (NOD)-like receptor protein 3 (NLRP3), NLRP1b, NLRC4, absent in melanoma 2 (AIM2), and pyrin, facilitates the induction of pyroptosis and inflammation (Man et al., 2017). In the canonical model of pyroptosis, stimulus, such as pathogen-associated molecular patterns and damage-associated molecular patterns, can be recognized by NLRP3 and other inflammasome sensors and pattern recognition receptors (Liu and Lieberman, 2017; Frank and Vince, 2019). For example, in the extracellular setting, ATP is part of a molecular pattern associated with an injury that binds as a molecular distress signal to P2X7R (purinergic receptor P2X7), which forms a pore that allows immediate efflux of potassium ions and inward flow of sodium and calcium ions, ultimately leading to cellular pyroptosis (von Muecke-Heim et al., 2021). Toll-like receptor 4 (TLR4) is a pattern recognition receptor that recognizes PAMPs, including exogenous TLR4 agonists, such as bacteria, viruses, fungi, and lipopolysaccharide (LPS), whereas high mobility group box-1 (HMGB1) and heat shock proteins (HSPs) are endogenous TLR4 agonists (Zhang P. et al., 2020). These stressors indirectly activate NLRP3 by promoting potassium ion efflux and binding to NIMA-related kinase (NEK) of NLRP3, triggering its oligomerization (He et al., 2016). NLRP3 then recruits pro-caspase-1 through the adapter protein apoptotic speck-like protein containing CARD (ASC), and the recruited pro-caspase-1 is activated by its own shearing (Boucher et al., 2018). Activated caspase-1 rapidly cleaves the N-terminal part of GSDMD, eliminating the inhibitory effect of the C-terminal part connected with the N-terminal part and inducing pyroptosis (Liu and Sun, 2019). It has been shown that in a non-canonical model of pyroptosis, LPS directly activates caspase-4/5/11 and cleaves the GSDMD, but does not lead to IL-1β and IL-18 release (Shi et al., 2014; Ramirez et al., 2018). However, activation of caspase-4/5/11 can cause GSDMD-mediated potassium ion efflux, which in turn induces NLRP3 inflammasome activation in the canonical pathway with the release of IL-1β and IL-18 (Baker et al., 2015; Rühl and Broz, 2015). Furthermore, it was revealed that cleavage of GSDME could convert tumor necrosis factor α and chemotherapeutic drug-induced and caspase-3-mediated apoptosis to pyroptosis while promoting the release of damage-associated molecular patterns (Wang et al., 2017). To date, caspase-1 and caspase-11-induced formation of GSDMD N-terminal pores is considered an important prerequisite for the effective release of activated IL-1β (Kayagaki et al., 2015). A few other membrane-damaging substances, such as mixed-lineage kinase domain-like protein (MLKL) or monosodium urate crystal, can also promote IL-1β release in the absence of GSDMD by mediating the phosphorylation of mixed-lineage kinase structural domains (Conos et al., 2017; Gutierrez et al., 2017). In addition, it is shown that activated GSDMD not only induces pore formation in the host cell membrane but also kills bacteria by its pore-forming properties on the surface of bacteria. The N-terminal of GSDMD released after lysis also directly kills bacteria outside the host cell, including Escherichia coli, Staphylococcus aureus, and Listeria monocytogenes (Liu et al., 2016). Pyroptosis is beneficial to the body's defense against the invasion of foreign pathogens and the timely removal of self-damaged structures, and to maintain the normal physiological functions of various organs of the body to a certain extent. However, persistent or excessive pyroptosis and its induced neuroinflammation have now become an important pathological mechanism in many diseases (Figure 1).


[image: Figure 1]
FIGURE 1. Pyroptosis is an inflammatory cell death. The mechanism of pyroptosis can be divided into two pathways, namely, the canonical pathway mediated by caspase-1 and the non-canonical pathway mediated by caspase-4/-5/-11 or caspase-3. In the canonical pathway of pyroptosis, the sensors, such as NLRP3 inflammasome and PRRs, are activated by stimuli, including PAMPs, DAMPs, etc. In addition, NLRP3 is activated by potassium ion efflux and the binding of NEK7. NLRP3 recruits pro-caspase-1 through ASC. The recruited inactive caspase-1 is activated by a self-shearing mechanism. Caspase-1 rapidly cleaves the N-terminal part of GSDMD, thus eliminating the inhibitory effect of the C-terminal end on the N-terminal part and inducing pyroptosis. In a non-canonical pathway of pyroptosis, LPS directly activates caspase-4/5/11 and cleaves GSDMD, causing GSDMD-mediated potassium ion efflux, which in turn promotes NLRP3 inflammasome activation in the canonical pathway. Other membrane-damaging substances, such as MLKL or MSU, can also induce cell membrane damage and promote IL-1β release by mediating the phosphorylation of mixed-lineage kinase structural domains. In addition, the cleavage of GSDME can convert TNF-α, chemotherapeutic drugs, and caspase-3-mediated apoptosis into pyroptosis and promote the release of DAMPs. The N-terminal segment released by GSDMD cleavage can also directly kill bacteria outside the host cell. HMGB1, high mobility group box-1 protein; HSP, heat shock protein; PAMPs, pathogen-associated molecular patterns; DAMPs, damage-associated molecular patterns; NEK7, NIMA-related kinase; ASC, adapter protein apoptotic speck-like protein; LPS, lipopolysaccharide; TNF-α, tumor necrosis factor α; MLKL, mixed-lineage kinase domain-like protein; MSU, monosodium urate crystal; PRRs, pattern recognition receptors; NLRP3, nucleotide-binding oligomerization domain (NOD)-like receptor protein 3; GSDMD, gasdermin D.




PYROPTOSIS, NEURON DAMAGE, AND NEUROLOGICAL DISEASES


Pyroptosis Emerges as an Important Pathological Mechanism in Neurological Diseases

Pyroptosis is closely associated with brain damage due to infection and hemorrhage. In LPS-stimulated rat models, increased caspase-1 activity in astrocytes and the release of large amounts of pro-inflammatory cytokines, such as IL-1β and IL-18, mediate inflammatory brain injury (Sun et al., 2019). The human immunodeficiency virus-1 envelope protein gp120 was found to cause neurological disease dependent on NLRP3-mediated pyroptosis (He et al., 2020). In a rat model of subarachnoid hemorrhage, triggering receptor expressed on myeloid cells 1 (TREM-1) further worsens neuroinflammatory injury by activating NLRP3 inflammasome-induced microglia pyroptosis. The use of LP17 would significantly ameliorate this injury by reducing the levels of GSDMD-N (Xu P. et al., 2021). In addition, in intracranial hemorrhage (ICH) mice, AC-YVAD-CMK (a selective inhibitor of caspase-1) inhibited pyroptosis and neuroinflammation by suppressing caspase-1 activation and IL-1β production, ultimately promoting the recovery of neurological function after ICH (Lin et al., 2018).

Neuronal pyroptosis is one of the important forms of ischemia-reperfusion (I/R) brain injury. In mouse I/R models, I/R induces the release of double-stranded DNA and activates AIM2 to induce neuronal pyroptosis. Knockdown of AIM2 and the use of AC-YVAD-CMK can attenuate I/R injury (Li et al., 2019). In a mouse model of middle cerebral artery occlusion (MCAO), long non-coding RNA maternally expressed gene 3 promotes AIM2-induced pyroptosis by inhibiting miR-485, thus enhancing cerebral I/R-induced injury (Liang et al., 2020). In a rat model of liver I/R injury, serum-derived exosomes mediate neuronal pyroptosis and induce reactive oxygen species (ROS) and malondialdehyde production in hippocampal and cortical regions of the brain (Zhang et al., 2019). Increased lncRNA-H19 in I/R can lead to disruption of NLRP3/6 inflammasome homeostasis and microglial and neuronal pyroptosis (Wan et al., 2020). I/R-injured intestinal endothelial cells cause cortical neuronal necrosis or pyroptosis by releasing exosome miRNAs (Hsu et al., 2020). The expression of low-density lipoprotein receptor (LDLR) is reduced in I/R injury. LDLR deficiency caused by I/R can enhance the NLRP3/caspase-1/GSDMD signaling pathway leading to severe neuronal pyroptosis. The use of the NLRP3 inhibitor CY-09 can prevent LDLR deficiency-induced pyroptosis (Sun et al., 2020).

The onset and progression of pyroptosis and PD are closely related. α-Synuclein was found to induce activation of NLRP3 inflammasome in mouse microglia, thereby inducing sustained dopaminergic neuronal damage and PD progression (Gordon et al., 2018). In contrast, the NLRP3 inhibitor MCC950 (a specific small-molecule inhibitor of the NLRP3 inflammasome) was found to ameliorate isoflurane-induced pyroptosis while improving cognitive impairment (Fan et al., 2018). AIM2 inflammasome was found to promote long-term cognitive impairment and memory loss induced by chronic cerebral hypoperfusion (Poh et al., 2021). In a mouse model of MCAO/reperfusion-induced post-stroke cognitive impairment, AIM2 expression was significantly elevated in the hippocampus and cortex relative to controls. AIM2 knockdown and the use of AC-YVAD-CMK improved cognitive function and inhibited hippocampal volume reduction (Kim et al., 2020). Sepsis-associated encephalopathy can lead to long-term cognitive impairment in patients. It was found that the levels of NLRP3 and caspase-1 positive cells, as well as pyroptosis and inflammation-related proteins, were significantly increased in the hippocampus of the brains of mice with sepsis-associated encephalopathy, and the use of MCC950 and AC-YVAD-CMK significantly improved cognitive function loss (Fu et al., 2019).

Recent studies have shown that pyroptosis is associated with the development of Alzheimer's disease (AD). Amyloid β, a major pathogenic factor in AD, was found to cause pyroptosis in mouse cortical neurons by activating the NLRP3-caspase-1 signaling pathway and promoting the expression of GSDMD protein (Han et al., 2020). In addition, pyroptosis can mediate brain I/R-induced neurotoxic amyloid β aggregation and blood–brain barrier and lymphatic system dysfunction (Lyu et al., 2021). This will further lead to the deterioration of AD.



Pyroptosis Is a Potential Target for the Treatment of Neurological Diseases

Gradually accumulating evidence suggests that multiple anti-pyroptosis approaches can have anti-inflammatory and neuroprotective effects. Physical hypothermia treatment can effectively inhibit ischemic brain injury. Hypothermia significantly increases the activity of hippocampal neuronal cells exposed to hypoxia/reoxygenation by inhibiting the expression of pyroptosis-related proteins, such as NLRP3, ASC, caspase-1, and GSDMD. In addition, a similar effect was produced by using MCC950 (Diao et al., 2020).

A variety of chemical agents have been found to have anti-pyroptosis and therapeutic effects on neurological diseases. In a mouse traumatic brain injury model, rapamycin activates autophagy to downregulate the expression of pyroptosis-related proteins and IL-13, and inhibits the JAK-1-STAT-1 signaling pathway, ultimately inhibiting neuronal pyroptosis caused by injury (Gao et al., 2020). In a mouse model of Huntington's disease, olaparib increased survival and improved neurological deficits by inhibiting inflammasome activation and pyroptosis (Paldino et al., 2020). Atorvastatin was found to inhibit neuronal pyroptosis and neuroinflammation by suppressing NLRP1 expression, thereby improving neurological damage caused by early subarachnoid hemorrhage (Chen J. et al., 2021).

A number of biological molecules have anti-neuronal pyroptosis activity. Melatonin inhibits caspase-1 expression through upregulation of miR-214-3p, which ultimately inhibits neuronal pyroptosis and protects neurons from the toxic effects of high glucose concentrations (Che et al., 2020). In addition, plasma exosomes pretreated with melatonin inhibited toll-like receptor (TLR) 4/nuclear factor-kappa B (NF-κB) to reduce neuronal pyroptosis induced by cerebral ischemia, ultimately reducing ischemic infarct volume and promoting neurological recovery (Wang et al., 2020). In rat cortical neurons subjected to oxyglucose deprivation and reoxygenation, osteocalcin reduces proline hydroxylase1 and inhibits the catabolic activation of GSDMD, thereby promoting the conversion of neuronal glucose metabolism to pentose phosphate and inhibiting neuronal pyroptosis (Wu et al., 2020). Insulin-like growth factor 1 is a specific target of miR-129. Studies have shown that inhibition of miR-129 and thus the upregulation of insulin-like growth factor 1/glycogen synthase kinase-3 signaling pathway can improve the effects of neuronal death and cognitive impairment caused by neuronal pyroptosis (Wang F. et al., 2021).

A variety of natural plant extracts exert significant anti-pyroptosis effects. In rats with acute spinal cord injury, celastrol exerts anti-inflammatory and neuroprotective effects by inhibiting the expression of pyroptosis-related proteins and the release of inflammatory cytokines (Dai et al., 2019). In N-methyl-4-phenyl-1,2,3,6-tetrahydropyridine-induced PD mice, salidroside inhibited thioredoxin-interacting protein/NLRP3/caspase-1 signaling by suppressing the pathway, thereby inhibiting neuronal pyroptosis and neuroinflammation (Zhang X. et al., 2020). It was shown that salvianolic acid significantly improved brain I/R injury by promoting microglia conversion to the M2 phenotype and inhibiting NLRP3 activation-induced microglia pyroptosis (Ma et al., 2021). Baicalein reversed N-methyl-4-phenyl-1,2,3,6-tetrahydropyridine-induced motor dysfunction, dopaminergic neuronal damage, and neuroinflammation by inhibiting the NLRP3/caspase-1/GSDMD signaling pathway (Rui et al., 2020). Therefore, baicalein may be a potential drug for PD treatment (Figure 2).
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FIGURE 2. Pyroptosis, neuron damage, and neurological diseases. Pyroptosis is a potential target for the pathological mechanism and treatment of various neurological diseases, such as brain infection, hemorrhagic/ischemic injury, Huntington's disease, AD, or PD. SAE, H/R, TBI, OGD/R, isoflurane, Aβ, LPS, or HIV-gp120 stimulate NLRP3-mediated pyroptosis, resulting in increased caspase-1 activity in the brain and the release of a large number of pro-inflammatory cytokines, such as IL-1β and IL-18. I/R induces the release of dsDNA and activates AIM2 to induce neuronal pyroptosis. In addition, reduced LDLR, IncRNA-H19, ROS, and MDA lead to severe neuronal pyroptosis by activating the NLRP3/caspase-1/GSDMD signaling pathway. SAH, TREM-1-activated microglial pyroptosis induced by NLRP3 inflammasome, and the use of TREM-1 inhibitor LP17 significantly ameliorated this damage. MCAO, induced by lncRNA MEG3, promotes AIM2-induced pyroptosis by sponging miR-485. NLRP3 inhibitor MCC950, olaparib, fluoxetine, CY-09, IGF-1, hypothermia, baicalein, celastrol, salidroside, melatonin, rapamycin, and salvianolic acid significantly reduce neuronal injury by inhibiting pyroptosis. AC-YVAD-CMK inhibits caspase-1 activation. Atorvastatin and melatonin inhibit NLRP1 expression. Osteocalcin inhibits the activation of GSDMD, thereby inhibiting pyroptosis. SAE, sepsis-associated encephalopathy; H/R, hypoxia/reoxygenation; TBI, traumatic brain injury; OGD/R, oxyglucose deprivation and reoxygenation; Aβ, amyloid β; LPS, lipopolysaccharide; NLRP3, the nucleotide-binding oligomerization domain (NOD)-like receptor protein 3; (IL)-1β, interleukin; AD, Alzheimer's disease; PD, Parkinson's disease; I/R, ischemia-reperfusion; dsDNA, double-stranded DNA; AIM2, the absent in melanoma 2; LDLR, the low-density lipoprotein receptor; ROS, reactive oxygen species; MDA, malondialdehyde; GSDMD, gasdermin D; SAH, subarachnoid hemorrhage; TREM-1, trigger receptor expressed on myeloid cells 1; MCAO, middle cerebral artery occlusion; lncRNA MEG3, long non-coding RNA maternally expressed gene 3; IGF-1, insulin-like growth factor 1; ASC, the adapter protein apoptotic speck-like protein containing CARD.





MOST RECENT EVIDENCE OF THE RELATIONSHIP BETWEEN NLRP3 INFLAMMASOME AND DEPRESSION


NLRP3 Inflammasome Deteriorates Depression-Like Behaviors by Triggering Neuroinflammation

Clinical and preclinical studies suggest inflammasome as a potential therapeutic strategy for the treatment of inflammation-related psychiatric disorders (Kwon and Cheon, 2021). NLRP3 inflammasome activation drives the progression of depression and is detrimental to post-stress recovery (Pandey et al., 2021; Yang et al., 2021). Fluoxetine, a clinical antidepressant licensed by the Food and Drug Administration, has been found to bind and inhibit NLRP3-ASC inflammasome (Ambati et al., 2021). In cigarette smoke-induced chronic obstructive pulmonary disease (COPD) and depression mouse models, cigarette smoke-induced glucocorticoid resistance was associated with NLRP3 inflammasome activation-induced inflammatory cascade responses. Long-term fluoxetine treatment reversed these alterations (Deng et al., 2019). In the chronic unpredictable mild stress (CUMS) mouse model, human umbilical cord mesenchymal stromal cells reduced neuronal complement C3 receptors and thereby attenuated NLRP3 activation-induced neuroinflammation and ultimately ameliorated CUMS-induced depression-like behavior (Li J. et al., 2021). Acupuncture in physiotherapy can exert antidepressant effects by reducing the levels of NLRP3 inflammasome and inflammatory factors in the prefrontal cortex of depression rats (Li X. et al., 2021). In addition, B-cell scavenger CD36 receptors are associated with cytotoxicity and neuroinflammation. Relative to wild-type mice, CD36(-/-) mice have downregulated NLRP3 inflammasome signaling and attenuated depression-like manifestations induced by chronic stress (Bai et al., 2021).



Experimental Agents Ameliorate Depression-Like Behaviors by Suppressing NLRP3

Various experimental reagents can ameliorate depression-related symptoms by inhibiting the NLRP3 inflammasome. NU9056 can reduce LPS-induced cognitive impairment and affective disorders in mice by inhibiting NLRP3 inflammasome activation (Chen L. et al., 2021). Simvastatin inhibits the activation of hippocampal microglia, suppresses the expression of P2X7 receptors, TLR2, and TLR4, and inhibits the activation of the NLRP3 inflammasome, thereby reducing the levels of IL-1β and IL-18 and exerting some antidepressant effects (Menze et al., 2021). Disturbance of Ca (2+) homeostasis in patients with major depressive disorder induced by abnormal activation of P2X7 receptors can also lead to the activation of caspase-1 that is not dependent on inflammasome and subsequent inflammation (Garrosa-Jiménez et al., 2021). Rapamycin increases catalase and superoxide dismutase and reduces NLRP3 gene expression, thereby suppressing pentylenetetrazole-induced anxiety and depression-like manifestations (Aghaie et al., 2021). Higher levels of endothelin (ET)-1 are associated with the activation of the NLRP3 pathway, and the brain ET-1 exerts effects through its primary receptor, ETBR. Dapagliflozin (DaPa) plays an antidepressant role by regulating the NLRP3/ET-1/ETBR/brain-derived neurotrophic factor/zonula occludens 1 axis, enhancing blood–brain barrier integrity and neuroplasticity (Muhammad et al., 2021). Transient receptor potential vanilloid 4 levels were significantly increased in the hippocampus of the LPS-induced depression model in mice. Transient receptor potential vanilloid 4 inhibitor HC067047 decreased the activation of hippocampal astrocytes and microglia, reduced CaMKII-NLRP3 inflammasome expression, and increased the expression of the hippocampal neurogenesis marker DCX, thereby exerting antidepressant effects (Li W. et al., 2021). Memantine blockade of N-methyl-D-aspartate receptors reduces NLRP3 inflammasome and astrocyte activation, and calain-1 expression, ultimately inhibiting LPS-induced depressive-like behavior (Song et al., 2021). The mechanism of the action of ketamine to improve anxiety-like performance is concentration-dependent, and the antidepressant-like effects of low concentration of ketamine are not dependent on NLRP3 (Camargo et al., 2021a,b).



Natural Product Ingredients Exert Significant Anti-depression Effects via Suppressing NLRP3

Various components of natural products showed significant antidepressant activity in animal model experiments. The oligosaccharides of Morinda officinalis reduced NLRP3 expression, thereby alleviating depression-like behavior in post-stroke depression (PSD) rats. It was shown that the negative regulation of NLRP3 by the oligosaccharides of Morinda officinalis was associated with the inhibition of the NF-κB signaling pathway (Li Z. et al., 2021). Ganoderic acid A inhibits the activation of NLRP3 by modulating the prefrontal cortical bile acid receptor farnesoid X receptor in mice, thus exerting antidepressant effects (Bao et al., 2021). Catalpol, phosphodiesterase-4 inhibitors, and Kai Xin San have been demonstrated to improve CUMS-induced depression-like behavior in mice through NLRP3 activation (Wang Y. et al., 2021; Xie et al., 2021; Yu et al., 2021). Albiflorin may alleviate depression-like behavior induced by chronic constriction injury of the sciatic nerve by inhibiting the activity of the NLRP3 inflammasome (Liu et al., 2021). Saponins from Panax japonicus treatment may alleviate high-fat diet-induced depression-like behavior by inhibiting NLRP3 inflammasome (Wang J. et al., 2021). NLRP3 may also mediate the regulation of depression by the gut–brain axis (Hao et al., 2021; Zhu et al., 2021). Fecal microbiota transplantation inhibited the activation of Iba-1 (an essential hallmark of microglia and astrocytes cells)-positive microglia and glial fibrillary acidic protein-positive astrocytes and decreased NLRP3 expression in the frontal cortex and hippocampus, ultimately improving depressive-like behavior (Rao et al., 2021).



Does NLRP3 or Other Inflammasome Play a Dual Role in Depression Regulation?

Numerous studies have shown that activation of NLRP3 will contribute to worsening depression-like behavior. Some studies have found that deletion of some types of inflammasome also leads to anxiety-like manifestations, and conversely, low-level activation suppresses depression. The deletion of NLRP3 leads to synaptic transmission impairment, anxiety-like manifestations, and labored fear learning, suggesting an important role of NLRP3-mediated low-level inflammation in memory consolidation (Komleva et al., 2021). AIM2 recognizes damaged genes and contributes to neuronal pyroptosis, thereby shaping the development of the central nervous system, and the absence of this receptor would lead to anxiety-like behaviors in mice (Lammert et al., 2020). However, the number of related studies is still insufficient and further experimental exploration is needed (Figure 3).
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FIGURE 3. Relationship between NLRP3-dependent pyroptosis and depression. In different models of stress-induced depression, NLRP3 inflammasome activation can worsen depression-like behaviour by inducing pyroptosis and triggering neuroinflammation. Hyperglycemia and X-ray can induce ROS production, which leads to NLRP3 inflammasome activation in hippocampal neurons. CS-induced glucocorticoid antagonism promotes NLRP3 inflammasome activation. hUC-MSCs reduce C3aR, which attenuated NLRP3 activation. SIM inhibits hippocampal microglia and NLRP3 inflammasome activation by suppressing the expression of P2X7R, TLR2, and TLR4. Ca(2+) disturbance caused by P2X7R and TRPV4 dysfunction can activate CaMKII and then promote NLRP3 inflammasome activation. Monosodium glutamate can upregulate GSDMD. These will lead to NLRP3-dependent pyroptosis and depression-like manifestations. NLRP3 inflammasome signaling is downregulated in CD36(-/-) mice. The TRPV4 inhibitor HC067047 inhibits hippocampal glial cell activation and NLRP3 inflammasome expression. NLRP3 activation promotes ET-1 release and thus reduces ETBR expression. DaPa maintains the blood–brain barrier integrity by regulating the NLRP3/ET-1/E B TR/BDNF/ZO-1 axis. Ganoderic acid A inhibits NLRP3 activation by upregulating FXR in mice. NU9065, rapamycin, memantine, MOOs, catalpol, PDE4 inhibitors, KXS, AF, SPJ, minocycline, and dexmedetomidine can also inhibit NLRP3 activation. Dexmedetomidine can also inhibit the activation of NLRP3 inflammasomes. The antidepressants fluoxetine, paroxetine, and mianserin induce autophagy and thus inhibit NLRP3 activation. Isoliquiritin inhibits NLRP3 activation by upregulating miRNA-27a. DMF reduces NLRP3 levels by inhibiting the NF-κB signaling pathway. VX-765, CORM-3, and rifampicin can reduce depression by inhibiting caspase-1/11. Downregulation of NLRP3-dependent pyroptosis-related pathways alleviates depression-like behaviors. CS, cigarette smoke; CUMS, chronic unpredictable mild stress; hUC-MSCs, human umbilical cord mesenchymal stromal cells; C3aR, neuronal complement C3 receptors; SIM, simvastatin; ET, endothelin; DaPa, dapagliflozin; BDNF, brain-derived neurotrophic factor; ZO-1, zonula occludens 1; TRPV4, transient receptor potential vanilloid 4; MOOs, Morinda officinalis oligosaccharides; FXR, farnesoid X receptor; AF, albiflorin; SPJ, saponins from Panax japonicus; DMF, dimethyl fumarate; PDE4, phosphodiesterase-4; KXS, Kai Xin San.





NLRP3 INFLAMMASOME: THE CONVERGENCE BETWEEN PYROPTOSIS AND DEPRESSION


NLRP3-Dependent Pyroptosis Plays a Pivotal Role in Depression Pathogenesis

Pyroptosis plays an important role in the pathogenesis and progression of depression. A clinical study shows that overexpression of IL-1/IL-6 and downregulation of mevalonate kinase in the monocytes of depressed patients with childhood adversity may induce a cellular transition from premature aging, inflaming to more severe pyroptosis (Simon et al., 2021). In pathological situations, gut microbes and their antigenic secretions mediate the development of neuropsychiatric disorders, including schizophrenia, depression, anxiety, and bipolar disorders, by promoting pyroptosis induced by the activation of microglia inflammasome (Rutsch et al., 2020). Loss of astrocytes in the hippocampus of the brain is one of the most important features of depressed patients and depressed mice. It has been shown that astrocyte pyroptosis in depressed mice is associated with the loss of hippocampal astrocytes. Selective serotonin reuptake inhibitors can attenuate pyroptosis induced by chronic mild stimulation. On the contrary, knockdown of GSDMD, caspase-1, and astrocyte NLRP3 inflammasome genes attenuated depression-like manifestations (Li S. et al., 2021). In streptozotocin-induced diabetic mice, hyperglycemia-induced ROS production, which induced NLRP3 inflammasome activation in hippocampal neurons and an increase in GSDMD-N, ultimately leading to neuronal pyroptosis in the hippocampal region and depressive-like manifestations in mice (Li et al., 2020). Monosodium glutamate can induce depressive-like manifestations in mice by upregulating caspase-1, GSDMD, IL-1β, IL-18, and NLRP3. In a rat model of depression induced by monosodium glutamate, it was found that both minocycline and VX-765 (a caspase-1-specific inhibitor) improve the depressive-like performance of rats. Among them, the use of minocycline significantly reduced both HMGB1/the receptor for advanced glycation end products/NLRP3 and GSDMD-induced hippocampal neuronal pyroptosis. In contrast, VX-765 inhibited only GSDMD signaling, suggesting a key role of GSDMD-dependent pyroptosis in the progression of depression (Yang et al., 2020). As the application of X-rays becomes more widespread, the chance of radioactive brain injury also rises. The main manifestations of brain injury induced by radiation include cognitive dysfunction and neuroinflammation, which severely affect human health (Xu et al., 2021). Studies have shown that X-rays induce the production of ROS in the prefrontal cortex in a dose-dependent manner, which leads to depression-like behavior in mice. In addition, X-ray exposure will promote HMGB1 expression, which activates NLRP3-dependent pyroptosis and induces neuroinflammation, ultimately leading to neuronal loss and depressive-like behavior. In contrast, the HMGB1 inhibitor glycyrrhizin reversed the depression-like behavioral changes induced by X-rays (Xu et al., 2021).



Pyroptosis Inhibitors Promote Alleviation of Depressive Behaviors

Some antidepressants have potential anti-pyroptosis activity. In animal models of stress-induced depression and depressed patients, antidepressants, including fluoxetine, paroxetine, and mianserin, induce autophagy, thereby promoting a decrease in serum IL-1β and IL-18 levels and inhibiting the expression of NLRP3 and IL-1β (Alcocer-Gómez et al., 2017). In addition, several drugs with antidepressant activity have been found to exert neuroprotective and antidepressant effects through their antiangiogenic properties. Rats with hemorrhage shock and resuscitation (HSR) exhibit enhanced depression and anxiety-like manifestations, accompanied by increased pyroptosis of amygdala neurons and astrocytes. Dexmedetomidine, an α2-adrenoceptor agonist, exerts a potential antidepressant effect by inhibiting astrocyte pyroptosis (Sun et al., 2019). CORM-3 ameliorates HSR-induced neuronal pyroptosis by downregulating astrocyte IL-18 expression and exerts a neuroprotective effect in HSR (Zhang D. X. et al., 2020). Further studies found that CORM-3-injected rats exhibited less amygdala neuronal pyroptosis and apoptosis, and upregulated phosphorylation of the extracellular signal-regulated kinase 1/2. This neuroprotective effect was partially reversed by a specific inhibitor of protein kinase G (PKG), suggesting that the effect of CORM-3 on improving depression and anxiety-like performance is related to the PKG-extracellular signal-regulated kinase 1/2 signaling pathway (Li Y. et al., 2020).

Expression of miRNA-27a was found to be significantly reduced in serum obtained from depressed patients and in the serum and hippocampus of mouse models of depression induced by LPS or chronic social defeat stress. It was shown that isoliquiritin administration decreased LPS and adenosine triphosphate-induced NLRP3 inflammasome activation and pyroptosis-related protein expression, while miRNA-27a inhibitors significantly reversed this effect (Li Y. et al., 2021). This suggests that isoliquiritin has an anti-neuronal pyroptosis and antidepressant effect by upregulating miRNA-27a. It was shown that dimethyl fumarate can reduce IL-1β, IL-18, caspase-1, and NLRP3 levels through the Nrf2/NF-κB signaling pathway, thus inhibiting LPS-induced microglial pyroptosis and disease manifestations in LPS-challenged depression mice (Tastan et al., 2021). In the lisproin-induced depression mouse models, paeoniflorin improved motility and abnormal synaptic plasticity alterations in the hippocampus in tail suspension experiments and forced swimming experiments. Further studies revealed that paeoniflorin inhibited rifampicin-induced caspase-11-dependent pyroptosis of hippocampal microglia in mice, thereby suppressing neuroinflammation and exerting antidepressant effects (Tian D. D. et al., 2021) (Figure 3).




DISCUSSION AND REMARK

Numerous studies have shown that NLRP3 activation is a key factor in the pathogenesis of depression, and neuroinflammation induced by NLRP3 activation was once thought to be an important causative factor for depression. Studies in recent years have shown that NLRP3-dependent cellular pyroptosis is also an important mechanism of depression-related injury. This article reviews the role of pyroptosis in various neurological diseases and depression. Anti-pyroptosis treatment exerted significant neuroprotective effects in animal models of various neurological disorders, including depression. In depression-related animal model experiments, multiple antidepressant agents exhibited anti-pyroptosis activity, and in addition, multiple agents targeting pathways related to the regulation of pyroptosis have been shown to have antidepressant activity. Physical cryotherapy, chemical molecules, and natural products targeting the pathways related to the regulation of pyroptosis may be persistently effective antidepressant treatment strategies. These findings suggest that NLRP3-dependent pyroptosis-related pathways may become new targets for the treatment of depression.

Yet, there are still shortcomings in the current studies. First, current studies on pyroptosis and neurological diseases are limited to NLRP3 and AIM2 inflammasomes, and the link between other types of pyroptosis-related inflammasomes, such as NLRC4, NLRP6, and depression, needs to be further investigated and elucidated. Second, current studies have shown that GSDMA, GSDMB, GSDMC, GSDMD, and deafness autosomal dominant type 5 can induce the formation of pore channels in the cell membrane and thus induce the onset of cellular pyroptosis (Shi et al., 2017). However, the upstream regulatory mechanisms of GSDM family members other than GSDMD remain unclear, and their relationship with depression remains to be elucidated. Third, more mechanistic understanding is needed on how stress-induced changes in neuronal intracellular pathways lead to the development of pyroptosis and then depression. Forth, in addition to the hippocampus, amygdala, and prefrontal cortex, it has recently been found that lateral habenula is also related to the regulation of depression (Hu et al., 2020). In the animal models of depression induced by various stress factors, the spatiotemporal profile of pyroptosis of different cells in different brain regions needs to be further measured.

The above-mentioned challenges suggest that the mechanism of interaction between pyroptosis and depression still has much room for research. At present, while targeting NLRP3-dependent pyroptosis to treat depression is emphasized, it is also important to note that appropriate inflammasome activation-induced inflammation may be beneficial for neuro-environmental homeostasis. Both excessive activation and complete inhibition of inflammasome will lead to the worsening of depressive symptoms. This speculation is also supported by the evidence that the microglia decline in the late stage of depression aggravates the depression, but inducing microglia activation at this time improves the symptoms of depression significantly (Jia et al., 2021). Therefore, simultaneous qualitative and quantitative modulation of NLRP3-dependent pyroptosis may be crucial to achieving the desired therapeutic outcome.



AUTHOR CONTRIBUTIONS

TW designed this study. TW, XL, and MF wrote the manuscript. PL and XG prepared figures. TW and WG critically revised the manuscript for important intellectual content. All authors read and approved the final manuscript and agree to be accountable for all aspects of this work.



REFERENCES

 Aghaie, F., Moradifar, F., and Hosseini, A. (2021). Rapamycin attenuates depression and anxiety-like behaviors through modulation of the NLRP3 pathway in pentylenetetrazole-kindled male Wistar rats. Fundam. Clin. Pharmacol. 35, 1045–1054. doi: 10.1111/fcp.12689

 Alcocer-Gómez, E., Casas-Barquero, N., Williams, M. R., Romero-Guillena, S. L., Cañadas-Lozano, D., and Bullón, P. (2017). Antidepressants induce autophagy dependent-NLRP3-inflammasome inhibition in Major depressive disorder. Pharmacol. Res. 121, 114–121. doi: 10.1016/j.phrs.2017.04.028

 Ali, T., Rahman, S. U., Hao, Q., Li, W., Liu, Z., Ali Shah, F., et al. (2020). Melatonin prevents neuroinflammation and relieves depression by attenuating autophagy impairment through FOXO3a regulation. J. Pineal. Res. 69, e12667. doi: 10.1111/jpi.12667

 Ambati, M., Apicella, I., Wang, S. B., Narendran, S., Leung, H., and Pereira, F. (2021). “Identification of fluoxetine as a direct NLRP3 inhibitor to treat atrophic macular degeneration”, in Proceedings of the National Academy of Sciences of the United States of America. p. 118. doi: 10.1101/2021.01.11.425135

 Bai, S., Wang, W., Wang, T., Li, J., Zhang, S., Chen, Z., et al. (2021). CD36 deficiency affects depressive-like behaviors possibly by modifying gut microbiota and the inflammasome pathway in mice. Transl. Psychiat. 11, 16. doi: 10.1038/s41398-020-01130-8

 Baker, P. J., Boucher, D., Bierschenk, D., Tebartz, C., Whitney, P. G., and D'Silva, D. B. (2015). NLRP3 inflammasome activation downstream of cytoplasmic LPS recognition by both caspase-4 and caspase-5. Eur. J. Immunol. 45, 2918–2926. doi: 10.1002/eji.201545655

 Bao, H., Li, H., Jia, Y., Xiao, Y., Luo, S., Zhang, D., et al. (2021). Ganoderic acid A exerted antidepressant-like action through FXR modulated NLRP3 inflammasome and synaptic activity. Biochem. Pharmacol. 188, 114561. doi: 10.1016/j.bcp.2021.114561

 Bassi, G., Mancinelli, E., Di Riso, D., and Salcuni, S. (2020). Parental stress, anxiety and depression symptoms associated with self-efficacy in paediatric type 1 diabetes: a literature review. Int. J. Environ. Res. Public Health. 18, 152. doi: 10.3390/ijerph18010152

 Boucher, D., Monteleone, M., Coll, R. C., Chen, K. W., Ross, C. M., and Teo, J. L. (2018). Caspase-1 self-cleavage is an intrinsic mechanism to terminate inflammasome activity. J. Exp. Med. 215, 827–840. doi: 10.1084/jem.20172222

 Broz, P., Pelegrín, P., and Shao, F. (2020). The gasdermins, a protein family executing cell death and inflammation. Nat. Rev. Immunol. 20, 143–157. doi: 10.1038/s41577-019-0228-2

 Camargo, A., Dalmagro, A. P., Fraga, D. B., Rosa, J. M., Zeni, A. L. B., and Kaster, M. P. (2021b). Low doses of ketamine and guanosine abrogate corticosterone-induced anxiety-related behavior, but not disturbances in the hippocampal NLRP3 inflammasome pathway. Psychopharmacology. 238, 2555–2568. doi: 10.1007/s00213-021-05879-8

 Camargo, A., Dalmagro, A. P., Wolin, I. A. V., Kaster, M. P., and Rodrigues, A. L. S. (2021a). The resilient phenotype elicited by ketamine against inflammatory stressors-induced depressive-like behavior is associated with NLRP3-driven signaling pathway. J. Psychiatr. Res. 144, 118–128. doi: 10.1016/j.jpsychires.2021.09.057

 Che, H., Li, H., Li, Y., Wang, Y. Q., Yang, Z. Y., Wang, R. L., et al. (2020). Melatonin exerts neuroprotective effects by inhibiting neuronal pyroptosis and autophagy in STZ-induced diabetic mice. FASEB J. 34, 14042–14054. doi: 10.1096/fj.202001328R

 Chen, J., Zhang, C., Yan, T., Yang, L., Wang, Y., and Shi, Z. (2021). Atorvastatin ameliorates early brain injury after subarachnoid hemorrhage via inhibition of pyroptosis and neuroinflammation. J. Cell Physiol. 236, 6920–6931. doi: 10.1002/jcp.30351

 Chen, L., Qing, W., Yi, Z., Lin, G., Peng, Q., and Zhou, F. (2021). NU9056, a KAT 5 inhibitor, treatment alleviates brain dysfunction by inhibiting NLRP3 inflammasome activation, affecting gut microbiota, and derived metabolites in LPS-treated mice. Front. Nutr. 8, 701760. doi: 10.3389/fnut.2021.701760

 Chen, X., He, W. T., Hu, L., Li, J., Fang, Y., Wang, X., et al. (2016). Pyroptosis is driven by non-selective gasdermin-D pore and its morphology is different from MLKL channel-mediated necroptosis. Cell Res. 26, 1007–1020. doi: 10.1038/cr.2016.100

 Conos, S. A., Chen, K. W., De Nardo, D., Hara, H., Whitehead, L., Núñez, G., et al. (2017). Active MLKL triggers the NLRP3 inflammasome in a cell-intrinsic manner. Proc. Natl. Acad Sci. U S A. 114, E961–e9. doi: 10.1073/pnas.1613305114

 Cookson, B. T., and Brennan, M. A. (2001). Pro-inflammatory programmed cell death. Trends Microbiol. 9, 113–114. doi: 10.1016/S0966-842X(00)01936-3

 Dai, W., Wang, X., Teng, H., Li, C., Wang, B., and Wang, J. (2019). Celastrol inhibits microglial pyroptosis and attenuates inflammatory reaction in acute spinal cord injury rats. Int. Immunopharmacol. 66, 215–223. doi: 10.1016/j.intimp.2018.11.029

 Deng, X., Fu, J., Song, Y., Xu, B., Ji, Z., Guo, Q., et al. (2019). Glucocorticoid receptor dysfunction orchestrates inflammasome effects on chronic obstructive pulmonary disease-induced depression: A potential mechanism underlying the cross talk between lung and brain. Brain Behav. Immun. 79:195–206. doi: 10.1016/j.bbi.2019.02.001

 Diao, M. Y., Zhu, Y., Yang, J., Xi, S. S., Wen, X., Gu, Q., et al. (2020). Hypothermia protects neurons against ischemia/reperfusion-induced pyroptosis via m6A-mediated activation of PTEN and the PI3K/Akt/GSK-3β signaling pathway. Brain Res. Bull. 159, 25–31. doi: 10.1016/j.brainresbull.2020.03.011

 Ding, J., Wang, K., Liu, W., She, Y., Sun, Q., and Shi, J. (2016). Pore-forming activity and structural autoinhibition of the gasdermin family. Nature. 535, 111–116. doi: 10.1038/nature18590

 Evans-Lacko, S., Aguilar-Gaxiola, S., Al-Hamzawi, A., Alonso, J., Benjet, C., and Bruffaerts, R. (2018). Socio-economic variations in the mental health treatment gap for people with anxiety, mood, and substance use disorders: results from the WHO World Mental Health (WMH) surveys. Psychol. Med. 48, 1560–1571. doi: 10.1017/S0033291717003336

 Fan, Y., Du, L., Fu, Q., Zhou, Z., Zhang, J., and Li, G. (2018). Inhibiting the NLRP3 Inflammasome With MCC950 ameliorates isoflurane-induced pyroptosis and cognitive impairment in aged mice. Front. Cell Neurosci. 12, 426. doi: 10.3389/fncel.2018.00426

 Frank, D., and Vince, J. E. (2019). Pyroptosis versus necroptosis: similarities, differences, and crosstalk. Cell Death Differ. 26, 99–114. doi: 10.1038/s41418-018-0212-6

 Fu, Q., Wu, J., Zhou XY Ji, M. H., Mao QH Li, Q., et al. (2019). NLRP3/Caspase-1 pathway-induced pyroptosis mediated cognitive deficits in a mouse model of sepsis-associated encephalopathy. Inflammation. 42, 306–318. doi: 10.1007/s10753-018-0894-4

 Gao, C., Yan, Y., Chen, G., Wang, T., Luo, C., and Zhang, M. (2020). 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

 Garrosa-Jiménez, J., Sánchez Carro, Y., Ovejero-Benito, M. C., Del Sastre, E., García, A. G., and López, M. G. (2021). Intracellular calcium and inflammatory markers, mediated by purinergic stimulation, are differentially regulated in monocytes of patients with major depressive disorder. Neurosci. Lett. 765, 136275. doi: 10.1016/j.neulet.2021.136275

 Gordon, R., Albornoz, E. A., Christie, D. C., Langley, M. R., Kumar, V., and Mantovani, S. (2018). Inflammasome inhibition prevents α-synuclein pathology and dopaminergic neurodegeneration in mice. Sci. Translat. Med. 10, eaah4066. doi: 10.1126/scitranslmed.aah4066

 Gu, J. Y., Xu, Y. W., Feng, L. P., Dong, J., Zhao, L. Q., and Liu, C. (2021). Enriched environment mitigates depressive behavior by changing the inflammatory activation phenotype of microglia in the hippocampus of depression model rats. Brain Res. Bull. 177, 252–262. doi: 10.1016/j.brainresbull.2021.10.005

 Gutierrez, K. D., Davis, M. A., Daniels, B. P., Olsen, T. M., Ralli-Jain, P., and Tait, S. W. (2017). MLKL activation triggers NLRP3-Mediated processing and release of IL-1β independently of gasdermin-D. J. Immunol. 198, 2156–2164. doi: 10.4049/jimmunol.1601757

 Han, C., Yang, Y., Guan, Q., Zhang, X., Shen, H., and Sheng, Y. (2020). New mechanism of nerve injury in Alzheimer's disease: β-amyloid-induced neuronal pyroptosis. J. Cell Mol. Med. 24, 8078–8090. doi: 10.1111/jcmm.15439

 Hao, W., Wu, J., Yuan, N., Gong, L., Huang, J., and Ma, Q. (2021). Xiaoyaosan improves antibiotic-induced depressive-like and anxiety-like behavior in mice through modulating the gut microbiota and regulating the NLRP3 inflammasome in the colon. Front. Pharmacol. 12, 619103. doi: 10.3389/fphar.2021.619103

 He, X., Yang, W., Zeng, Z., Wei, Y., Gao, J., and Zhang, B. (2020). NLRP3-dependent pyroptosis is required for HIV-1 gp120-induced neuropathology. Cell. Mol. Immunol. 17, 283–299. doi: 10.1038/s41423-019-0260-y

 He, Y., Zeng, M. Y., Yang, D., Motro, B., and Núñez, G. (2016). NEK7 is an essential mediator of NLRP3 activation downstream of potassium efflux. Nature. 530, 354–357. doi: 10.1038/nature16959

 Hou, J., Zhao, R., Xia, W., Chang, C. W., You, Y., and Hsu, J. M. (2020). PD-L1-mediated gasdermin C expression switches apoptosis to pyroptosis in cancer cells and facilitates tumour necrosis. Nat. Cell Biol. 22, 1264–1275. doi: 10.1038/s41556-020-0575-z

 Hsu, C. C., Huang, C. C., Chien, L. H., Lin, M. T., Chang, C. P., and Lin, H. J. (2020). Ischemia/reperfusion injured intestinal epithelial cells cause cortical neuron death by releasing exosomal microRNAs associated with apoptosis, necroptosis, and pyroptosis. Sci. Rep. 10, 14409. doi: 10.1038/s41598-020-71310-5

 Hu, H., Cui, Y., and Yang, Y. (2020). Circuits and functions of the lateral habenula in health and in disease. Nat. Rev. Neurosci. 21, 277–295. doi: 10.1038/s41583-020-0292-4

 Jia, X., Gao, Z., and Hu, H. (2021). Microglia in depression: current perspectives. Sci. China Life Sci. 64, 911–925. doi: 10.1007/s11427-020-1815-6

 Kayagaki, N., Stowe, I. B., Lee, B. L., O'Rourke, K., Anderson, K., and Warming, S. (2015). Caspase-11 cleaves gasdermin D for non-canonical inflammasome signalling. Nature. 526, 666–671. doi: 10.1038/nature15541

 Kim, H., Seo, J. S., Lee, S. Y., Ha, K. T., Choi, B. T., and Shin, Y. I. (2020). AIM2 inflammasome contributes to brain injury and chronic post-stroke cognitive impairment in mice. Brain Behav. Immun. 87, 765–776. doi: 10.1016/j.bbi.2020.03.011

 Komleva, Y. K., Lopatina, O. L., Gorina, I. V., Shuvaev, A. N., Chernykh, A., and Potapenko, I. V. (2021). NLRP3 deficiency-induced hippocampal dysfunction and anxiety-like behavior in mice. Brain Res. 1752, 147220. doi: 10.1016/j.brainres.2020.147220

 Kwon, S., and Cheon, S. Y. (2021). Influence of the inflammasome complex on psychiatric disorders: clinical and preclinical studies. Expert. Opin. Ther. Targets. 25, 897–907. doi: 10.1080/14728222.2021.2005027

 Lammert, C. R., Frost, E. L., Bellinger, C. E., Bolte, A. C., McKee, C. A., Hurt, M. E., et al. (2020). AIM2 inflammasome surveillance of DNA damage shapes neurodevelopment. Nature. 580, 647–652. doi: 10.1038/s41586-020-2174-3

 Li, D. X., Wang, C. N., Wang, Y., Ye, C. L., Jiang, L., Zhu, X. Y., et al. (2020). NLRP3 inflammasome-dependent pyroptosis and apoptosis in hippocampus neurons mediates depressive-like behavior in diabetic mice. Behav. Brain Res. 391, 112684. doi: 10.1016/j.bbr.2020.112684

 Li, J., Tian, S., Wang, H., Wang, Y., Du, C., Fang, J., et al. (2021). Protection of hUC-MSCs against neuronal complement C3a receptor-mediated NLRP3 activation in CUMS-induced mice. Neurosci. Lett. 741, 135485. doi: 10.1016/j.neulet.2020.135485

 Li, Q., Cao, Y., Dang, C., Han, B., Han, R., Ma, H., et al. (2020). Inhibition of double-strand DNA-sensing cGAS ameliorates brain injury after ischemic stroke. EMBO Mol. Med. 12, e11002. doi: 10.15252/emmm.201911002

 Li, S., Sun, Y., Song, M., Song, Y., Fang, Y., Zhang, Q., et al. (2021). NLRP3/caspase-1/GSDMD-mediated pyroptosis exerts a crucial role in astrocyte pathological injury in mouse model of depression. JCI Insight. 6:e146852. doi: 10.1172/jci.insight.146852

 Li, W., Xu, Y., Liu, Z., Shi, M., Zhang, Y., Deng, Y., et al. (2021). TRPV4 inhibitor HC067047 produces antidepressant-like effect in LPS-induced depression mouse model. Neuropharmacology. 201, 108834. doi: 10.1016/j.neuropharm.2021.108834

 Li, X., Wang, H., Li, C., Wu, J., Lu, J., Guo, J. Y., et al. (2021). Acupuncture inhibits NLRP3 inflammasome activation in the prefrontal cortex of a chronic stress rat model of depression. Anatom. Record. 304, 2470–2479. doi: 10.1002/ar.24778

 Li, X. Q., Yu, Q., Fang, B., Zhang, Z. L., and Ma, H. (2019). Knockdown of the AIM2 molecule attenuates ischemia-reperfusion-induced spinal neuronal pyroptosis by inhibiting AIM2 inflammasome activation and subsequent release of cleaved caspase-1 and IL-1β. Neuropharmacology. 160, 107661. doi: 10.1016/j.neuropharm.2019.05.038

 Li, Y., Song, W., Tong, Y., Zhang, X., Zhao, J., Gao, X., et al. (2021). Isoliquiritin ameliorates depression by suppressing NLRP3-mediated pyroptosis via miRNA-27a/SYK/NF-κB axis. J. Neuroinflammation. 18, 1. doi: 10.1186/s12974-020-02040-8

 Li, Y., Zhang, L. M., Zhang, D. X., Zheng, W. C., Bai, Y., Bai, J., et al. (2020). CORM-3 ameliorates neurodegeneration in the amygdala and improves depression- and anxiety-like behavior in a rat model of combined traumatic brain injury and hemorrhagic shock. Neurochem. Int. 140, 104842. doi: 10.1016/j.neuint.2020.104842

 Li, Z., Xu, H., Xu, Y., Lu, G., Peng, Q., Chen, J., et al. (2021). Morinda officinalis oligosaccharides alleviate depressive-like behaviors in post-stroke rats via suppressing NLRP3 inflammasome to inhibit hippocampal inflammation. CNS Neurosci. Ther. 27, 1570–1586. doi: 10.1111/cns.13732

 Liang, J., Wang, Q., Li, J. Q., Guo, T., and Yu, D. (2020). Long non-coding RNA MEG3 promotes cerebral ischemia-reperfusion injury through increasing pyroptosis by targeting miR-485/AIM2 axis. Exp. Neurol. 325:113139. doi: 10.1016/j.expneurol.2019.113139

 Lin, J., Cheng, A., Cheng, K., Deng, Q., Zhang, S., and Lan, Z. (2020). New insights into the mechanisms of pyroptosis and implications for diabetic kidney disease. Int. J. Molec. Sci. 21, 7057. doi: 10.3390/ijms21197057

 Lin, X., Ye, H., Siaw-Debrah, F., Pan, S., He, Z., and Ni, H. (2018). AC-YVAD-CMK inhibits pyroptosis and improves functional outcome after intracerebral hemorrhage. Biomed. Res. Int. 2018, 3706047. doi: 10.1155/2018/3706047

 Liu, L., and Sun, B. (2019). Neutrophil pyroptosis: new perspectives on sepsis. Cell. Molec. Life Sci. 76, 2031–2042. doi: 10.1007/s00018-019-03060-1

 Liu, P., Chen, J., Ma, S., Zhang, J., and Zhou, J. (2021). Albiflorin attenuates mood disorders under neuropathic pain state by suppressing the hippocampal NLRP3 inflammasome activation during chronic constriction injury. Int. J. Neuropsychopharmacol. 24, 64–76. doi: 10.1093/ijnp/pyaa076

 Liu, X., and Lieberman, J. (2017). Mechanistic understanding a of pyroptosis: the fiery death triggered by invasive infection. Adv. Immunol. 135, 81–117. doi: 10.1016/bs.ai.2017.02.002

 Liu, X., Zhang, Z., Ruan, J., Pan, Y., Magupalli, V. G., and Wu, H. (2016). Inflammasome-activated gasdermin D causes pyroptosis by forming membrane pores. Nature. 535, 153–158. doi: 10.1038/nature18629

 Lyu, Z., Chan, Y., Li, Q., Zhang, Q., Liu, K., Xiang, J., et al. (2021). Destructive effects of pyroptosis on homeostasis of neuron survival associated with the dysfunctional bbb-glymphatic system and amyloid-beta accumulation after cerebral ischemia/reperfusion in rats. Neural. Plast. 2021, 4504363. doi: 10.1155/2021/4504363

 Ma, D. C., Zhang, N. N., Zhang, Y. N., and Chen, H. S. (2021). Salvianolic Acids for Injection alleviates cerebral ischemia/reperfusion injury by switching M1/M2 phenotypes and inhibiting NLRP3 inflammasome/pyroptosis axis in microglia in vivo and in vitro. J. Ethnopharmacol. 270, 113776. doi: 10.1016/j.jep.2021.113776

 Man, S. M., Karki, R., and Kanneganti, T. D. (2017). Molecular mechanisms and functions of pyroptosis, inflammatory caspases and inflammasomes in infectious diseases. Immunol. Rev. 277, 61–75. doi: 10.1111/imr.12534

 Marx, W., Lane, M., Hockey, M., Aslam, H., Berk, M., and Walder, K. (2021). Diet and depression: exploring the biological mechanisms of action. Mol. Psychiat. 26, 134–150. doi: 10.1038/s41380-020-00925-x

 McKenzie, B. A., Mamik, M. K., Saito, L. B., Boghozian, R., Monaco, M. C., Major, E. O., et al. (2018). Caspase-1 inhibition prevents glial inflammasome activation and pyroptosis in models of multiple sclerosis. Proc. Natl. Acad Sci. U S A. 115, E6065–e74. doi: 10.1073/pnas.1722041115

 Menze, E. T., Ezzat, H., Shawky, S., Sami, M., Selim, E. H., and Ahmed, S. (2021). Simvastatin mitigates depressive-like behavior in ovariectomized rats: possible role of NLRP3 inflammasome and estrogen receptors' modulation. Int. Immunopharmacol. 95, 107582. doi: 10.1016/j.intimp.2021.107582

 Muhammad, R. N., Ahmed, L. A., Abdul Salam, R. M., Ahmed, K. A., and Attia, A. S. (2021). Crosstalk among NLRP3 inflammasome, ET(B)R signaling, and miRNAs in stress-induced depression-like behavior: a modulatory role for SGLT2 inhibitors. Neurotherapeutics. 18, 2664–2681. doi: 10.1007/s13311-021-01140-4

 Paldino, E., D'Angelo, V., Laurenti, D., Angeloni, C., Sancesario, G., and Fusco, F. R. (2020). Modulation of inflammasome and pyroptosis by olaparib, a PARP-1 inhibitor, in the R6/2 mouse model of huntington's disease. Cells. 9, 2286. doi: 10.3390/cells9102286

 Pandey, G. N., Zhang, H., Sharma, A., and Ren, X. (2021). Innate immunity receptors in depression and suicide: upregulated NOD-like receptors containing pyrin (NLRPs) and hyperactive inflammasomes in the postmortem brains of people who were depressed and died by suicide. J. Psychiat Neurosci. 46, E538–e47. doi: 10.1503/jpn.210016

 Poh, L., Fann, D. Y., Wong, P., Lim, H. M., Foo, S. L., and Kang, S. W. (2021). AIM2 inflammasome mediates hallmark neuropathological alterations and cognitive impairment in a mouse model of vascular dementia. Mol. Psychiatry. 26, 4544–4560. doi: 10.1038/s41380-020-00971-5

 Prévot, T., and Sibille, E. (2021). Altered GABA-mediated information processing and cognitive dysfunctions in depression and other brain disorders. Mol. Psychiat. 26, 151–167. doi: 10.1038/s41380-020-0727-3

 Ramirez, M. L. G., Poreba, M., Snipas, S. J., Groborz, K., Drag, M., and Salvesen, G. S. (2018). Extensive peptide and natural protein substrate screens reveal that mouse caspase-11 has much narrower substrate specificity than caspase-1. J. Biol. Chem. 293, 7058–7067. doi: 10.1074/jbc.RA117.001329

 Rao, J., Qiao, Y., Xie, R., Lin, L., Jiang, J., and Wang, C. (2021). Fecal microbiota transplantation ameliorates stress-induced depression-like behaviors associated with the inhibition of glial and NLRP3 inflammasome in rat brain. J. Psychiatr. Res. 137, 147–157. doi: 10.1016/j.jpsychires.2021.02.057

 Rühl, S., and Broz, P. (2015). Caspase-11 activates a canonical NLRP3 inflammasome by promoting K(+) efflux. Eur. J. Immunol. 45, 2927–2936. doi: 10.1002/eji.201545772

 Rui, W., Li, S., Xiao, H., Xiao, M., and Shi, J. (2020). Baicalein attenuates neuroinflammation by inhibiting NLRP3/caspase-1/GSDMD Pathway in MPTP induced mice model of Parkinson's disease. Int. J. Neuropsychopharmacol. 23, 762–773. doi: 10.1093/ijnp/pyaa060

 Rutsch, A., Kantsj,ö, J. B., and Ronchi, F. (2020). The gut-brain axis: how microbiota and host inflammasome influence brain physiology and pathology. Front. Immunol. 11, 604179. doi: 10.3389/fimmu.2020.604179

 Shi, J., Gao, W., and Shao, F. (2017). Pyroptosis: Gasdermin-Mediated Programmed Necrotic Cell Death. Trends Biochem. Sci. 42, 245–254. doi: 10.1016/j.tibs.2016.10.004

 Shi, J., Zhao, Y., Wang, Y., Gao, W., Ding, J., and Li, P. (2014). Inflammatory caspases are innate immune receptors for intracellular LPS. Nature. 514, 187–192. doi: 10.1038/nature13683

 Simon, M. S., Schiweck, C., Arteaga-Henríquez, G., Poletti, S., Haarman, B. C. M., and Dik, W. A. (2021). Monocyte mitochondrial dysfunction, inflammaging, and inflammatory pyroptosis in major depression. Prog. Neuropsychopharmacol. Biol. Psychiatry. 111, 110391. doi: 10.1016/j.pnpbp.2021.110391

 Song, Z., Bian, Z., Zhang, Z., Wang, X., Zhu, A., and Zhu, G. (2021). Astrocytic Kir4. 1 regulates NMDAR/calpain signaling axis in lipopolysaccharide-induced depression-like behaviors in mice. Toxicol. Appl. Pharmacol. 429, 115711. doi: 10.1016/j.taap.2021.115711

 Sun, R., Peng, M., Xu, P., Huang, F., Xie, Y., and Li, J. (2020). Low-density lipoprotein receptor (LDLR) regulates NLRP3-mediated neuronal pyroptosis following cerebral ischemia/reperfusion injury. J. Neuroinflamm. 17, 330. doi: 10.1186/s12974-020-01988-x

 Sun, Y. B., Zhao, H., Mu, D. L., Zhang, W., Cui, J., and Wu, L. (2019). Dexmedetomidine inhibits astrocyte pyroptosis and subsequently protects the brain in in vitro and in vivo models of sepsis. Cell. Death Dis. 10, 167. doi: 10.1038/s41419-019-1416-5

 Sweetman, A., Lack, L., Van Ryswyk, E., Vakulin, A., Reed, R. L., and Battersby, M. W. (2021). Co-occurring depression and insomnia in Australian primary care: recent scientific evidence. Med. J. Aust. 215, 230–236. doi: 10.5694/mja2.51200

 Tastan, B., Arioz, B. I., Tufekci, K. U., Tarakcioglu, E., Gonul, C. P., and Genc, K. (2021). Dimethyl fumarate alleviates NLRP3 inflammasome activation in microglia and sickness behavior in LPS-challenged mice. Front. Immunol. 12, 737065. doi: 10.3389/fimmu.2021.737065

 Tian, D. D., Wang, M., Liu, A., Gao, M. R., Qiu, C., and Yu, W. (2021). Antidepressant effect of paeoniflorin is through inhibiting pyroptosis CASP-11/GSDMD pathway. Mol. Neurobiol. 58, 761–776. doi: 10.1007/s12035-020-02144-5

 Tian, H., Li, G., Xu, G., Liu, J., Wan, X., Zhang, J., et al. (2021). Inflammatory cytokines derived from peripheral blood contribute to the modified electroconvulsive therapy-induced cognitive deficits in major depressive disorder. Eur. Arch. Psychiatry Clin. Neurosci. 271, 475–485. doi: 10.1007/s00406-020-01128-9

 von Muecke-Heim, I. A., Ries, C., Urbina, L., and Deussing, J. M. (2021). P2X7R antagonists in chronic stress-based depression models: a review. Eur. Arch. Psychiatry Clin. Neurosci. 271, 1343–1358. doi: 10.1007/s00406-021-01306-3

 Wan, P., Su, W., Zhang, Y., Li, Z., Deng, C., Li, J., et al. (2020). LncRNA H19 initiates microglial pyroptosis and neuronal death in retinal ischemia/reperfusion injury. Cell. Death Differ. 27, 176–191. doi: 10.1038/s41418-019-0351-4

 Wang, F., Wang, L., Sui, G., Yang, C., Guo, M., and Xiong, X. (2021). Inhibition of miR-129 improves neuronal pyroptosis and cognitive impairment through IGF-1/GSK3β signaling pathway: an in vitro and in vivo study. J. Molec. Neurosci. 71, 2299–2309. doi: 10.1007/s12031-021-01794-x

 Wang, J., Wang, D., Zhou, Z., Zhang, X., Zhang, C., and He, Y. (2021). Saponins from Panax japonicus alleviate HFD-induced impaired behaviors through inhibiting NLRP3 inflammasome to upregulate AMPA receptors. Neurochem. Int. 148, 105098. doi: 10.1016/j.neuint.2021.105098

 Wang, K., Ru, J., Zhang, H., Chen, J., Lin, X., and Lin, Z. (2020). Melatonin enhances the therapeutic effect of plasma exosomes against cerebral ischemia-induced pyroptosis through the TLR4/NF-κB Pathway. Front. Neurosci. 14, 848. doi: 10.3389/fnins.2020.00848

 Wang, Y., Gao, W., Shi, X., Ding, J., Liu, W., and He, H. (2017). Chemotherapy drugs induce pyroptosis through caspase-3 cleavage of a gasdermin. Nature. 547, 99–103. doi: 10.1038/nature22393

 Wang, Y. L., Wu, H. R., Zhang, S. S., Xiao HL Yu, J., Ma, Y. Y., et al. (2021). Catalpol ameliorates depressive-like behaviors in CUMS mice via oxidative stress-mediated NLRP3 inflammasome and neuroinflammation. Transl. Psychiatry. 11, 353. doi: 10.1038/s41398-021-01468-7

 Wang, Y. Y., Liu, X. L., and Zhao, R. (2019). Induction of pyroptosis and its implications in cancer management. Front. Oncol. 9, 971. doi: 10.3389/fonc.2019.00971

 Wu, J., Dou, Y., Liu, W., Zhao, Y., and Liu, X. (2020). Osteocalcin improves outcome after acute ischemic stroke. Aging. 12, 387–396. doi: 10.18632/aging.102629

 Xie, J., Bi, B., Qin, Y., Dong, W., Zhong, J., Li, M., et al. (2021). Inhibition of phosphodiesterase-4 suppresses HMGB1/RAGE signaling pathway and NLRP3 inflammasome activation in mice exposed to chronic unpredictable mild stress. Brain Behav Immun. 92, 67–77. doi: 10.1016/j.bbi.2020.11.029

 Xu, B., Jiang, M., Chu, Y., Wang, W., Chen, D., and Li, X. (2018). Gasdermin D plays a key role as a pyroptosis executor of non-alcoholic steatohepatitis in humans and mice. J. Hepatol. 68, 773–782. doi: 10.1016/j.jhep.2017.11.040

 Xu, L. L., Huang, H., Liu, T., Yang, T., and Yi, X. (2021). Exposure to X-rays causes depression-like behaviors in mice via HMGB1-mediated pyroptosis. Neuroscience. 481, 99–110. doi: 10.1016/j.neuroscience.2021.11.023

 Xu, P., Hong, Y., Xie, Y., Yuan, K., Li, J., Sun, R., et al. (2021). TREM-1 Exacerbates Neuroinflammatory Injury via NLRP3 Inflammasome-Mediated Pyroptosis in Experimental Subarachnoid Hemorrhage. Transl. Stroke Res. 12, 643–659. doi: 10.1007/s12975-020-00840-x

 Yang, F., Zhu, W., Cai, X., Zhang, W., Yu, Z., Li, X., et al. (2020). Minocycline alleviates NLRP3 inflammasome-dependent pyroptosis in monosodium glutamate-induced depressive rats. Biochem. Biophys. Res. Commun. 526, 553–559. doi: 10.1016/j.bbrc.2020.02.149

 Yang, Y., Xing MJ Li, Y., Zhang, H. F., Yuan, T. F., and Peng, D. H. (2021). Reduced NLRP3 inflammasome expression in the brain is associated with stress resilience. Psychoneuroendocrinology. 128, 105211. doi: 10.1016/j.psyneuen.2021.105211

 Yu, S., Liu, S., Wang, N., Yu, D., Qin, M., Wu, J., et al. (2021). Novel insights into antidepressant mechanism of Kai Xin San formula: Inhibiting NLRP3 inflammasome activation by promoting autophagy. Phytomed. Int. J. Phytother. Phytopharmacol. 93, 153792. doi: 10.1016/j.phymed.2021.153792

 Zhang, D. X., Zheng, W. C., Bai, Y., Bai, J., Fu, L., and Wang, X. P. (2020). CORM-3 improves emotional changes induced by hemorrhagic shock via the inhibition of pyroptosis in the amygdala. Neurochem. Int. 139, 104784. doi: 10.1016/j.neuint.2020.104784

 Zhang, L., Liu, H., Jia, L., Lyu, J., Sun, Y., Yu, H., et al. (2019). Exosomes mediate hippocampal and cortical neuronal injury induced by hepatic ischemia-reperfusion injury through activating pyroptosis in rats. Oxid. Med. Cell Longev. 2019:3753485. doi: 10.1155/2019/3753485

 Zhang, P., Yang, M., Chen, C., Liu, L., Wei, X., and Zeng, S. (2020). Toll-Like Receptor 4 (TLR4)/Opioid receptor pathway crosstalk and impact on opioid analgesia, immune function, and gastrointestinal motility. Front. Immunol. 11, 1455. doi: 10.3389/fimmu.2020.01455

 Zhang, X., Zhang, Y., Li, R., Zhu, L., Fu, B., and Yan, T. (2020). Salidroside ameliorates Parkinson's disease by inhibiting NLRP3-dependent pyroptosis. Aging. 12, 9405–9426. doi: 10.18632/aging.103215

 Zhu, H. Z., Liang, Y. D., Hao, W. Z., Ma QY Li, X. J., Li, Y. M., et al. (2021). Xiaoyaosan exerts therapeutic effects on the colon of chronic restraint stress model rats via the regulation of immunoinflammatory activation induced by the TLR4/NLRP3 inflammasome signaling pathway. Evid. Complem Alternat. Med. 2021, 6673538. doi: 10.1155/2021/6673538

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.

Copyright © 2022 Wan, Li, Fu, Gao, Li and Guo. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fncel-16-863426-g003.gif





OPS/xhtml/Nav.xhtml




Contents





		Cover



		NLRP3-Dependent Pyroptosis: A Candidate Therapeutic Target for Depression



		Introduction



		Pyroptosis and Inflammation



		Pyroptosis, Neuron Damage, and Neurological Diseases



		Pyroptosis Emerges as an Important Pathological Mechanism in Neurological Diseases



		Pyroptosis Is a Potential Target for the Treatment of Neurological Diseases







		Most Recent Evidence of the Relationship Between NLRP3 Inflammasome and Depression



		NLRP3 Inflammasome Deteriorates Depression-Like Behaviors by Triggering Neuroinflammation



		Experimental Agents Ameliorate Depression-Like Behaviors by Suppressing NLRP3



		Natural Product Ingredients Exert Significant Anti-depression Effects via Suppressing NLRP3



		Does NLRP3 or Other Inflammasome Play a Dual Role in Depression Regulation?







		NLRP3 Inflammasome: The Convergence Between Pyroptosis and Depression



		NLRP3-Dependent Pyroptosis Plays a Pivotal Role in Depression Pathogenesis



		Pyroptosis Inhibitors Promote Alleviation of Depressive Behaviors







		Discussion and Remark



		Author Contributions



		References

















OPS/images/cover.jpg
@ frontiers | Frontiers in Cellular Neuroscience

NLRP3-Dependent Pyroptosis: A
Candidate Therapeutic Target for
Depression





OPS/images/fncel-16-863426-g001.gif
Qg0 omes o5 Canonical | Noncanonical ogy
3
28






OPS/images/fncel-16-863426-g002.gif
@& seesnsoGR e, oo
A 7S
N / i o
(o 6009
poe ¢
{ ] s fia
= GVMGF nwwum-
Ann oo
PRI <z i
[ 1 e
WA — @D oo
i e T = 3
_— “ VAN <|>AvAV
oo vt vaenn
o203 / S
o /Gsmu SR Torn i
B
&
L5 oo
F== o bl
Pyroptoss ischomia induced injury, PD. o

|0, omiogons oase, oc










OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
< frontiers | Frontiers in Cellular Neuroscience





