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Abstract: Major depressive disorder (MDD) is a highly prevalent psychiatric disorder, whose patho-
physiology has been linked to the neuroinflammatory process. The increased activity of the Nod-like
receptor pyrin containing protein 3 (NLRP3) inflammasome, an intracellular multiprotein complex,
is intrinsically implicated in neuroinflammation by promoting the maturation and release of proin-
flammatory cytokines such as interleukin (IL)-1β and IL-18. Interestingly, individuals suffering
from MDD have higher expression of NLRP3 inflammasome components and proinflammatory
cytokines when compared to healthy individuals. In part, intense activation of the inflammasome
may be related to autophagic impairment. Noteworthy, some conventional antidepressants induce
autophagy, resulting in less activation of the NLRP3 inflammasome. In addition, the fast-acting
antidepressant ketamine, some bioactive compounds and physical exercise have also been shown
to have anti-inflammatory properties via inflammasome inhibition. Therefore, it is suggested that
modulation of inflammasome-driven pathways may have an antidepressant effect. Here, we review
the role of the NLRP3 inflammasome in the pathogenesis of MDD, highlighting that pathways related
to its priming and activation are potential therapeutic targets for the treatment of MDD.

Keywords: antidepressants; bioactive compounds; depression; neuroinflammation; NLRP3 complex;
physical exercise

1. Introduction

Major depressive disorder (MDD) is a highly debilitating illness of multifactorial
etiology that considerably compromises quality of life [1]. There are still several gaps in our
current understanding of the pathogenesis and treatment of this disorder, and currently
available antidepressants have several limitations [2]. Therefore, a better understand-
ing of the pathophysiology of MDD is of paramount importance in the search for new
therapeutic targets.

Over the last decades, it has been proposed that inflammatory processes are involved
in the initiation, maintenance and relapse of MDD [3]. Notably, individuals with MDD pos-
sess increased levels of proinflammatory mediators, particularly C-reactive protein (CRP),
the cytokines interleukin (IL)-6 and IL-1β, and tumor necrosis factor alpha (TNF-α) [4]. In
addition, chronic activation of the immune system has been associated with alterations in
the function and volume of various brain regions in MDD patients, particularly the hip-
pocampus and medial prefrontal cortex, structures which have been shown to play a role in
the regulation of affective behaviors [3]. Furthermore, immune deregulation may promote
the dysregulation of several neurotransmitter pathways, including the dopaminergic, sero-
toninergic, noradrenergic, and glutamatergic systems [3]. Particularly, proinflammatory
cytokines can mitigate serotonin synthesis (which has been directly linked to the etiology
of MDD), by inducing the enzyme indoleamine 2, 3 dioxygenase (IDO), which catabolizes
tryptophan into kynurenine [3].
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Noteworthy, the activation of the NLRP3 inflammasome in microglia plays a cru-
cial role during neuroinflammation by synthesizing and releasing IL-1β and IL-18, thus
contributing to an increase in inflammatory cytokines [5]. Therefore, neuroinflammatory
pathways, and in particular those related to NLRP3, are potential therapeutic targets for
the treatment of MDD [2]. In this context, this narrative review presents an overview of
preclinical and clinical studies that support a role of the NLRP3 inflammasome in the patho-
genesis of MDD, highlighting that pathways related to NLRP3 inflammasome represent
promising strategies for the treatment of this mood disorder.

2. Neuroinflammation and the NLRP3 Inflammasome

Neuroinflammation is characterized by chronic immune activation originating from a
disruption of the communication between brain, microbiota, immune system, and host [6].
The neuroinflammatory process can be triggered by several factors such as stress, gut
dysbiosis, infections, neurodegenerative diseases, and stroke [6–8]. These factors are
capable of initiating an inflammatory response through pathogen-associated molecu-
lar patterns (PAMPs) and/or damage-associated molecular patterns (DAMPs), which
interact with pattern recognition receptors (PRRs), including Toll-like receptors (TLRs),
as well as nucleotide-binding oligomerization domain-like receptors (NLRs) present in
microglia [9,10].

Within the neuroinflammatory context, microglia constitute the main mediators of
this process, acting as first response cells to endogenous and exogenous insults [5]. Mi-
croglia and macrophages are able to differentiate into different phenotypes. Under normal
conditions, microglia assume a branched morphology and highly mobile processes for
constant monitoring of the brain parenchyma (M2 phenotype). Following an insult, mi-
croglia retracts its processes, and adopts an amoeboid form (M1 phenotype) [5,11]. The
M1 phenotype positively regulates immune responsive surface proteins, such as major
histocompatibility complex type II (MHCII) and chemokine receptors. In addition, it pro-
motes the transcription of genes encoding inflammatory mediators and cytokines [5,12].
A persistent insult promotes microglial reactivation, which culminates in the release of
pro-inflammatory cytokines, including TNF-α, IL-1β, IL-6, and IL-18. In addition to cy-
tokine release, this process contributes to the generation of reactive oxygen species (ROS)
and reactive nitrogen species (RNS), which in turn induce neurotoxicity [12]. Noteworthy,
neuronal damage culminates in the release of ATP and/or ADP, which maintain microglial
activation via the P2X purinoreceptor 7 (P2X7) [13,14].

Particularly, inflammasomes play a key role in microglial activation by sensoring vari-
ous pathogens and cellular derivatives associated with damage and stress [15]. Although
several inflammasomes have been described, the best characterized inflammasome related
to MDD is the NLR family pyrin domain containing 3 (NLRP3) inflammasome [2,16].
This inflammasome consists of a sensor NLRP3 protein, an adaptor apoptosis-associated
speck-like protein containing a caspase-recruitment domain (ASC) and the effector enzyme
caspase-1. The NLRP3 protein is composed of a nucleotide-binding NACHT domain con-
taining ATPase activity, an amino-terminal pyrin (PYD) domain, and a carboxy-terminal
leucine-rich repeat (LRR) domain [16].

Activation of NLRP3 in macrophages or microglia may occur by the canonical pathway
via two sequential signals: priming and activation [17]. The priming step occurs through a
first stimulus promoted by ligands for TLRs, NLRs or cytokine receptors, which induces
a morphological alteration into the active phenotype of these cells and promotes the
expression of NLRP3 and pro-IL-1β via factor nuclear kappa B (NF-kB) and myeloid
differentiation primary response 88 (Myd88) pathways [5,17]. This step also involves post-
translational modifications by phosphorylation and ubiquitination of the NLRP3 protein
required for inflammasome activation [15,17]. In addition, the initiation step promotes
the association of NLRP3, ASC and procaspase-1 to form the inflammasome complex
through PYD-PYD interactions between NLRP3 and ASC as well as CARD-CARD (caspase
activation and recruitment domains) interactions between ASC and procaspase-1 [18].
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Since in this step the proteins form only an inactive NLRP3 oligomeric complex, a second
step called activation is required [5]. This second step is triggered by several stimuli
that culminate in different cellular and molecular signaling events, such as mitochondrial
dysfunction, lysosomal damage, calcium and potassium ion flux, and ROS synthesis [17].
These events activate the NLRP3 inflammasome, leading to autoproteolytic cleavage of
procaspase-1 into active caspase-1 [17]. Activated caspase-1, in turn, cleaves pro-IL-18 and
pro-IL-1β into the biologically active cytokines IL-18 and IL-1β, respectively [5,19].

In addition to canonical NLRP3 inflammasome activation, a non-canonical pathway
may also lead to IL-1β and IL-18 synthesis through NLRP3 inflammasome activation. This
may occur through binding of lipopolysaccharide (LPS) to caspases 4/5 in humans or
caspase-11 in mice through a process that is independent of TLR [5,17,20]. In addition,
monocytes and dendritic cells promote activation of caspase-1 and induce IL-1β secretion,
without requiring a secondary stimulus through an alternative pathway [17,21,22]. Once
activated, these interleukins undergo exocytosis and bind to their respective receptors
IL-1R and IL-18R, which are expressed by glial cells, subsequently inducing the synthe-
sis and release of cytokines and thus leading to an increase in the levels of IL-1β, IL-6
and TNF-α, as seen in MDD [4,5,23,24]. The neuroinflammation-induced increase in IL-
1β, TNF-α, and interferon-gamma (IFN-γ) levels positively regulates the IDO enzyme,
which in turn increases the conversion of tryptophan into neurotoxic metabolites such as
3-hydroxyquinurenine, 3-hydroxyanthralinic acid and quinolinic acid. Consequently, this
results in a decrease in serotonin levels, which is thought to underlie, at least in part, the
pathophysiology of MDD [25].

Further to the synthesis and release of cytokines, it has also been shown that the
activation of NLRP3 via canonical and non-canonical pathways can lead to gasdermin D-
mediated membrane pore formation (GSDMD) and subsequently pyroptosis, characterized
by cell swelling and lytic cell death, which culminates in the release of intracellular DAMPs
into the extracellular medium [5,18]. A schematic summary of the main events related to
the activation of the NLRP3 inflammasome pathway is illustrated in Figure 1.

Microglia activation also results in intense astrocytic activation [26]. Chronic activation
of these glial cells reduces the synthesis of communicating junctions that form the blood–
brain barrier (BBB) and increases the levels of chemokines, such as the C-C motif chemokine
ligand 2 (CCL2). This leads to the infiltration of monocytes and macrophages from the
circulation into the CNS, contributing to maintain a proinflammatory state [27,28].

Of note, neuroinflammation has also been shown to be closely related with both oxida-
tive and nitrosative stress by promoting an imbalance between the antioxidant system and
the production of these reactive oxygen and nitrogen species [29,30]. This redox state im-
pairment may result in covalent modifications to lipids, proteins, and deoxyribonucleic acid
(DNA), which have been frequently reported as pathological changes in MDD [31]. Indeed,
it has been noted that patients with this mood disorder display a significant increase in
serum superoxide dismutase (SOD; an antioxidant enzyme) and malondialdehyde (MDA; a
marker of lipid peroxidation) levels, as well as a decrease in plasma levels of ascorbic (a non-
enzymative antioxidant compound). Furthermore, treatment with antidepressants such as
fluoxetine and citalopram are capable of reversing these biochemical changes [32]. Consid-
ering the numerous harmful mechanisms triggered by neuroinflammation, pathways that
attenuate this process are fundamental to maintaining homeostasis.

The induction of autophagic pathways has been shown to be crucial for the attenuation
of the neuroinflammatory process, since they can remove and degrade DAMPs, PAMPs,
NLRP3 components, and cytokines [33,34]. This process begins with the emergence of an
isolated membrane, called a phagophore, which is capable of capturing cytosolic compo-
nents, forming a double-membrane vesicle, called an autophagosome. Subsequently, this
autophagosome fuses with lysosomes leading to the degradation and recycling of cytosolic
components via lysosomal hydrolases. A network of proteins regulates this autophagic
process, including Beclin-1 and LC3 (microtubule-associated protein 1 light chain 3), which
are widely used as autophagic markers [34–36]. Interestingly, studies have shown that
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alterations in the autophagic process may be related to increased inflammatory cytokines
in animal models of depression [37,38]. In agreement with this, a recent study showed
that four autophagy-related genes (PDK4, NRG1, EphB2, and GPR18) are differentially
expressed in MDD. Furthermore, these genes were significantly correlated with immune
cells, suggesting an interaction between autophagy and the immune response in MDD [39].
Within this context, it has been suggested that there is intricate communication between
the NLRP3 inflammasome and the autophagy system. Indeed, caspase-1 activation may
promote increased inflammasome activation while also inhibiting autophagy via cleavage
and a consequent decrease in the levels of the signaling intermediate Toll/IL-1R domain-
containing adaptor-inducing IFN-β (TRIF) [40,41]. This evidence suggests that crosstalk
between NLRP3 activation and altered autophagy may contribute to the pathophysiology
of MDD [34].
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Figure 1. NLRP3 inflammasome pathways. After an insult, the NLRP3 inflammasome initiation step
occurs. During this step, DAMPs, PAMPs and cytokines (such as TNF-α) interact with TLRs, NLRs or
cytokine receptors (such as TNFR). This interaction induces the activation of the Myd88 and NF-kB
pathways. Activated NF-kB then translocates to the nucleus and induces the expression of NLRP3,
pro-IL-1β, pro-IL-18 and caspase-11 (through the non-canonical pathway). During this activation step,
several stimuli culminate in different cellular and molecular signaling events, such as mitochondrial
dysfunction, lysosomal damage, calcium and potassium ion flux, ROS synthesis, and ATP release.
These events activate the NLRP3 inflammasome, which cleaves procaspase-1 and releases the active
form of caspase-1. Caspase-1 then cleaves pro-IL-18 and pro-IL-1β into their active forms and
activates GSDMD, thus inducing pyroptosis. Synthesis of IL-1β and IL-18 as well as activation
of GSDMD by NLRP3 may also occur via a non-canonical pathway, in which LPS binds directly
to caspases 4/5 in humans and caspase-11 in mice. Abbreviations: DAMPs: damage-associated
molecular patterns; GSDMD: gasdermin D-mediated membrane pore formation; IL: interleukin;
LPS: lipopolysaccharide; Myd88: myeloid differentiation primary response 88; NF-kB: nuclear factor
kappa B; NLR: nucleotide-binding oligomerization domain-like receptor; NLRP3: Nod-like receptor
pyrin containing 3; PAMPs: pathogen-associated molecular patterns; TLRs: Toll-like receptors; TNF-α:
tumor necrosis factor; TNFR: tumor necrosis factor receptor.

3. Involvement of NLRP3 Inflammasome in MDD
3.1. Preclinical Evidence

Zhang et al. (2014) conducted the first study to assess inflammasome activation
in a mouse model of depression. In this study, lipopolysaccharide (LPS)-treated male
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BALB/c mice (0.8 mg/kg, i.p.) exhibited an increase in NLRP3 inflammasome mRNA
expression, resulting in an increase of proinflammatory cytokine IL-1β mRNA and protein
levels in the brain. These changes were accompanied by the induction of depressive-type
and anhedonic-type behaviors. In addition, pretreatment with the NLRP3 inflammasome
inhibitor Ac-Tyr-Val-Ala-Asp-chloromethylketone (8 mg/kg, i.p.) was capable of mitigating
these LPS-induced depressive-like behaviors [42].

In a different study, depressive-like behaviors in male C57BL/6 mice were observed
up to 29 days after a single LPS administration (5 mg/kg, i.p.) in a manner dependent
on the activation of the NLRP3 inflammasome. It was found that three days after LPS
administration, the expression of NLRP3, ASC, caspase-1 p10, TNF-α IL-1β, and IL-18
in the hippocampus and the levels of IL-1β and TNF-α in the serum remained elevated,
while hippocampal IL-10 levels decreased as a result of microglial activation [43]. On the
other hand, repeated daily administration of increasing doses of LPS (0.1, 0.42 and 0.83
mg/kg; i.p.) has been shown to induce depressive-like behaviors in C57BL/6J mice by a
mechanism independent of NLRP3 inflammasome activation [44].

Data from various stress-exposed animal models of depression also suggest that there
is a relationship between the development of depressive-like behaviors and the NLRP3
inflammasome [45,46]. Male BALB/c mice subjected to a chronic unpredictable mild
stress (CUMS) protocol for 4 weeks displayed depressive-like behaviors and increased
hippocampal levels of active IL-1β [46]. In a different study, rats subjected to 6 h of restraint
stress for 21 days exhibited hippocampal alterations characterized by increased Iba-1
expression, ROS formation, NF-kB, NLRP3, cleaved caspase-1, IL-1β and IL-18 levels [45].

A study by Pan et al. (2014) observed that male Wistar rats exposed to CUMS for a pe-
riod of 12-weeks over-expressed P2X7 and TLR2 in the prefrontal cortex, causing activation
of the NF-kB pathway and consequently the NLRP3 inflammasome, resulting in microglial
activation, astrocytic impairment, and increased prefrontal cortex IL-1β expression [47].
The involvement of the P2X7 receptor in inflammasome activation was further observed in
male Sprague Dawley rats submitted to CUMS for 3 weeks. In this study, CUMS induced
depressive-like behaviors through a mechanism dependent on the P2X7 receptor. In ad-
dition, rats subjected to chronic unpredictable stress (CUS) exhibited increased levels of
extracellular ATP, cleaved-caspase 1, ASC, and IL-1β in the hippocampus [13].

Following NLRP3 inflammasome activation, other events including pyroptosis, IDO
activation and alterations of the autophagic process have also been associated with the
induction of depressive-like behaviors [48–50]. Indeed, it has been recently shown that
administration of monosodium glutamate results in an increase in the levels of Gasdermin
D (GSDMD; a protein that induces pyroptosis), caspase-1, IL-1β, IL-18, NLRP3, and ASC in
the hippocampus of postnatal rats [50].

LPS administration (1.8 mg/kg, i.p.) has been shown to increase the expression
and activity of IDO in the hippocampus while also inducing depressive-like behaviors in
C57BL/6 mice in an NLRP3-dependent manner [51]. Similarly, male Sprague Dawley rats
submitted to CUMS for 4 weeks exhibited increased activation of IDO, which caused an
increase in the kynurenine/tryptophan ratio and a consequent reduction in serotonin levels.
In addition, these animals developed depressive-like behaviors through the activation
of the P2X7/NLRP3 inflammasome axis, resulting in increased IL-1β, IL-6, and TNF-α
expression [52].

The administration of LPS (500 µg/kg, i.p., every 2 days for a total of seven injections)
has been shown to suppress autophagic markers, including LC3II/LC3I and beclin-1, while
also inducing neuroinflammation via NLRP3, and this seems to be associated with the
occurrence of depressive-like behaviors in rats [37]. Wang et al. (2020) also showed that LPS
increased the expression of pro-inflammatory cytokines and caused NLRP3 inflammasome
activation paralleled with inhibition of autophagy in the hippocampus of rats and in BV2
cells [53]. In male rats subjected to restraint stress (6-hour for 28 days), the development of
depressive-like behaviors was accompanied by a concomitant dysfunction of the AMPK-
mTOR (AMP-activated protein kinase-mammalian target of rapamycin) pathway and a
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decreased expression of LC3-II and beclin-1 in the prefrontal cortex [49]. On the other hand,
administration of corticosterone to male mice (20 mg/kg, p.o., for 21 days) was shown to
induce the development of depressive-like behaviors without altering autophagy-related
proteins phospho-mTORC1, LC3A/B, and beclin-1 in the hippocampus [54].

The microbiota-gut-inflammasome-brain axis is a bidirectional communication system
linking psychological stress responses, immune system function, and gut microbiome
composition [55,56]. Within this context, it has been suggested that stress-induced increases
in NLRP3 signaling can in turn promote pro-inflammatory bacterial clades within the gut
microbiota composition. These microbiota changes may alter gut barrier function and
result in the increased translocation of bacteria to otherwise sterile enteric compartments,
thus contributing to the inflammatory process. Furthermore, dysbiosis can compromise the
bioavailability of monoamines and neuroactive compounds, further exacerbating depres-
sive symptoms [55]. In line with this idea, a recent study has shown that transplantation
of fecal microbiota from control male Sprague Dawley rats ameliorated the occurrence
of depressive-like behaviors in CUMS-exposed rats. Furthermore, fecal microbiota trans-
plantation restored the levels of serotonin and suppressed the activation of microglial
and astrocytic cells, reducing the expression of NLRP3, ASC, caspase-1, and IL-1β in the
hippocampus of CUS-exposed animals [57,58]. Reinforcing the existence of a link among
inflammation, microbiota, and depression, transplantation of fecal microbiota from NLRP3
KO mice has been shown to alleviate chronic stress-induced depressive-like behaviors
in recipient mice. In addition, fecal microbiota transplantation also attenuated astrocytic
activation [59]. These findings support the notion that stress- or LPS-triggered neuroinflam-
mation can induce depressive-like behaviors by promoting the activation of the NLRP3
inflammasome and that modulation of gut microbiota may be a critical target in alleviating
NLRP3-driven neuroinflammation. Figure 2 illustrates the main pathophysiological events
underlying the neuroinflammatory process associated with the activation of the NLRP3
inflammasome and the development of depressive-like behaviors in animal models.
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have been used to elucidate the mechanisms involved in the pathophysiology of MDD. These mod-
els are able to induce a neuroinflammatory process, associated with an impairment of autophagic
pathways and microglial activation. This process leads to the assembly and activation of the NLRP3
complex. As a consequence, there is an increase in the levels of proinflammatory cytokines, which in
turn result in increased indoleamine 2,3 dioxygenase (IDO) activity, decreased tryptophan bioavail-
ability, and a consequent reduction in serotonin synthesis. Furthermore, NLRP3 activation has also
been suggested to be associated with gut dysbiosis, compromising the production of serotonin and
neuroprotective compounds by the gut microbiota. Abbreviations: NLRP3: Nod-like receptor pyrin
containing protein 3.

3.2. Clinical Evidence

Alcocer-Gómez et al. (2014) has reported a correlation between levels of IL-1β and
IL-18 and Beck Depression Inventory (BDI) scores. Specifically, MDD patients showed
enhanced expression of NLRP3 and caspase-1 in blood cells, resulting in increased serum
levels of IL-1β and IL-18 [60]. Similarly, a recent study showed that NLRP3 and caspase-1
mRNA levels were significantly elevated in MDD patients when compared with healthy
controls [61].

A study conducted with postmortem brains of individuals afflicted with MDD that
died by suicide assessed the involvement of other NLRPs inflammasomes in depression.
In this study, protein and mRNA expression levels of ASC, NLRP3, NLRP1, NLRP6,
and caspase-3 were shown to be significantly increased in the prefrontal cortex of MDD
individuals when compared to healthy controls. In addition, an increase in both mRNA
and protein levels of IL-1β, TNF-α and IL-6 was also observed [62]. As such, future studies
are warranted to further elucidate the involvement of other inflammasomes in MDD.

In other studies, NLRP3 inflammasome-induced increases in the levels of several
inflammatory such as IL-1β, IL-6, and TNF-α have also been observed in individuals with
MDD [63,64]. However, there are some inconsistencies between studies regarding the ob-
served increases of cytokines [65,66]. For example, while one meta-analysis study reported
significantly higher concentrations of TNF-α and IL-6 in MDD afflicted individuals when
compared to healthy controls [65], another meta-analysis study observed no consistent
association between TNF-α and IL-1β levels and MDD [66]. Therefore, more studies are
needed to clearly evaluate the correlation between inflammatory cytokines and MDD
in humans.

4. Anti-Inflammatory Effects of Antidepressants

A compilation of studies has reported that antidepressant drugs may exhibit anti-
inflammatory and autophagic effects. Tricyclic antidepressants, including clomipramine,
citalopram and imipramine have anti-inflammatory effects by inhibiting IL-6, IL-1β and
TNF-α release in human monocytes [67]. The administration of clomipramine (20 mg/kg
for 1 week, i.p.) is able to decrease the expression of IL-1β, IL-6, and TNF-α without
changing the levels of NLRP3 in C57BL/6 male injected with LPS. However, in BV2 cells,
this antidepressant was shown to reduce the increase in NLRP3 gene expression [68]. In
another study, clomipramine (20 mg/kg for 1 week, i.p.) did not promote alterations in
the expression of caspase-1 and NLRP3, but was still able to ameliorate depressive-like
behaviors in LPS-treated male C57BL/6J mice by regulating the expression of ASC and
IDO [69].

Fluoxetine was also reported to reduce IFN-γ and TNF-α levels and decrease the IFN-
γ/IL-10 ratio in whole blood from control volunteers [70]. Moreover, the anti-inflammatory
effect of chronic fluoxetine treatment was shown to be related to NLRP3 inflammasome
modulation in the prefrontal cortex in a rat model of depression [47]. In this study fluoxetine
(10 mg/kg for 6 weeks, i.p.) inhibited NF-kB pathway activation, decreased NLRP3 protein,
and increased IL-1β levels in the prefrontal cortex of male Wistar rats exposed to chronic
unpredictable mild stress (CUMS) [47]. Fluoxetine (10 mg/kg for 4 weeks) was also shown
to suppress NLRP3 inflammasome activation, subsequent caspase-1 cleavage, and IL-
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1β secretion in hippocampal microglia from male C57BL/6 mice subjected to stress [71].
Similarly, in the hippocampus of male C57BL/6J mice, fluoxetine treatment (20 mg/kg, i.g.)
reversed LPS-induced changes be decreasing the expression of NLRP3, TNF-α, IL-1β, IL-6,
and caspase-1, and increasing the levels of the IL-10 anti-inflammatory cytokine [72]. In
addition, it was shown that the decrease in the expression of TLR4, NF-kB, NLRP3, caspase-
1, TNF-α and IL-1β caused by fluoxetine treatment (10 mg/kg/day, p.o.) attenuated the
progression of Alzheimer-like phenotypes in socially isolated depressed-like rats [73].

Noteworthy, clinical studies highlight that treatment with antidepressants, including
fluoxetine, paroxetine, mianserin, mirtazapine, venlafaxine, desvenlafaxine, amitriptyline,
imipramine and agomelatine is associated with induction of autophagy and a decrease in
the expression of NLRP3 inflammasome components as well as IL-1β and IL-18 inflamma-
tory cytokines [60,74].

In addition to conventional antidepressants, ketamine has also been shown to have
anti-inflammatory effects [75]. A sub-anesthesia dose of ketamine (10 mg/kg, i.p.) was
shown to decrease IL-1β and NLRP3 expression in the hippocampus while also amelio-
rating LPS-induced depressive-like behaviors in male C57BL/6 mice [75]. Similarly, the
anti-inflammatory effect of ketamine has also been observed in a chronic restraint stress
model of depression, inducing a reduction in the expression of NLRP3 inflammasome-
related proteins in this model. In this study, a sub-anesthetic dose of this antidepressant
was able to trigger autophagy in the hippocampus and prefrontal cortex of Wistar Kyoto
rats [76]. Overall, these studies suggest that attenuating the neuroinflammatory process
may be critical to the treatment of MDD.

5. Antidepressant and Anti-Inflammatory Effects of Bioactive Compounds

Several bioactive compounds with anti-inflammatory properties have been shown to
also possess antidepressant effects in animal models (Table 1).

Table 1. Antidepressant and anti-inflammatory effects of bioactive compounds.

Bioactive Compound Animal Model Behavioral Alterations Biochemical Alterations References

Baicalin
(20 and 40mg/kg; o.g.) Male Sprague Dawley rat submitted to CUMS Antidepressant-like

effect in the FST and SPT
↓ ASC, NLRP3,

caspase-1, and IL-1β [77,78]

Curcumin
(100 mg/kg; o.g.) Male Sprague Dawley rats submitted to CUMS Antidepressant-like

effect in the FST and SPT
↓ P2X7/NLRP3 inflammasome

axis, pro-IL-1β, and IL-1β [52]

Apigenin
(20 mg/kg; i.p.) Male Sprague Dawley rats submitted to CUMS Antidepressant-like

effect in the SPT ↓ NLRP3 and IL-1β [79]

Astragalin
(10 mg/kg) Female C57BL/6 mice submitted to CUMS Antidepressant-like

effect in the TST and SPT
↓ NF-kB p65, NLRP3, capase-1,

gasdermin D, and IL-1β [80]

Paeoniflorin
(20 and 40 mg/kg, o.g.) Male C57BL/6 mice treated with reserpine Antidepressant-like

effect in the TST and FST ↓ Gasdermin D [81]

Paeoniflorin
(20, 40 and 80 mg/kg, o.g.) Male ICR mice submitted to LPS Antidepressant-like

effect in the FST
↓ TLR4/NF-kB/NLRP3 signaling,

IL-β, IL-6, and TNF-α levels [82]

Isoliquiritin
(10 and 30 mg/kg)

Male C57BL6/J mice submitted to LPS and
chronic social defeat stress

Antidepressant-like
effect in the SPT, TST,

and FST
↓ Pyroptosis [83]

Salvianolic acid B Male rats submitted to LPS and CMS Antidepressant-like
effect in the SPT, TST,

and FST
↓ NLPR3, ASC and caspase-1 [37,84]

Salvianolic acid B
(20 mg/kg, i.p) Male, Sprague Dawley rats submitted to LPS Antidepressant-like

effect in the SPT, and FST Promote autophagy, and ↓ NLRP3 [37]

Nobiletin
(100 mg/kg, i.p.) Male Sprague Dawley rats submitted to LPS Antidepressant-like

effect in the SPT, and FST

Promote autophagy
(↑ Beclin 1, LC3)

↓ ASC, caspase-1, and IL-1β
[53]

Abbreviations: ASC, apoptosis-associated speck-like protein containing a caspase recruitment domain; CMS,
chronic mild stress; CUMS, chronic unpredictable mild stress; FST, forced swimming test; ICR, Institute of Cancer
Research; IL, interleukin; LPS, lipopolysaccharide; NF-kB, nuclear factor kappa B; NLRP3, Nod-like receptor
pyrin containing 3; SPT, sucrose preference test; TLR4, Toll-like receptor 4; TST, tail suspension test; ↓, decreased;
↑, increased.
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Baicalin, a polyphenol, was shown to have anti-inflammatory properties by decreas-
ing IL-1β levels in the prefrontal cortex and hippocampus of male rats submitted to
CUMS [77,78]. Curcumin was also shown to inhibit the P2X7/NLRP3 inflammasome axis,
reducing the CUMS-induced conversion of pro-IL-1β to mature IL-1β in the hippocampus
of male Sprague Dawley rats [52].

The flavonoid apigenin attenuated the expression of NLRP3 and IL-1β caused by
CUMS in the prefrontal cortex of rats [79]. In addition, the flavonoid astragalin also
reduced the expression of NLRP3 and IL-1β while also decreasing the protein levels of
NF-kB p65, NLRP3, capase-1, gasdermin D, and IL-1β in the hippocampus of female
C57BL/6 mice exposed to CUMS [80]. Similarly, the administration of paeoniflorin (20 and
40 mg/kg, o.g.) was able to inhibit the enhanced expression of the pore-forming protein
gasdermin D in the hippocampus of male C57BL/6 mice treated with reserpine [81]. This
monoterpene has also been shown to inhibit TLR4/NF-kB/NLRP3 signaling, decreasing IL-
β levels and microglial activation in the hippocampus of male Institute of Cancer Research
(ICR) mice treated with LPS [82]. In addition, the licorice-derived flavonoid isoliquiritin
was shown to suppress NLRP3-mediated pyroptosis via the miRNA-27a/SYK/NF-kB axis
in both the LPS and the chronic social defeat stress models of depression [83].

Salvianolic acid B has also been shown to mitigate the expression of NLPR3, ASC
and caspase-1 in LPS- and CUMS-exposed rats [37,84]. Moreover, this compound can
promote autophagy, thereby inducing NLRP3 clearance, and this appears to be related
with its antidepressant properties [37]. Similarly, the polymethoxylated flavonoid nobiletin
was also shown to attenuate NLRP3 inflammasome activation by promoting autophagy in
LPS-treated male Sprague Dawley rats [53].

Finally, sulforaphane, an isothiocyanate found in cruciferous vegetables that is and
activator of the Nrf2 antioxidant pathway, also exhibits antidepressant-like and anti-
inflammatory properties [85]. Indeed, sulforaphane was shown to inhibit NLRP3 in-
flammasome activation and suppress oxidative stress and pyroptotic cell death caused by
LPS and ATP in a murine N9 microglial cell line [86].

6. Inhibition of NLRP3 Inflammasome by Physical Exercise

Physical exercise is known to possess antidepressant effects both in humans and ro-
dents [87–91]. The mechanisms underlying its antidepressant effects have been extensively
studied and are thought to involve neurogenic stimulation by increasing the expression
of brain-derived neurotrophic factor (BDNF) in critical brain regions, particularly in the
dentate gyrus of the hippocampus [89,92]. More recently, modulation of the NLRP3 inflam-
masome by physical exercise has also received attention. A study by Abkenar et al. (2019)
reported that plasma expression of NLRP3 as well as IL-1β and 1L-18 is decreased following
moderate-intensity aerobic training in young men, whereas chronic high-intensity running
resulted in activation of the NLRP3 inflammasome [93].

Numerous studies have also demonstrated the antidepressant-like effects of physical
exercise in rodents [90–92,94], while recent reports have also shown that physical activity
can inhibit NLRP3 activation in the hippocampus [89,95]. For example, in a study by
Wang et al. (2016) exercise was shown to attenuate the occurrence of depressive-like
behaviors in ovariectomized female rats, while also decreasing hippocampal levels of
IL-1β and IL-18 via suppression of NLRP3 inflammasome activation [94]. In a different
study using a post-stroke depression model, physical exercise was also shown to block the
TLR4/NF-kB/NLRP3 signaling pathway in the mouse hippocampus through inhibition
of the phosphatase and tensin homologue (PTEN) [96]. Moreover, some evidence also
suggested that physical exercise may be a possible non-pharmacological strategy to prevent
inflammatory events in mice treated with Aβ1–40 by preventing hippocampal activation of
the NLRP3 inflammasome [89] as well as gut dysfunction [90].
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7. Conclusions and Future Directions

In this review, we discussed evidence supporting the existence of an intrinsic relation-
ship between the NLRP3 inflammasome and the development of MDD. Indeed, preclinical
and clinical studies have repeatedly demonstrated that an increase in the expression and
activation of this inflammasome induces a higher release of cytokines, such as TNF-α, IL-1β,
and IL-6, which have been shown to be elevated in individuals with this mood disorder.
Although conventional antidepressants have several limitations, including modest efficacy
rates, clinical and preclinical studies demonstrate that these drugs have anti-inflammatory
effects that are mediated, at least partially, through inhibition of the NLRP3 inflammasome.
Interestingly and as discussed above, ketamine is also able to inhibit the expression and
activation of this complex. Indeed, a recent preclinical study demonstrated that a single
administration of ketamine prior to LPS treatment or TNF-α administration was able to pre-
vent the increase of NLRP3 inflammasome complex components, producing a pro-resilience
effect against the development of depressive-like behaviors [97]. Therefore, it is plausible
that the specific modulation of pathways related to the inflammasome complex may have
improved therapeutic efficacy. Future studies are thus warranted to further explore the
mechanisms related to the anti-inflammatory effects of these drugs, especially with regard
to autophagic induction. In addition, natural bioactive compounds and physical exercise
may also be useful in the management of MDD and their antidepressant properties also
appear to be mediated, at least in part, by the inhibition of the NLRP3 inflammasome.
Considering that MDD is projected to be the leading cause of disease burden worldwide by
2030 [1], the anti-inflammatory strategies reviewed here deserve further research, so as to
completely elucidate their full therapeutic potential in the context of MDD.

Author Contributions: B.R.K.: conceptualization and writing of original manuscript draft.
J.G.-M.: conceptualization, review and editing of the final manuscript draft and funding acqui-
sition for manuscript publication. A.L.S.R.: conceptualization, supervision, review and editing of the
manuscript, and funding acquisition. All authors have read and agreed to the published version of
the manuscript.

Funding: JGM acknowledges funding from the University of Victoria (UVic, Victoria, BC,
Canada)—São Paulo Research Foundation (FAPESP, São Paulo, SP, Brazil) SPRINT partnership
(UVic-FAPESP SPRINT 1/2018 Grant). ALSR is a Conselho Nacional de Desenvolvimento Científico
e Tecnológico (CNPq) Research Fellow and acknowledges funding from CNPq (#421143/2018-5;
312215/2021-5) and Coordenação de Aperfeiçoamento de Pessoal de Nível Superior (CAPES).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Malhi, G.S.; Mann, J.J. Depression. Lancet Lond. Engl. 2018, 392, 2299–2312. [CrossRef] [PubMed]
2. Kaufmann, F.N.; Costa, A.P.; Ghisleni, G.; Diaz, A.P.; Rodrigues, A.L.S.; Peluffo, H.; Kaster, M.P. NLRP3 Inflammasome-Driven

Pathways in Depression: Clinical and Preclinical Findings. Brain. Behav. Immun. 2017, 64, 367–383. [CrossRef] [PubMed]
3. Liu, C.H.; Zhang, G.Z.; Li, B.; Li, M.; Woelfer, M.; Walter, M.; Wang, L. Role of Inflammation in Depression Relapse. J. Neuroinflamm.

2019, 16, 90. [CrossRef] [PubMed]
4. Nettis, M.A.; Pariante, C.M. Is There Neuroinflammation in Depression? Understanding the Link between the Brain and the

Peripheral Immune System in Depression. Int. Rev. Neurobiol. 2020, 152, 23–40. [CrossRef]
5. Herman, F.J.; Pasinetti, G.M. Principles of Inflammasome Priming and Inhibition: Implications for Psychiatric Disorders. Brain.

Behav. Immun. 2018, 73, 66–84. [CrossRef]
6. Carlessi, A.S.; Borba, L.A.; Zugno, A.I.; Quevedo, J.; Réus, G.Z. Gut Microbiota-Brain Axis in Depression: The Role of Neuroin-

flammation. Eur. J. Neurosci. 2021, 53, 222–235. [CrossRef]
7. Maes, M.; Kubera, M.; Leunis, J.C. The Gut-Brain Barrier in Major Depression: Intestinal Mucosal Dysfunction with an Increased

Translocation of LPS from Gram Negative Enterobacteria (Leaky Gut) Plays a Role in the Inflammatory Pathophysiology of
Depression. Neuro Endocrinol. Lett. 2008, 29, 117–124.

http://doi.org/10.1016/S0140-6736(18)31948-2
http://www.ncbi.nlm.nih.gov/pubmed/30396512
http://doi.org/10.1016/j.bbi.2017.03.002
http://www.ncbi.nlm.nih.gov/pubmed/28263786
http://doi.org/10.1186/s12974-019-1475-7
http://www.ncbi.nlm.nih.gov/pubmed/30995920
http://doi.org/10.1016/bs.irn.2019.12.004
http://doi.org/10.1016/j.bbi.2018.06.010
http://doi.org/10.1111/ejn.14631


Int. J. Mol. Sci. 2023, 24, 133 11 of 14

8. Yirmiya, R.; Rimmerman, N.; Reshef, R. Depression as a Microglial Disease. Trends Neurosci. 2015, 38, 637–658. [CrossRef]
9. Rudzki, L.; Maes, M. The Microbiota-Gut-Immune-Glia (MGIG) Axis in Major Depression. Mol. Neurobiol. 2020, 57, 4269–4295.

[CrossRef]
10. Schroder, K.; Tschopp, J. The Inflammasomes. Cell 2010, 140, 821–832. [CrossRef]
11. Orihuela, R.; McPherson, C.A.; Harry, G.J. Microglial M1/M2 Polarization and Metabolic States: Microglia Bioenergetics with

Acute Polarization. Br. J. Pharmacol. 2016, 173, 649–665. [CrossRef] [PubMed]
12. Prinz, M.; Jung, S.; Priller, J. Microglia Biology: One Century of Evolving Concepts. Cell 2019, 179, 292–311. [CrossRef] [PubMed]
13. Yue, N.; Huang, H.; Zhu, X.; Han, Q.; Wang, Y.; Li, B.; Liu, Q.; Wu, G.; Zhang, Y.; Yu, J. Activation of P2X7 Receptor and

NLRP3 Inflammasome Assembly in Hippocampal Glial Cells Mediates Chronic Stress-Induced Depressive-like Behaviors. J.
Neuroinflamm. 2017, 14, 102. [CrossRef]

14. Illes, P.; Rubini, P.; Ulrich, H.; Zhao, Y.; Tang, Y. Regulation of Microglial Functions by Purinergic Mechanisms in the Healthy and
Diseased CNS. Cells 2020, 9, 1108. [CrossRef]

15. Zahid, A.; Li, B.; Kombe, A.J.K.; Jin, T.; Tao, J. Pharmacological Inhibitors of the NLRP3 Inflammasome. Front. Immunol. 2019,
10, 2538. [CrossRef] [PubMed]

16. Seoane, P.I.; Lee, B.; Hoyle, C.; Yu, S.; Lopez-Castejon, G.; Lowe, M.; Brough, D. The NLRP3-Inflammasome as a Sensor of
Organelle Dysfunction. J. Cell Biol. 2020, 219, e202006194. [CrossRef]

17. Kelley, N.; Jeltema, D.; Duan, Y.; He, Y. The NLRP3 Inflammasome: An Overview of Mechanisms of Activation and Regulation.
Int. J. Mol. Sci. 2019, 20, 3328. [CrossRef]

18. Seok, J.K.; Kang, H.C.; Cho, Y.Y.; Lee, H.S.; Lee, J.Y. Therapeutic Regulation of the NLRP3 Inflammasome in Chronic Inflammatory
Diseases. Arch. Pharm. Res. 2021, 44, 16–35. [CrossRef]

19. Sutterwala, F.S.; Haasken, S.; Cassel, S.L. Mechanism of NLRP3 Inflammasome Activation. Ann. N. Y. Acad. Sci. 2014, 1319, 82–95.
[CrossRef]

20. Yi, Y.S. Caspase-11 Non-Canonical Inflammasome: Emerging Activator and Regulator of Infection-Mediated Inflammatory
Responses. Int. J. Mol. Sci. 2020, 21, 2736. [CrossRef]

21. He, Y.; Franchi, L.; Núñez, G. TLR Agonists Stimulate Nlrp3-Dependent IL-1β Production Independently of the Purinergic P2X7
Receptor in Dendritic Cells and in Vivo. J. Immunol. 2013, 190, 334–339. [CrossRef] [PubMed]

22. Netea, M.G.; Nold-Petry, C.A.; Nold, M.F.; Joosten, L.A.B.; Opitz, B.; van der Meer, J.H.M.; van de Veerdonk, F.L.; Ferwerda, G.;
Heinhuis, B.; Devesa, I.; et al. Differential Requirement for the Activation of the Inflammasome for Processing and Release of
IL-1beta in Monocytes and Macrophages. Blood 2009, 113, 2324–2335. [CrossRef] [PubMed]

23. Chung, I.Y.; Benveniste, E.N. Tumor Necrosis Factor-Alpha Production by Astrocytes. Induction by Lipopolysaccharide, IFN-
Gamma, and IL-1 Beta. J. Immunol. 1990, 144, 2999–3007.

24. Wheeler, R.D.; Brough, D.; Le Feuvre, R.A.; Takeda, K.; Iwakura, Y.; Luheshi, G.N.; Rothwell, N.J. Interleukin-18 Induces
Expression and Release of Cytokines from Murine Glial Cells: Interactions with Interleukin-1 Beta. J. Neurochem. 2003, 85,
1412–1420. [CrossRef] [PubMed]

25. Marx, W.; McGuinness, A.J.; Rocks, T.; Ruusunen, A.; Cleminson, J.; Walker, A.J.; Gomes-da-Costa, S.; Lane, M.; Sanches, M.;
Diaz, A.P.; et al. The Kynurenine Pathway in Major Depressive Disorder, Bipolar Disorder, and Schizophrenia: A Meta-Analysis
of 101 Studies. Mol. Psychiatry 2021, 26, 4158–4178. [CrossRef]

26. Liddelow, S.A.; Guttenplan, K.A.; Clarke, L.E.; Bennett, F.C.; Bohlen, C.J.; Schirmer, L.; Bennett, M.L.; Münch, A.E.; Chung, W.-S.;
Peterson, T.C.; et al. Neurotoxic Reactive Astrocytes Are Induced by Activated Microglia. Nature 2017, 541, 481–487. [CrossRef]

27. Farina, C.; Aloisi, F.; Meinl, E. Astrocytes Are Active Players in Cerebral Innate Immunity. Trends Immunol. 2007, 28, 138–145.
[CrossRef]

28. Troubat, R.; Barone, P.; Leman, S.; Desmidt, T.; Cressant, A.; Atanasova, B.; Brizard, B.; El Hage, W.; Surget, A.; Belzung, C.; et al.
Neuroinflammation and Depression: A Review. Eur. J. Neurosci. 2021, 53, 151–171. [CrossRef]

29. Leonard, B.; Maes, M. Mechanistic Explanations How Cell-Mediated Immune Activation, Inflammation and Oxidative and
Nitrosative Stress Pathways and Their Sequels and Concomitants Play a Role in the Pathophysiology of Unipolar Depression.
Neurosci. Biobehav. Rev. 2012, 36, 764–785. [CrossRef]

30. Palta, P.; Samuel, L.J.; Miller, E.R.; Szanton, S.L. Depression and Oxidative Stress: Results From a Meta-Analysis of Observational
Studies. Psychosom. Med. 2014, 76, 12–19. [CrossRef]

31. Lee, S.Y.; Lee, S.J.; Han, C.; Patkar, A.A.; Masand, P.S.; Pae, C.U. Oxidative/Nitrosative Stress and Antidepressants: Targets for
Novel Antidepressants. Prog. Neuropsychopharmacol. Biol. Psychiatry 2013, 46, 224–235. [CrossRef]

32. Khanzode, S.D.; Dakhale, G.N.; Khanzode, S.S.; Saoji, A.; Palasodkar, R. Oxidative Damage and Major Depression: The Potential
Antioxidant Action of Selective Serotonin Re-Uptake Inhibitors. Redox Rep. 2003, 8, 365–370. [CrossRef] [PubMed]

33. Biasizzo, M.; Kopitar-Jerala, N. Interplay Between NLRP3 Inflammasome and Autophagy. Front. Immunol. 2020, 11, 591803.
[CrossRef] [PubMed]

34. Tang, M.; Liu, T.; Jiang, P.; Dang, R. The Interaction between Autophagy and Neuroinflammation in Major Depressive Disorder:
From Pathophysiology to Therapeutic Implications. Pharmacol. Res. 2021, 168, 105586. [CrossRef]

35. Deng, Z.; Purtell, K.; Lachance, V.; Wold, M.S.; Chen, S.; Yue, Z. Autophagy Receptors and Neurodegenerative Diseases. Trends
Cell Biol. 2017, 27, 491–504. [CrossRef] [PubMed]

http://doi.org/10.1016/j.tins.2015.08.001
http://doi.org/10.1007/s12035-020-01961-y
http://doi.org/10.1016/j.cell.2010.01.040
http://doi.org/10.1111/bph.13139
http://www.ncbi.nlm.nih.gov/pubmed/25800044
http://doi.org/10.1016/j.cell.2019.08.053
http://www.ncbi.nlm.nih.gov/pubmed/31585077
http://doi.org/10.1186/s12974-017-0865-y
http://doi.org/10.3390/cells9051108
http://doi.org/10.3389/fimmu.2019.02538
http://www.ncbi.nlm.nih.gov/pubmed/31749805
http://doi.org/10.1083/jcb.202006194
http://doi.org/10.3390/ijms20133328
http://doi.org/10.1007/s12272-021-01307-9
http://doi.org/10.1111/nyas.12458
http://doi.org/10.3390/ijms21082736
http://doi.org/10.4049/jimmunol.1202737
http://www.ncbi.nlm.nih.gov/pubmed/23225887
http://doi.org/10.1182/blood-2008-03-146720
http://www.ncbi.nlm.nih.gov/pubmed/19104081
http://doi.org/10.1046/j.1471-4159.2003.01787.x
http://www.ncbi.nlm.nih.gov/pubmed/12787061
http://doi.org/10.1038/s41380-020-00951-9
http://doi.org/10.1038/nature21029
http://doi.org/10.1016/j.it.2007.01.005
http://doi.org/10.1111/ejn.14720
http://doi.org/10.1016/j.neubiorev.2011.12.005
http://doi.org/10.1097/PSY.0000000000000009
http://doi.org/10.1016/j.pnpbp.2012.09.008
http://doi.org/10.1179/135100003225003393
http://www.ncbi.nlm.nih.gov/pubmed/14980069
http://doi.org/10.3389/fimmu.2020.591803
http://www.ncbi.nlm.nih.gov/pubmed/33163006
http://doi.org/10.1016/j.phrs.2021.105586
http://doi.org/10.1016/j.tcb.2017.01.001
http://www.ncbi.nlm.nih.gov/pubmed/28169082


Int. J. Mol. Sci. 2023, 24, 133 12 of 14

36. Pierone, B.C.; Pereira, C.A.; Garcez, M.L.; Kaster, M.P. Stress and Signaling Pathways Regulating Autophagy: From Behavioral
Models to Psychiatric Disorders. Exp. Neurol. 2020, 334, 113485. [CrossRef] [PubMed]

37. Jiang, P.; Guo, Y.; Dang, R.; Yang, M.; Liao, D.; Li, H.; Sun, Z.; Feng, Q.; Xu, P. Salvianolic Acid B Protects against
Lipopolysaccharide-Induced Behavioral Deficits and Neuroinflammatory Response: Involvement of Autophagy and NLRP3
Inflammasome. J. Neuroinflamm. 2017, 14, 239. [CrossRef]

38. Xiao, X.; Shang, X.; Zhai, B.; Zhang, H.; Zhang, T. Nicotine Alleviates Chronic Stress-Induced Anxiety and Depressive-like
Behavior and Hippocampal Neuropathology via Regulating Autophagy Signaling. Neurochem. Int. 2018, 114, 58–70. [CrossRef]

39. He, S.; Deng, Z.; Li, Z.; Gao, W.; Zeng, D.; Shi, Y.; Zhao, N.; Xu, F.; Li, T.; Li, H.; et al. Signatures of 4 Autophagy-Related Genes as
Diagnostic Markers of MDD and Their Correlation with Immune Infiltration. J. Affect. Disord. 2021, 295, 11–20. [CrossRef]

40. Jabir, M.S.; Ritchie, N.D.; Li, D.; Bayes, H.K.; Tourlomousis, P.; Puleston, D.; Lupton, A.; Hopkins, L.; Simon, A.K.; Bryant, C.; et al.
Caspase-1 Cleavage of the TLR Adaptor TRIF Inhibits Autophagy and β-Interferon Production during Pseudomonas Aeruginosa
Infection. Cell Host Microbe 2014, 15, 214–227. [CrossRef]

41. Zhao, S.; Li, X.; Wang, J.; Wang, H. The Role of the Effects of Autophagy on NLRP3 Inflammasome in Inflammatory Nervous
System Diseases. Front. Cell Dev. Biol. 2021, 9, 657478. [CrossRef] [PubMed]

42. Zhang, Y.; Liu, L.; Peng, Y.L.; Liu, Y.Z.; Wu, T.Y.; Shen, X.L.; Zhou, J.R.; Sun, D.Y.; Huang, A.J.; Wang, X.; et al. Involvement of
Inflammasome Activation in Lipopolysaccharide-Induced Mice Depressive-like Behaviors. CNS Neurosci. Ther. 2014, 20, 119–124.
[CrossRef] [PubMed]

43. Zhu, W.; Cao, F.S.; Feng, J.; Chen, H.W.; Wan, J.R.; Lu, Q.; Wang, J. NLRP3 Inflammasome Activation Contributes to Long-Term
Behavioral Alterations in Mice Injected with Lipopolysaccharide. Neuroscience 2017, 343, 77–84. [CrossRef] [PubMed]

44. Wickens, R.A.; Ver Donck, L.; MacKenzie, A.B.; Bailey, S.J. Repeated Daily Administration of Increasing Doses of Lipopolysaccha-
ride Provides a Model of Sustained Inflammation-Induced Depressive-like Behaviour in Mice That Is Independent of the NLRP3
Inflammasome. Behav. Brain Res. 2018, 352, 99–108. [CrossRef] [PubMed]

45. Feng, X.; Zhao, Y.; Yang, T.; Song, M.; Wang, C.; Yao, Y.; Fan, H. Glucocorticoid-Driven NLRP3 Inflammasome Activation
in Hippocampal Microglia Mediates Chronic Stress-Induced Depressive-Like Behaviors. Front. Mol. Neurosci. 2019, 12, 210.
[CrossRef]

46. Zhang, Y.; Liu, L.; Liu, Y.Z.; Shen, X.L.; Wu, T.Y.; Zhang, T.; Wang, W.; Wang, Y.X.; Jiang, C.L. NLRP3 Inflammasome Mediates
Chronic Mild Stress-Induced Depression in Mice via Neuroinflammation. Int. J. Neuropsychopharmacol. 2015, 18, pyv006.
[CrossRef]

47. Pan, Y.; Chen, X.Y.; Zhang, Q.Y.; Kong, L.D. Microglial NLRP3 Inflammasome Activation Mediates IL-1β-Related Inflammation
in Prefrontal Cortex of Depressive Rats. Brain. Behav. Immun. 2014, 41, 90–100. [CrossRef]

48. Zhang, S.; Zong, Y.; Ren, Z.; Hu, J.; Wu, X.; Xiao, H.; Qin, S.; Zhou, G.; Ma, Y.; Zhang, Y.; et al. Regulation of Indoleamine 2,
3-Dioxygenase in Hippocampal Microglia by NLRP3 Inflammasome in Lipopolysaccharide-Induced Depressive-like Behaviors.
Eur. J. Neurosci. 2020, 52, 4586–4601. [CrossRef]

49. Zhou, Y.; Yan, M.; Pan, R.; Wang, Z.; Tao, X.; Li, C.; Xia, T.; Liu, X.; Chang, Q. Radix Polygalae Extract Exerts Antidepressant
Effects in Behavioral Despair Mice and Chronic Restraint Stress-Induced Rats Probably by Promoting Autophagy and Inhibiting
Neuroinflammation. J. Ethnopharmacol. 2021, 265, 113317. [CrossRef]

50. Yang, F.; Zhu, W.; Cai, X.; Zhang, W.; Yu, Z.; Li, X.; Zhang, J.; Cai, M.; Xiang, J.; Cai, D. Minocycline Alleviates NLRP3
Inflammasome-Dependent Pyroptosis in Monosodium Glutamate-Induced Depressive Rats. Biochem. Biophys. Res. Commun.
2020, 526, 553–559. [CrossRef]

51. Jeon, S.A.; Lee, E.; Hwang, I.; Han, B.; Park, S.; Son, S.; Yang, J.; Hong, S.; Kim, C.H.; Son, J.; et al. NLRP3 Inflammasome
Contributes to Lipopolysaccharide-Induced Depressive-Like Behaviors via Indoleamine 2,3-Dioxygenase Induction. Int. J.
Neuropsychopharmacol. 2017, 20, 896–906. [CrossRef] [PubMed]

52. Zhang, W.Y.; Guo, Y.J.; Han, W.X.; Yang, M.Q.; Wen, L.P.; Wang, K.Y.; Jiang, P. Curcumin Relieves Depressive-like Behaviors via
Inhibition of the NLRP3 Inflammasome and Kynurenine Pathway in Rats Suffering from Chronic Unpredictable Mild Stress. Int.
Immunopharmacol. 2019, 67, 138–144. [CrossRef] [PubMed]

53. Wang, H.; Guo, Y.; Qiao, Y.; Zhang, J.; Jiang, P. Nobiletin Ameliorates NLRP3 Inflammasome-Mediated Inflammation Through
Promoting Autophagy via the AMPK Pathway. Mol. Neurobiol. 2020, 57, 5056–5068. [CrossRef]

54. Camargo, A.; Dalmagro, A.P.; Platt, N.; Rosado, A.F.; Neis, V.B.; Zeni, A.L.B.; Kaster, M.P.; Rodrigues, A.L.S. Cholecalciferol
Abolishes Depressive-like Behavior and Hippocampal Glucocorticoid Receptor Impairment Induced by Chronic Corticosterone
Administration in Mice. Pharmacol. Biochem. Behav. 2020, 196, 172971. [CrossRef] [PubMed]

55. Inserra, A.; Rogers, G.B.; Licinio, J.; Wong, M.L. The Microbiota-Inflammasome Hypothesis of Major Depression. BioEssays 2018,
40, 1800027. [CrossRef] [PubMed]

56. Wong, M.L.; Inserra, A.; Lewis, M.D.; Mastronardi, C.A.; Leong, L.; Choo, J.; Kentish, S.; Xie, P.; Morrison, M.;
Wesselingh, S.L.; et al. Inflammasome Signaling Affects Anxiety- and Depressive-like Behavior and Gut Microbiome
Composition. Mol. Psychiatry 2016, 21, 797–805. [CrossRef]

57. Rao, J.; Qiao, Y.; Xie, R.; Lin, L.; Jiang, J.; Wang, C.; Li, G. Fecal Microbiota Transplantation Ameliorates Stress-Induced Depression-
like Behaviors Associated with the Inhibition of Glial and NLRP3 Inflammasome in Rat Brain. J. Psychiatr. Res. 2021, 137, 147–157.
[CrossRef]

http://doi.org/10.1016/j.expneurol.2020.113485
http://www.ncbi.nlm.nih.gov/pubmed/32987001
http://doi.org/10.1186/s12974-017-1013-4
http://doi.org/10.1016/j.neuint.2018.01.004
http://doi.org/10.1016/j.jad.2021.08.005
http://doi.org/10.1016/j.chom.2014.01.010
http://doi.org/10.3389/fcell.2021.657478
http://www.ncbi.nlm.nih.gov/pubmed/34079796
http://doi.org/10.1111/cns.12170
http://www.ncbi.nlm.nih.gov/pubmed/24279434
http://doi.org/10.1016/j.neuroscience.2016.11.037
http://www.ncbi.nlm.nih.gov/pubmed/27923741
http://doi.org/10.1016/j.bbr.2017.07.041
http://www.ncbi.nlm.nih.gov/pubmed/28760701
http://doi.org/10.3389/fnmol.2019.00210
http://doi.org/10.1093/ijnp/pyv006
http://doi.org/10.1016/j.bbi.2014.04.007
http://doi.org/10.1111/ejn.15016
http://doi.org/10.1016/j.jep.2020.113317
http://doi.org/10.1016/j.bbrc.2020.02.149
http://doi.org/10.1093/ijnp/pyx065
http://www.ncbi.nlm.nih.gov/pubmed/29016824
http://doi.org/10.1016/j.intimp.2018.12.012
http://www.ncbi.nlm.nih.gov/pubmed/30551030
http://doi.org/10.1007/s12035-020-02071-5
http://doi.org/10.1016/j.pbb.2020.172971
http://www.ncbi.nlm.nih.gov/pubmed/32585162
http://doi.org/10.1002/bies.201800027
http://www.ncbi.nlm.nih.gov/pubmed/30004130
http://doi.org/10.1038/mp.2016.46
http://doi.org/10.1016/j.jpsychires.2021.02.057


Int. J. Mol. Sci. 2023, 24, 133 13 of 14

58. Rao, J.; Xie, R.; Lin, L.; Jiang, J.; Du, L.; Zeng, X.; Li, G.; Wang, C.; Qiao, Y. Fecal Microbiota Transplantation Ameliorates Gut
Microbiota Imbalance and Intestinal Barrier Damage in Rats with Stress-induced Depressive-like Behavior. Eur. J. Neurosci. 2021,
53, 3598–3611. [CrossRef]

59. Zhang, Y.; Huang, R.; Cheng, M.; Wang, L.; Chao, J.; Li, J.; Zheng, P.; Xie, P.; Zhang, Z.; Yao, H. Gut Microbiota from NLRP3-
Deficient Mice Ameliorates Depressive-like Behaviors by Regulating Astrocyte Dysfunction via CircHIPK2. Microbiome 2019,
7, 116. [CrossRef]

60. Alcocer-Gómez, E.; de Miguel, M.; Casas-Barquero, N.; Núñez-Vasco, J.; Sánchez-Alcazar, J.A.; Fernández-Rodríguez, A.; Cordero,
M.D. NLRP3 Inflammasome Is Activated in Mononuclear Blood Cells from Patients with Major Depressive Disorder. Brain. Behav.
Immun. 2014, 36, 111–117. [CrossRef]

61. Taene, A.; Khalili-Tanha, G.; Esmaeili, A.; Mobasheri, L.; Kooshkaki, O.; Jafari, S.; Shokouhifar, A.; Sarab, G.A. The Association of
Major Depressive Disorder with Activation of NLRP3 Inflammasome, Lipid Peroxidation, and Total Antioxidant Capacity. J. Mol.
Neurosci. 2020, 70, 65–70. [CrossRef] [PubMed]

62. Pandey, G.N.; Zhang, H.; Sharma, A.; Ren, X. 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. Psychiatry Neurosci. 2021, 46, E538–E547. [CrossRef]

63. Baumeister, D.; Russell, A.; Pariante, C.M.; Mondelli, V. Inflammatory Biomarker Profiles of Mental Disorders and Their Relation
to Clinical, Social and Lifestyle Factors. Soc. Psychiatry Psychiatr. Epidemiol. 2014, 49, 841–849. [CrossRef] [PubMed]

64. Ng, A.; Tam, W.W.; Zhang, M.W.; Ho, C.S.; Husain, S.F.; McIntyre, R.S.; Ho, R.C. IL-1β, IL-6, TNF- α and CRP in Elderly Patients
with Depression or Alzheimer’s Disease: Systematic Review and Meta-Analysis. Sci. Rep. 2018, 8, 12050. [CrossRef] [PubMed]

65. Dowlati, Y.; Herrmann, N.; Swardfager, W.; Liu, H.; Sham, L.; Reim, E.K.; Lanctôt, K.L. A Meta-Analysis of Cytokines in Major
Depression. Biol. Psychiatry 2010, 67, 446–457. [CrossRef] [PubMed]

66. Haapakoski, R.; Mathieu, J.; Ebmeier, K.P.; Alenius, H.; Kivimäki, M. Cumulative Meta-Analysis of Interleukins 6 and 1β, Tumour
Necrosis Factor α and C-Reactive Protein in Patients with Major Depressive Disorder. Brain. Behav. Immun. 2015, 49, 206–215.
[CrossRef]

67. Xia, Z.; DePierre, J.W.; Nässberger, L. Tricyclic Antidepressants Inhibit IL-6, IL-1 Beta and TNF-Alpha Release in Human Blood
Monocytes and IL-2 and Interferon-Gamma in T Cells. Immunopharmacology 1996, 34, 27–37. [CrossRef]

68. Gong, W.; Zhang, S.; Zong, Y.; Halim, M.; Ren, Z.; Wang, Y.; Ma, Y.; Li, B.; Ma, L.; Zhou, G.; et al. Involvement of the Microglial
NLRP3 Inflammasome in the Anti-Inflammatory Effect of the Antidepressant Clomipramine. J. Affect. Disord. 2019, 254, 15–25.
[CrossRef]

69. Zhang, K.; Lin, W.; Zhang, J.; Zhao, Y.; Wang, X.; Zhao, M. Effect of Toll-like Receptor 4 on Depressive-like Behaviors Induced by
Chronic Social Defeat Stress. Brain Behav. 2020, 10, e01525. [CrossRef]

70. Maes, M.; Kenis, G.; Kubera, M.; De Baets, M.; Steinbusch, H.; Bosmans, E. The Negative Immunoregulatory Effects of Fluoxetine
in Relation to the CAMP-Dependent PKA Pathway. Int. Immunopharmacol. 2005, 5, 609–618. [CrossRef]

71. Du, R.H.; Tan, J.; Sun, X.Y.; Lu, M.; Ding, J.H.; Hu, G. Fluoxetine Inhibits NLRP3 Inflammasome Activation: Implication in
Depression. Int. J. Neuropsychopharmacol. 2016, 19, pyw037. [CrossRef] [PubMed]

72. Li, W.; Ali, T.; Zheng, C.; Liu, Z.; He, K.; Shah, F.A.; Ren, Q.; Rahman, S.U.; Li, N.; Yu, Z.J.; et al. Fluoxetine Regulates EEF2
Activity (Phosphorylation) via HDAC1 Inhibitory Mechanism in an LPS-Induced Mouse Model of Depression. J. Neuroinflamm.
2021, 18, 38. [CrossRef] [PubMed]

73. Abu-Elfotuh, K.; Al-Najjar, A.H.; Mohammed, A.A.; Aboutaleb, A.S.; Badawi, G.A. Fluoxetine Ameliorates Alzheimer’s Disease
Progression and Prevents the Exacerbation of Cardiovascular Dysfunction of Socially Isolated Depressed Rats through Activation
of Nrf2/HO-1 and Hindering TLR4/NLRP3 Inflammasome Signaling Pathway. Int. Immunopharmacol. 2022, 104, 108488.
[CrossRef] [PubMed]

74. Alcocer-Gómez, E.; Casas-Barquero, N.; Williams, M.R.; Romero-Guillena, S.L.; Cañadas-Lozano, D.; Bullón, P.; Sánchez-Alcazar,
J.A.; Navarro-Pando, J.M.; Cordero, M.D. Antidepressants Induce Autophagy Dependent-NLRP3-Inflammasome Inhibition in
Major Depressive Disorder. Pharmacol. Res. 2017, 121, 114–121. [CrossRef] [PubMed]

75. Li, J.M.; Liu, L.L.; Su, W.J.; Wang, B.; Zhang, T.; Zhang, Y.; Jiang, C.L. Ketamine May Exert Antidepressant Effects via Suppressing
NLRP3 Inflammasome to Upregulate AMPA Receptors. Neuropharmacology 2019, 146, 149–153. [CrossRef]

76. Lyu, D.; Wang, F.; Zhang, M.; Yang, W.; Huang, H.; Huang, Q.; Wu, C.; Qian, N.; Wang, M.; Zhang, H.; et al. Ketamine Induces
Rapid Antidepressant Effects via the Autophagy-NLRP3 Inflammasome Pathway. Psychopharmacology 2022. [CrossRef]

77. Liu, X.; Liu, C. Baicalin Ameliorates Chronic Unpredictable Mild Stress-Induced Depressive Behavior: Involving the Inhibition of
NLRP3 Inflammasome Activation in Rat Prefrontal Cortex. Int. Immunopharmacol. 2017, 48, 30–34. [CrossRef]

78. Zhang, C.Y.Y.; Zeng, M.J.; Zhou, L.P.; Li, Y.Q.; Zhao, F.; Shang, Z.Y.; Deng, X.Y.; Ma, Z.Q.; Fu, Q.; Ma, S.P.; et al. Baicalin Exerts
Neuroprotective Effects via Inhibiting Activation of GSK3β/NF-KB/NLRP3 Signal Pathway in a Rat Model of Depression. Int.
Immunopharmacol. 2018, 64, 175–182. [CrossRef]

79. Li, R.; Wang, X.; Qin, T.; Qu, R.; Ma, S. Apigenin Ameliorates Chronic Mild Stress-Induced Depressive Behavior by Inhibiting
Interleukin-1β Production and NLRP3 Inflammasome Activation in the Rat Brain. Behav. Brain Res. 2016, 296, 318–325. [CrossRef]

80. Tong, Y.; Fu, H.; Xia, C.; Song, W.; Li, Y.; Zhao, J.; Zhang, X.; Gao, X.; Yong, J.; Liu, Q.; et al. Astragalin Exerted Antidepressant-like
Action through SIRT1 Signaling Modulated NLRP3 Inflammasome Deactivation. ACS Chem. Neurosci. 2020, 11, 1495–1503.
[CrossRef]

http://doi.org/10.1111/ejn.15192
http://doi.org/10.1186/s40168-019-0733-3
http://doi.org/10.1016/j.bbi.2013.10.017
http://doi.org/10.1007/s12031-019-01401-0
http://www.ncbi.nlm.nih.gov/pubmed/31515707
http://doi.org/10.1503/jpn.210016
http://doi.org/10.1007/s00127-014-0887-z
http://www.ncbi.nlm.nih.gov/pubmed/24789456
http://doi.org/10.1038/s41598-018-30487-6
http://www.ncbi.nlm.nih.gov/pubmed/30104698
http://doi.org/10.1016/j.biopsych.2009.09.033
http://www.ncbi.nlm.nih.gov/pubmed/20015486
http://doi.org/10.1016/j.bbi.2015.06.001
http://doi.org/10.1016/0162-3109(96)00111-7
http://doi.org/10.1016/j.jad.2019.05.009
http://doi.org/10.1002/brb3.1525
http://doi.org/10.1016/j.intimp.2004.11.008
http://doi.org/10.1093/ijnp/pyw037
http://www.ncbi.nlm.nih.gov/pubmed/27207922
http://doi.org/10.1186/s12974-021-02091-5
http://www.ncbi.nlm.nih.gov/pubmed/33526073
http://doi.org/10.1016/j.intimp.2021.108488
http://www.ncbi.nlm.nih.gov/pubmed/35042170
http://doi.org/10.1016/j.phrs.2017.04.028
http://www.ncbi.nlm.nih.gov/pubmed/28465217
http://doi.org/10.1016/j.neuropharm.2018.11.022
http://doi.org/10.1007/s00213-022-06201-w
http://doi.org/10.1016/j.intimp.2017.04.019
http://doi.org/10.1016/j.intimp.2018.09.001
http://doi.org/10.1016/j.bbr.2015.09.031
http://doi.org/10.1021/acschemneuro.0c00156


Int. J. Mol. Sci. 2023, 24, 133 14 of 14

81. Tian, D.D.; Wang, M.; Liu, A.; Gao, M.R.; Qiu, C.; Yu, W.; Wang, W.J.; Zhang, K.; Yang, L.; Jia, Y.Y.; et al. Antidepressant Effect
of Paeoniflorin Is Through Inhibiting Pyroptosis CASP-11/GSDMD Pathway. Mol. Neurobiol. 2021, 58, 761–776. [CrossRef]
[PubMed]

82. Cheng, J.; Chen, M.; Wan, H.Q.; Chen, X.Q.; Li, C.F.; Zhu, J.X.; Liu, Q.; Xu, G.H.; Yi, L.T. Paeoniflorin Exerts Antidepressant-like
Effects through Enhancing Neuronal FGF-2 by Microglial Inactivation. J. Ethnopharmacol. 2021, 274, 114046. [CrossRef] [PubMed]

83. Li, Y.; Song, W.; Tong, Y.; Zhang, X.; Zhao, J.; Gao, X.; Yong, J.; Wang, H. Isoliquiritin Ameliorates Depression by Suppressing
NLRP3-Mediated Pyroptosis via MiRNA-27a/SYK/NF-KB Axis. J. Neuroinflamm. 2021, 18, 1. [CrossRef] [PubMed]

84. Huang, Q.; Ye, X.; Wang, L.; Pan, J. Salvianolic Acid B Abolished Chronic Mild Stress-Induced Depression through Suppressing
Oxidative Stress and Neuro-Inflammation via Regulating NLRP3 Inflammasome Activation. J. Food Biochem. 2019, 43, e12742.
[CrossRef]

85. Martín-de-Saavedra, M.D.; Budni, J.; Cunha, M.P.; Gómez-Rangel, V.; Lorrio, S.; del Barrio, L.; Lastres-Becker, I.; Parada, E.;
Tordera, R.M.; Rodrigues, A.L.S.; et al. Nrf2 Participates in Depressive Disorders through an Anti-Inflammatory Mechanism.
Psychoneuroendocrinology 2013, 38, 2010–2022. [CrossRef]

86. Tufekci, K.U.; Ercan, I.; Isci, K.B.; Olcum, M.; Tastan, B.; Gonul, C.P.; Genc, K.; Genc, S. Sulforaphane Inhibits NLRP3 Inflamma-
some Activation in Microglia through Nrf2-Mediated MiRNA Alteration. Immunol. Lett. 2021, 233, 20–30. [CrossRef]

87. Helgadóttir, B.; Hallgren, M.; Ekblom, Ö.; Forsell, Y. Training Fast or Slow? Exercise for Depression: A Randomized Controlled
Trial. Prev. Med. 2016, 91, 123–131. [CrossRef]

88. Harvey, S.B.; Øverland, S.; Hatch, S.L.; Wessely, S.; Mykletun, A.; Hotopf, M. Exercise and the Prevention of Depression: Results
of the HUNT Cohort Study. Am. J. Psychiatry 2018, 175, 28–36. [CrossRef]

89. Rosa, J.M.; Camargo, A.; Wolin, I.A.V.; Kaster, M.P.; Rodrigues, A.L.S. Physical Exercise Prevents Amyloid B1−40-Induced
Disturbances in NLRP3 Inflammasome Pathway in the Hippocampus of Mice. Metab. Brain Dis. 2021, 36, 351–359. [CrossRef]

90. Rosa, J.M.; Pazini, F.L.; Olescowicz, G.; Camargo, A.; Moretti, M.; Gil-Mohapel, J.; Rodrigues, A.L.S. Prophylactic Effect of
Physical Exercise on Aβ1–40-Induced Depressive-like Behavior: Role of BDNF, MTOR Signaling, Cell Proliferation and Survival
in the Hippocampus. Prog. Neuropsychopharmacol. Biol. Psychiatry 2019, 94, 109646. [CrossRef]

91. Gruhn, K.; Siteneski, A.; Camargo, A.; Freitas, A.E.; Olescowicz, G.; Brocardo, P.S.; Rodrigues, A.L.S. Physical Exercise Stimulates
Hippocampal MTORC1 and FNDC5/Irisin Signaling Pathway in Mice: Possible Implication for Its Antidepressant Effect. Behav.
Brain Res. 2021, 400, 113040. [CrossRef] [PubMed]

92. Chadorneshin, H.T.; Cheragh-Birjandi, S.; Ramezani, S.; Abtahi-Eivary, S.H. Comparing Sprint and Endurance Training on
Anxiety, Depression and Its Relation with Brain-Derived Neurotrophic Factor in Rats. Behav. Brain Res. 2017, 329, 1–5. [CrossRef]
[PubMed]

93. Abkenar, I.K.; Rahmani-nia, F.; Lombardi, G. The Effects of Acute and Chronic Aerobic Activity on the Signaling Pathway of the
Inflammasome NLRP3 Complex in Young Men. Medicina 2019, 55, 105. [CrossRef]

94. Wang, Y.; Xu, Y.; Sheng, H.; Ni, X.; Lu, J. Exercise Amelioration of Depression-like Behavior in OVX Mice Is Associated with
Suppression of NLRP3 Inflammasome Activation in Hippocampus. Behav. Brain Res. 2016, 307, 18–24. [CrossRef]

95. Liang, F.; Huang, T.; Li, B.; Zhao, Y.; Zhang, X.; Xu, B. High-Intensity Interval Training and Moderate-Intensity Continuous
Training Alleviate β-Amyloid Deposition by Inhibiting NLRP3 Inflammasome Activation in APPswe/PS1dE9 Mice. NeuroReport
2020, 31, 425–432. [CrossRef]

96. Li, C.; Xu, X.; Wang, Z.; Wang, Y.; Luo, L.; Cheng, J.; Chen, S.F.; Liu, H.; Wan, Q.; Wang, Q. Exercise Ameliorates Post-Stroke
Depression by Inhibiting PTEN Elevation-Mediated Upregulation of TLR4/NF-KB/NLRP3 Signaling in Mice. Brain Res. 2020,
1736, 146777. [CrossRef]

97. Camargo, A.; Dalmagro, A.P.; Wolin, I.A.V.; Kaster, M.P.; Rodrigues, A.L.S. The Resilient Phenotype Elicited by Ketamine against
Inflammatory Stressors-Induced Depressive-like Behavior Is Associated with NLRP3-Driven Signaling Pathway. J. Psychiatr. Res.
2021, 144, 118–128. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1007/s12035-020-02144-5
http://www.ncbi.nlm.nih.gov/pubmed/33025508
http://doi.org/10.1016/j.jep.2021.114046
http://www.ncbi.nlm.nih.gov/pubmed/33753146
http://doi.org/10.1186/s12974-020-02040-8
http://www.ncbi.nlm.nih.gov/pubmed/33402173
http://doi.org/10.1111/jfbc.12742
http://doi.org/10.1016/j.psyneuen.2013.03.020
http://doi.org/10.1016/j.imlet.2021.03.004
http://doi.org/10.1016/j.ypmed.2016.08.011
http://doi.org/10.1176/appi.ajp.2017.16111223
http://doi.org/10.1007/s11011-020-00646-8
http://doi.org/10.1016/j.pnpbp.2019.109646
http://doi.org/10.1016/j.bbr.2020.113040
http://www.ncbi.nlm.nih.gov/pubmed/33279634
http://doi.org/10.1016/j.bbr.2017.04.034
http://www.ncbi.nlm.nih.gov/pubmed/28445707
http://doi.org/10.3390/medicina55040105
http://doi.org/10.1016/j.bbr.2016.03.044
http://doi.org/10.1097/WNR.0000000000001429
http://doi.org/10.1016/j.brainres.2020.146777
http://doi.org/10.1016/j.jpsychires.2021.09.057

	Introduction 
	Neuroinflammation and the NLRP3 Inflammasome 
	Involvement of NLRP3 Inflammasome in MDD 
	Preclinical Evidence 
	Clinical Evidence 

	Anti-Inflammatory Effects of Antidepressants 
	Antidepressant and Anti-Inflammatory Effects of Bioactive Compounds 
	Inhibition of NLRP3 Inflammasome by Physical Exercise 
	Conclusions and Future Directions 
	References

