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Abstract

Growing evidence highlights the relevance of microbiota-gut-brain axis in the maintenance of brain
homeostasis as well as in the pathophysiology of major neurological and psychiatric disorders,
including Parkinson’s disease (PD), Alzheimer’s disease (AD), multiple sclerosis (MS), autism
spectrum disorder (ASD) and major depressive disorder (MDD). In particular, changes in gut
microbiota can promote enteric and peripheral neurogenic/inflammatory responses, which, in turn,
could contribute to neuroinflammation and neurodegeneration in the central nervous system (CNS).
Of note, the nucleotide-binding oligomerization domain leucine rich repeat and pyrin domain-
containing protein 3 (NLRP3) inflammasome acts as a key player in both coordinating the host
physiology and shaping the peripheral and central immune/inflammatory responses in CNS diseases.
In this context, there is pioneering evidence supporting the existence of a microbiota-gut-
inflammasome-brain axis, in which enteric bacteria modulate, via NLRP3 signaling, inflammatory
pathways that, in turn, contribute to influence brain homeostasis.

The present review provides an overview of current knowledge on the role of microbiota-gut-
inflammasome-brain axis in the major CNS diseases, including PD, AD, MS, ASD and MDD. In
particular, though no direct and causal correlation among altered gut microbiota, NLRP3 activation
and brain pathology has been demonstrated and in-depth studies are needed in this setting, our
purpose was to pave the way to a novel and pioneering perspective on the pathophysiology of CNS
disorders. Our intent was also to highlight and discuss whether alterations of microbiota-gut-
inflammasome-brain axis support a holistic view of the pathophysiology of CNS diseases, even

though each disorder displays a different clinical picture.
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1. Introduction

Several lines of evidence highlight the relevance of the microbiota-gut-brain axis in the maintenance
of brain homeostasis as well as the pathophysiology of major neurological and psychiatric disorders,
including Parkinson’s disease (PD), Alzheimer’s disease (AD), multiple sclerosis (MS), autism
spectrum disorder (ASD) and major depressive disorder (MDD) (Foster et al., 2017; Fung et al.,
2017). It has been hypothesized that changes in gut microbiota composition can alter the intestinal
mucosal barrier and trigger enteric and peripheral neurogenic/inflammatory responses, which, in turn,
could contribute to neuroinflammation and neurodegeneration in the central nervous system (CNS)
(Pellegrini et al., 2018). Indeed, PD, AD, MS, ASD and MDD patients display different colonic
bacterial composition from healthy controls along with patterns of peripheral and central
immune/inflammatory cell activation (Pellegrini et al., 2018). Of note, recent evidence supports the
contention that the nucleotide-binding oligomerization domain leucine rich repeat and pyrin domain-
containing protein 3 (NLRP3) inflammasome multiprotein complex, through the processing and
release of interleukin (IL)-1B and IL-18, can act as a key player both in coordinating the host
physiology and shaping the peripheral and central immune/inflammatory responses in CNS diseases
(Gordon et al., 2018; Heneka et al., 2018; Kaufmann et al., 2017). In this context, there is pioneering
evidence supporting the occurrence of dynamic interplays between the gut microbiota and NLRP3
inflammasome, currently referred as microbiota-gut-inflammasome-brain axis, where enteric bacteria
modulate, via inflammasome signaling, peripheral inflammatory pathways that, in turn, contribute to
influence brain homeostasis (Rogers et al., 2016). There is also evidence that various stimuli
associated with inflammatory and/or neurodegenerative processes, including an increase in
extracellular ATP, B-amyloid (AP) fibers, alpha-synuclein (o-syn) aggregates, reactive oxygen
species (ROS) and deubiquitination, promote NLRP3 inflammasome activation that, in turn, can alter
the gut microbiota composition, with a shift towards a pro-inflammatory phenotype (Hirota et al.,
2011; Pellegrini ef al., 2017). However, despite the above knowledge, most of the published reviews

have been focused on either the role of microbiota-gut-brain axis or NLRP3 inflammasome activation
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in the CNS, regarded as distinct determinants involved in the pathophysiology of neurological and
psychiatric disorders.

Based on the above background, the present review provides an overview of current knowledge on
the role of microbiota-gut-inflammasome-brain axis in the major neurological and psychiatric
diseases, including PD, AD, MS, ASD and MDD. In particular, despite no direct and causal
relationship among altered gut microbiota, NLRP3 inflammasome activation and brain pathology has
been established, and further studies are needed to better clarify the mechanisms underlying such
immune-bacteria interplay, this review article was intended to provide new insights into the role of
microbiota-gut-inflammasome-brain axis in CNS neurobiology. In addition, based on pre-clinical and
human evidence, our intent was to discuss whether alterations of bidirectional signaling between gut
microbiota and NLRP3 inflammasome support a holistic view of the pathophysiology of CNS

disorders.

2. Mechanisms underlying NLRP3 inflammasome activation

NLRP3 inflammasome, a tripartite protein of the nucleotide-binding domain and leucine-rich repeat
(NLR) family, is the best characterized inflammasome complex. It contains an amino-terminal pyrin
domain (PYRIN) domain, a nucleotide-binding NACHT domain with ATPase activity and a
carboxy-terminal leucine-rich repeat (LRR) domain (Duncan ef al., 2007). NLRP3 is an immune
sentinel, which senses changes in cellular homeostasis. At present, mechanisms of both canonical and
non-canonical NLRP3 inflammasome activations have been characterized (Latz ef al., 2013).

The canonical NLRP3 activation involves two parallel and independent steps: transcription and
oligomerization (Figure 1) (Latz ef al., 2013). The first step is regulated by innate immune signaling
via toll-like receptor (TLR)-adaptor molecule myeloid differentiation primary response 88 (MyD88)
and/or cytokine receptors (i.e. tumor necrosis factor receptor and interferon-o/p receptor), that
promote pro-IL-1p and NLRP3 transcription through nuclear factor-xB (NF-kB) activation. The

second step, characterized by the oligomerization and activation of the NLRP3 multiprotein complex,
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leads to caspase-1 activation and, in turn, IL-1f and IL-18 processing and release (Bauernfeind et al.,
2009; Latz et al., 2013). Viral RNA, extracellular osmolarity, aggregates of a-syn or A proteins,
post-translational NLRP3 modification, including phosphorylation and ubiquitination, can contribute
to NLRP3 inflammasome oligomerization and activation (Pellegrini et al., 2019). Moreover,
exposure to pore-forming gasdermin D by lysosomal damage and cathepsin release, activation of
mixed lineage kinase domain-like protein (MLKL), increase in extracellular ATP and consequent
P2X7 purinergic receptor activation, increase in the permeabilization of cell membranes to potassium
efflux, increase in mitochondrial reactive oxygen species (ROS) and cardiolipin externalization can
all activate NLRP3 inflammasome assembly (Mangan et al., 2018; Pellegrini et al., 2017). Caspase-
1 activation promotes also pyroptosis, a key defense mechanism against pathogens, which induces
phagocytosis and promotes the release of cytosolic proteins, including high mobility group box 1
(HMGBI), an alarmin thought to be involved in inflammatory chronic diseases (Aachoui et al., 2013;
Luetal., 2013).

Besides caspase-1-dependent NLRP3 activation, a non-canonical activation, depending on caspase-
11 in mice (caspase 4 and caspase 5 in humans), has been described (Figure 1) (Pellegrini ef al.,
2017). The first transcription step of non-canonical NLRP3 activation is regulated by Gram-negative
bacteria (i.e., Citrobacter rodentium, Escherichia coli, Legionella pneumophila, Salmonella
typhimurium, and Vibrio cholerae), which activate the TLR4-MyD88 and toll/IL-1 receptor
homology-domain-containing adapter-inducing interferon-f (TRIF) pathways, with consequent
transcription of IL-1p, IL-18, NLRP3, interferon regulatory factor (IRF)-3 and IRF7 genes through
NF-«B activation. The IRF3—IRF7 complex induces interferon (IFN)-ao/p release, which, activating
the IFN-a/B receptor 1 (IFNAR)/IFNAR2-JAK/STAT pathway, leads to the transcription of caspase-
11 gene. In the second step, Gram-negative bacteria, through the induction of unidentified proteins
or receptors, activate caspase-11, which promotes the release of IL-1p through activation of the
canonical NLRP3-ASC-caspase-1 signaling as well as pyroptosis, HMGBI1 and IL-1a release (Figure

1) (Pellegrini et al., 2017).



Of note, a non-canonical caspase-8 dependent NLRP3 activation has been also characterized (Figure
1) (Antonopoulos et al., 2015; Chen et al., 2015; Chung et al., 2016; Gringhuis ef al., 2012; Gurung
et al., 2014). In particular, pathogen-associated molecular pattern molecules (PAMPs) and/or
damage-associated molecular pattern molecules (DAMPs) activate TLR4, that, in turn, promote
caspase-8 and its receptor-interacting protein 1 (RIP1)-FAS-associated death domain protein
(FADD), with consequent canonical NLRP3 activation (Gurung et al., 2014). In addition,
mycobacteria, fungi or B-glucans, through dectin-1 activation, promote both IL-1p transcription and
the formation and activation of a mucosa-associated lymphoid tissue lymphoma translocation protein
1 (MALT1)—caspase-8—ASC complex that promote the processing and release of IL-1 (Gringhuis et
al., 2012). Of note, caspase-8 acts as a direct IL-1B-converting enzyme (Antonopoulos et al., 2015;
Chung et al., 2016; Gringhuis et al., 2012).

Taken together, this body of evidence points out that different stimuli can promote canonical and/or
non-canonical NLRP3 inflammasome activations. In particular, bacteria, mycobacteria, fungi and
their products as well as protein aggregates and mitochondrial damage can promote activation and
oligomerization of NLRP3 inflammasome complex. However, a better in vitro characterization of
which bacterial, fungal or mycobacterial species promote activation of canonical caspase-1 dependent

and/or non-canonical caspase-11 and caspase-8-dependent NLRP3 activation should be performed.

3. Gut microbiota

The gut microbiota comprises tens of trillions of microorganisms, including bacteria, viruses, fungi
and protozoans. Even though the gut microbiota composition in humans can vary widely, depending
on several factors, such as diet, environment or genetics, the main bacterial species in the
gastrointestinal tract include four main phyla: Bacteroidetes, Firmicutes, Actinobacteria and
Proteobacteria (Rodriguez et al., 2015). The main Bacteroidetes genera include Bacteroides and
Prevotella, while Clostridium, Blautia, Faecalibacterium, FEubacterium, Roseburium and

Ruminococcus represent the main genera of Firmicutes. Actinobacteria are represented by the genera
7



Bifidobacteria, Atopobium and Collinsella, while Proteobacteria consist mainly of
Enterobacteriaceae (Rodriguez et al., 2015).

The gut microbiota, through interactions with the intestinal epithelial barrier (IEB) and immune
system contributes to both the maintenance and breakdown of gut homeostasis. Indeed, enteric
bacteria interact directly with intestinal epithelial cells (IECs), including M cells, goblet cells, Paneth
cells, enterochromaffin cells and columnar epithelial cells, thus contributing directly to preserve the
integrity of the IEB, through the regulation of epithelial cell growth and differentiation, tight junction
protein expression and mucosal permeability (Sharma et al., 2010). Changes in gut microbiota
composition can lead to impairments of IEB and alterations of mucosal permeability, with consequent
translocation of enteric bacteria and their products into the lamina propria that, in turn, could trigger
immune/inflammatory responses (Bischoff et al., 2014). For instance, a reduced abundance of
Faecalibacterium prausnitzii in inflammatory bowel disease (IBD) patients has been found to
correlate with an increase in mucosal permeability. In addition, a decrease in short chain fat acids
(SCFAs) levels in IBD patients is associated with tight junction alterations and impaired mucosal
permeability. These findings highlight the significance of gut microbiota in the maintenance of the
integrity of IEB. However, further extensive investigations are required to clarify in detail the
molecular and cellular mechanisms underlying the gut microbiota-intestinal epithelium interplay
under both physiological and pathological conditions.

Of note, gut microbiota can modulate directly also the immune system, contributing to
maintenance/breakdown of immune tolerance (Shi et al., 2017). The main components of the
intestinal innate immune system include Paneth cells, dendritic cells, macrophages, neutrophils,
natural killer cells and mast cells. Most of innate immune responses are mediated by pattern
recognition receptors such as transmembrane surface or endosome toll-like receptors (TLRs) or
cytosolic nucleotide-binding oligomerization domain (NOD)-like receptors (NLRs) that recognize

the microbe-associated molecular patterns (MAMPs) expressed by gut microbiota. Indeed, enteric



bacteria and/or MAMPs can modulate innate immune/inflammatory responses via TLRs and/or NLRs
thus regulating microbe—host interactions and immune tolerance.

With regard for the adaptive immune system, it includes mainly T lymphocytes, in particular CD4+
and CD8+ T cells, located mostly in the intestinal lamina propria and intraepithelial compartment,
respectively (Wu and Wu, 2012). Naive CD4+ T cells can differentiate into seven subtypes: T helper
1 (Thl), Th2, Th9, Th17, Th22, regulatory T cells (Treg) or T follicular helper (Tth) cells (Wu and
Wu, 2012).

The gut microbiota is able to modulate also the adaptive immune response. Indeed, treatment with
SCFAs has been found to exert beneficial effects on bowel inflammation, ameliorating the outcomes
of T cell-transfer-induced colitis. Such an effect has been ascribed to the ability of SCFAs of
promoting the differentiation of T cells into anti-inflammatory FoxP3+IL-10-producing Treg cells.
Besides T cells, adaptive immune responses are supported by gut-associated B cells. These cells,
located in Peyer’s patches, include mainly of immunoglobulin (Ig) A-secreting plasma cells. In this
respect, the gut microbiota has been found to influence both B cell activity and IgA production.
Accordingly, a decreased number of plasma cells and IgA levels has been detected in the intestine of
germ free (GF) animals. Taken together, these results indicate that gut microbiota, IEB and immune
system interact continuously to preserve the digestive homeostasis.

Of interest, the bacteria-immune interplay is emerging as a pivotal pathway involved in the
maintenance of host physiology (Fung et al., 2017; Grosicki et al., 2017; Winer et al., 2016). Indeed,
alterations of enteric bacteria compositions towards pathogenic phenotypes and the activation of
immune/inflammatory cells are the main factors implicated in the pathogenesis of digestive and extra-
digestive diseases (e.g. immune-mediated diseases, neurological and psychiatric disorders, and
dysmetabolic syndromes) (Fung et al., 2017; Obata and Pachnis, 2016; Sommer and Backhed, 2013;
Winer et al., 2016). Thus, the interplay among gut microbiota, IEB and immune system contributes
to the maintenance of intestinal homeostasis and coordination of host physiology (Fung et al., 2017;

Grosicki et al., 2017; Winer et al., 2016).



4. Interplay between gut microbiota and NLRP3 inflammasome in the maintenance of intestinal
homeostasis

There is consistent evidence that a bidirectional interplay between inflammasome multiprotein
complexes and gut microbiota contributes to the maintenance of intestinal homeostasis (Figure 1).
Indeed, the overactivation of inflammasomes in both hematopoietic- and non-hematopoietic cells,
including macrophages and IECs, and changes in gut microbiota composition represent one of the
main factors involved in the pathogenesis of several bowel diseases (e.g., IBDs, colorectal cancer and
intestinal infections) (Pellegrini et al., 2017; Yao et al., 2017). In this context, though several
inflammasomes have been characterized, the NLRP3 subtype is now regarded as the central node in
the preservation of immune-bacterial quorum sensing as well as in the maintenance of IEB integrity
(Gagliani et al., 2014; Pellegrini et al., 2017; Yao et al., 2017).

NLRP3 inflammasome activation influence the composition of gut microbiota (Chung and Kasper,
2010). Indeed, fecal microbiota in NLRP3 knockout (7*) mice differs, in terms of both load and
species, from wild type (WT) animals (Hirota et al., 2011). In particular, gut microbiota from
NLRP3™ mice is characterized by an increase in Firmicutes along with a decrease in Bacteroidetes.
In addition, NLRP3” animals display an increase in Lachnospiraceae, Ruminococcaceae and
Prevotellaceae (Hirota et al., 2011). Likewise, caspase-17" animals display relevant alterations of
enteric bacteria, mainly characterized by a decrease in Firmicutes/Bacteroidetes ratio along with an
increase in Prevotellaceae (Brinkman et al., 2011). These findings indicate a role of canonical NLRP3
inflammasome signaling in the maintenance of bacterial quorum sensing mainly through the
regulation of Firmicutes/Bacteroidetes ratio. Recent papers reported also that fecal microbiome of
NLRP3”-and ASC”"animals differ from both WT and IL-18 mice, thus suggesting that downstream
pathways of inflammasome activation modulates differently the gut microbiota composition (Chen,
2017; Hirota et al., 2011).

Of interest, a pioneering study by Yao et al., (2017) showed that the hyperactivation of a genetically

mutated form of NLRP3 shifted the gut microbiota composition towards an anti-inflammatory
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phenotype, that, in turn, induced T cell differentiation in Tregs, preserving the intestinal
microenviroment integrity and conferring resistance to the development of bowel inflammation (Yao
et al., 2017). In particular, mice carrying a gain-of-function mutation in the NLRP3 gene
(NLRP3R258W) displayed an inflammasome activation exclusively of mononuclear phagocytes in
intestinal lamina propria. This specific NLRP3 activation in the gut enhanced the release IL-1p, but
not IL-18, that, in turn, increased the local levels of antimicrobial peptides with consequent shift of
gut microbiota toward an anti-inflammatory phenotype (Yao et al., 2017). The ‘anti-inflammatory’
reshaped gut microbiota, stimulated the differentiation of T cells in Treg. In particular, the microbiota
of NLRP3R258W mice was characterized by an increase in some operational taxonomic units
(OTUgs), including Clostridium XIVa and Lactobacillus murinus, closely related to species or genera
reported to enhance Tregs population (Atarashi et al., 2011; Geuking et al., 2011; Tang et al., 2015).
In addition, NLRP3R258W mice displayed a decrease in Akkermensia muciniphila and Prevotella,
regarded as colitogenic bacteria (Seregin ef al., 2017). These findings suggest that NLRP3 modulates
the gut microbiota increasing Tregs-promoting bacteria and the decreasing pathogenic species, thus
contributing to the maintenance of immune-bacterial tolerance (Yao et al., 2017).

Of interest, the bidirectional interplay between NLRP3 inflammasome and gut microbiota play also
a crucial role in the maintenance of IEB integrity (Rooks and Garrett, 2016; Sharma et al., 2010). In
particular, IL-18 release, following canonical NLRP3 activation, has been found to regulate crypt
bactericidal capacity, f-defensin release, tight junction protein expression, mucosal permeability and
mucus production, thus contributing to preserve the protective, secretory and absorptive functions of
the enteric epithelium (Pellegrini et al., 2017; Rooks and Garrett, 2016). Mice with gene deletion of
inflammasome components, including ASC and caspase-1 subunits, displayed a decrease in
antimicrobial peptide levels and impairments of IEB, as compared with WT animals. In these animals,
the administration of IL-18 was associated with a restoration of antimicrobial peptide levels and an
improvement of mucosal permeability, thus suggesting a pivotal role of IL-18 in the preservation of

IEB integrity (Chen, 2017). In this context, metabolic products of enteric bacteria, mainly SCFAs,
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have been shown to promote NLRP3 activation and the consequent IL-18 release (Rooks and Garrett,
2016). Indeed, animals fed with high fiber diet displayed a remodeling of gut microbiota,
characterized by an increase in SCFAs, along with an activation of inflammasome pathways that, in
turn, contributed to epithelial repair and protection, as compared with mice fed with standard diet
(Macia et al., 2015). The molecular mechanisms underlying the relationship between SCFAs and
NLRP3 activation rely mainly on G-protein-coupled receptors (GPCRs), including GPR43 and
GPR109A expressed on IECs. In particular, SCFAs activate GPRCs that, in turn, promote the
assembly and activation of NLRP3 inflammasome through the increase in Ca** mobilization and K*
efflux (Macia et al., 2015). These findings suggest that the actions of SCFA-producing bacteria on
NLRP3 inflammasome preserves the intestinal epithelium, contributing to the maintenance of gut
homeostasis. In support of this view, mice treated with an antibiotic cocktail displayed alterations of
gut microbiota, characterized by an increase in Proteobateria and Tennericutes, along with a decrease
in Bacteroidetes and Firmicutes, decrease in SCFA levels, and impaired IEB (Feng et al., 2019;
Rakoff-Nahoum et al., 2004). Thus, based on current knowledge, it appears that bidirectional
interactions between gut microbiota and NLRP3 inflammasome contribute to preserve the
homeostasis of intestinal microenvironment, through the maintenance of immune-bacterial tolerance
and IEB integrity.

Of interest, the NLRP3 inflammasome—gut microbiota interplay is emerging also as a key network
involved in the coordination of host physiologies, including the modulation of adipose tissue, liver,
kidney and brain functions (Ayres, 2013). Indeed, a concomitance of altered gut microbiota towards
pathogenic phenotypes and overactivation of NLRP3 inflammasome pathways, besides contributing
to the pathogenesis of intestinal diseases (i.e. IBDs and colorectal cancer), represents the main
determinant involved in the onset of several extra-digestive diseases, including metabolic disorders
and related co-morbidities, liver diseases and neurological as well as psychiatric disorders (Belizario

et al., 2018; Inserra et al., 2018; Wang et al., 2019). Therefore, the NLRP3 inflammasome—gut
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microbiota network acts as a pivotal player both in regulating the maintenance of intestinal

homeostasis and coordinating the host physiology.

5. Interplay between gut microbiota and NLRP3 inflammasome in the maintenance of brain
homeostasis

Several lines of evidence point out the gut microbiota as a pivotal player in the maintenance of brain
homeostasis (Foster et al., 2017; Fung et al., 2017). Indeed, alterations of enteric bacteria, besides
compromising the intestinal microenvironment integrity, have been found to alter the brain
physiology (Luczynski et al., 2016a; Luczynski et al., 2016b). In addition, studies in GF mice have
shown that enteric bacteria can influence several biological processes in the CNS (i.e. development,
neurogenesis, neurotransmission and immune cell activity) and preserve the integrity of blood brain
barrier (BBB) (Erny et al., 2015; Luczynski et al., 2016a). The mechanisms underlying the microbiota
gut-brain axis rely mainly on interactions of enteric bacteria with IEB, immune system and nerve
pathways (Pellegrini ef al., 2018). In particular, the immune-bacterial interplay represents one of the
main networks involved in gut-brain communication. Specific bacterial products (e.g., SCFAs,
vitamins or neurotransmitters) can indeed translocate into the blood stream and spread upwards to the
brain, where they can influence the central circuits through the regulation of CNS
immune/inflammatory cell activities, including the microglia. In addition, bacterial products can
directly activate circulating immune cells, which, in turn, migrate to the CNS and modulate the brain
physiology (Fung et al., 2017; Rooks and Garrett, 2016; Rothhammer e? al., 2016; Wikoff et al.,
2009). This body of evidence suggests that the bacteria-immune interplay contributes to
communications between the gut-brain axis. In this context, the NLRP3 inflammasome, regarded as
an immune sentinel sensing enteric bacteria, has been shown to act at the crossroad between gut
microbiota and immune system in the regulation of brain physiology, thus representing a novel
mechanism underlying the gut-brain communications referred as ‘microbiota-gut-inflammasome-

brain axis’ (Wong et al., 2016). Most of current evidence about the role of microbiota-inflammasome
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interplay in the coordination of brain physiology comes from preclinical studies in mice subjected to
manipulation of the gut microbiota as well as in animals with gene deletion of inflammasome
components, including caspase-1, ASC, NLRP3 and IL-1P. Lowe et al., (2018) showed that the
depletion of gut microbiota with an antibiotic cocktail influenced the inflammasome signaling in the
intestine, blood and brain (Lowe ef al., 2018). In particular, depleted mice displayed an increase in
mRNA expression of caspase-1, ASC, IL-18 and IL-1p in both intestinal and brain tissues as well as
an increment of circulating IL-1[B levels, thus suggesting that the gut microbiota influences the
expression of inflammasome components (Lowe et al., 2018). Wong et al., (2016) observed that
caspase-17" mice displayed altered enteric microbiota with altered behavior and locomotion, as
compared with WT animals (Wong et al., 2016). However, these authors did not demonstrate a
relationship between the lack of inflammasome signaling, changes in enteric bacteria and behavioral
and motor alterations. Of note, a recent pioneering study by Zhang et al., (2019) showed that NLRP3
gene deficiency in mice altered the gut microbiota composition and affected both mood-related
behaviors and locomotor activities. Moreover, cohousing WT and NLRP3” animals reshaped the
enteric bacteria and prevented the effects of NLRP3 inflammasome gene depletion on both
locomotion and behavior (Zhang ef al., 2019). Taken together, these findings suggest that the gut
microbiota, through a modulation of NLRP3 inflammasome pathways, contributes to the regulation
of brain functions. One of the hypothesized molecular mechanisms through which the microbiota-
gut-inflammasome-brain axis could influence CNS functions has been ascribed to the ability of
regulating astrocyte functions, through the modulation the plasma levels of circular RNA
homeodomain-interacting protein kinase 2 (HIPK2) (Huang et al., 2017; Zhang et al., 2019).
However, future investigations are clearly needed to elucidate the molecular and cellular mechanisms
underlying the interactions among gut microbiota and NLRP3 inflammasome as well as their role in

the regulation of gut-brain communications both in physiological and pathological conditions.
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6. Role of gut microbiota-NLRP3 inflammasome interplay in the pathophysiology of

neurological and psychiatric diseases

Recent investigations have been focused on the role of gut microbiota or NLRP3 inflammasome
complex in the pathophysiology of neurological and psychiatric diseases, including PD, AD, MS,
ASD and MDD. In this regard, while a number of exhaustive review articles have provided well
integrated overviews about the involvement of the gut microbiota or NLRP3 inflammasome in these
disorders, the relevance of their mutual interplays has been fairly disregarded (Heneka et al., 2018;
Liuetal,2019; Ma et al., 2019; Peirce and Alvina, 2019). Thus, in an attempt to filling this gap, the
most prominent clinical and experimental data on the role played by gut-microbiota-NLRP3
inflammasome interactions in the pathophysiology of CNS disease have been addressed in the

following sections and summarized in Tables 1, 2 and 3.

6.1 Evidence in humans

Changes in gut microbiota composition and the occurrence of enteric inflammation have been
documented in CNS patients at different stages of disease (Pellegrini et al., 2018). Besides bowel
motor dysfunctions, these changes could promote conditions of peripheral inflammation and
contribute to neuroinflammation and neurodegeneration in the CNS, via bacteria-immune-gut-brain
axis (Pellegrini et al., 2018). In this context, NLRP3 inflammasome signaling is emerging as an
immune sentinel pivotally involved in shaping intestinal, peripheral and central
immune/inflammatory responses in CNS diseases. In support of this view, clinical studies have shown
that patients with PD, AD, MS, ASD and MDD are characterized by changes in gut microbiota
composition as well as enteric, peripheral and brain activation of NLRP3 inflammasome (Bedarf et
al.,2017; Cao et al., 2015; Cheung et al., 2019; Chiang and Lin, 2019; Fang et al., 2016; Gordon et
al., 2018; Keane et al., 2018; Keshavarzian et al., 2015; Liu ef al., 2019; Ming et al., 2002; Qin et

al., 2016; Saresella et al., 2016; Tan et al., 2014; Vogt et al., 2017; Zhou et al., 2016) (Table 1).
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Tough current evidence about the implication of changes in gut microbiota in CNS diseases is
heterogeneous and often conflicting, likely owing to for different methodological approaches, diet
and geographical and/or clinical background of the study populations, patients with PD, AD, MS,
ASD and MDD display patterns of “pro-inflammatory” dysbiosis, characterized mainly by a decrease
in families (i.e. Prevotellaceae and Lachnospiraceae) and genera (i.e. Akkermansia, Roseburia,,
Faecalibacterium, Blautia, Coprococcus and Roseburia) involved in the production of SCFAs
(Cheung et al., 2019; Mowry and Glenn, 2018; Pistollato et al., 2016; Scheperjans et al., 2015; Unger
et al., 2016; Vuong and Hsiao, 2017). Indeed, these patients are characterized by significant decrease
in fecal and circulating SCFA levels, that might compromise both the intestinal and brain barrier, and
facilitate the activation of immune/inflammatory pathways (Adams ef al., 2011; Keshavarzian et al.,
2015; Skonieczna-Zydecka et al., 2018). Such alterations could depend on a NLRP3 hypo-
functionality at level of epithelial and endothelial cells, known to be pivotal to the preservation of
barrier integrity, along with an overactivation of NLRP3 signalling in immune/inflammatory cells,
including macrophages, monocytes and microglial cells (Figure 1). In support of this view, recent
studies have shown a decrease in SCFA-producing bacteria, and an increase in colonic IL-1p levels
along with impaired IEB in PD patients (Devos ef al., 2013; Perez-Pardo et al., 2019). Therefore, it
is conceivable that a ‘pro-inflammatory’ dysbiosis in CNS patients, mainly characterized by a
decrease in SCFA-producing bacteria and an increment of pathogenic bacteria strains, could promote
the overactivation of NLRP3 inflammasome signaling in immune/inflammatory cells, that, in turn,
could impair both the IEB and BBB as well as shape both peripheral and central neurogenic/immune-
inflammatory responses, thus contributing to CNS pathology. Indeed, an overactivation of
inflammasome signaling, characterized by an increase in NLRP3, ASC, caspase-1 and IL-1f, in the
serum, peripheral monocytes and cerebrospinal fluid has been documented in PD, AD, MS and ASD
patients (Cao et al., 2015; Gordon et al., 2018; Keane et al., 2018; Ming et al., 2002; Qin et al., 2016;
Saresella et al., 2016; Tan et al., 2014; Zhou et al., 2016). In addition, an increase in both mRNA and

protein expression of NLRP3 and caspase-1, along with an increment of IL-1p levels, in peripheral
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blood mononuclear cells from MDD patients have been found to correlate with the severity of disease
(Alcocer-Gomez et al., 2014; Kim et al., 2016). Heneka et al. and Venegas et al. reported an increased
ASC-bound amyloid 3 protein, caspase-1 activity and IL-1p levels in microglial cells from the frontal
cortex and hippocampus of AD patients since the earliest stage of disease (Heneka et al., 2013;
Venegas et al., 2017). Likewise, others showed an overactivation of inflammasome pathways,
characterized by an increase in NLRP3, cleaved caspase-1 and ASC expression, along with an
increase in IL-1(, in brain tissues from PD and MS patients (Gordon et al., 2018; Keane et al., 2018).
Taken together, current evidence suggests that changes in gut microbiota, characterized by an increase
in pathogenic bacterial strains, and NLRP3 inflammasome activation may represent common paths
to different CNS disorders. Indeed, patients with PD, AD, MS, ASD and MDD display similar
changes in gut microbiota composition as well as enteric, circulating and central activation of
inflammasome pathways. However, this knowledge does not allow to establish a clear relationship
between altered gut microbiota, activation of NLRP3 inflammasome signaling and brain pathology.
In this regard, few studies have evaluated, in the same cohort of patients with different CNS diseases,
putative correlations between alterations of enteric bacteria and activation of NLRP3 inflammasome
signalling (Carissimi et al., 2019; Cattaneo ef al., 2017; Lin et al., 2019; Perez-Pardo et al., 2019).
Lin et al. (2019) showed that, in patients with PD, alterations of gut microbiota, characterized by a
decrease in Verrucomicrobia, Mucispirillum, Porphyromonas, Lactobacillus, and Parabacteroides,
along with an increased abundance in Prevotella, correlated with an increase in circulating pro-
inflammatory cytokine levels, including IL-1B, thus suggesting a possible involvement of
inflammasome activation (Lin et al., 2019). Likewise, Perez-Pardo et al., (2019) reported alterations
of intestinal bacteria, characterized by a decrease in SCFAs, along with an increase in colonic IL-1
levels, in PD patients (Perez-Pardo ef al., 2019). Carissimi et al., (2019) showed that ASD patients
displayed decreased gut microbiota biodiversity, impaired SCFA catabolism and an increase in
plasma IL-1f levels. In addition, these authors observed an increase in fecal HMGBI levels and this

pattern appeared to correlate with the severity of GI symptoms (Carissimi et al., 2019). The release

-



of the alarmin HMGBI is regulated by both caspase-1 and caspase-11, whose activation depend
mainly on NLRP3 oligomerization. However, the authors did not evaluate a concomitance of
intestinal and circulating activation of other components of the inflammasome pathway, including
NLRP3, ASC, caspase-1 and -11, and, most importantly, they did not clarify the role of the bacteria-
inflammasome interplay in ASD progression. Of note, Cattaneo et al., (2017) showed that an increase
in the abundance of pro-inflammatory bacteria Escherichia/Shigella, along with a decreased
abundance of anti-inflammatory E. rectale taxon was associated with peripheral NLRP3 signaling
activation in patients with cognitive impairment and brain amyloidosis, thus suggesting that changes
in enteric bacteria could promote peripheral inflammasome activation (Cattaneo et al., 2017).

Overall, current evidence suggests that changes in gut microbiota, characterized by an increase in
‘pro-inflammatory’ bacteria strains along with decreased SCFA-producing bacteria and NLRP3
inflammasome, could contribute to neurogenic/immune-inflammatory responses in CNS diseases via
gut-microbiota-inflammasome-brain axis. However, it remains to be clarified whether changes in
enteric bacteria promote NLRP3 activation or whether dysregulations of inflammasome signalling
could induce alterations of enteric bacteria, thereby contributing to brain disorders. In this regard,
since dysregulation of enteric NLRP3 activation has been found to alter the intestinal microbiota, and
that the accumulation CNS disease-related proteins, including AP, tau or a-syn and their
heterocomplexes in the intestine, red blood cells and brain can promote NLRP3 overactivation
(Gordon et al., 2018; Piccarducci et al., 2019), it is conceivable that an overactivation of NLRP3
pathways can determine the shift of gut microbiota towards ‘pro-inflammatory’ phenotypes, thus
promoting both peripheral and central neuroinflammatory and neurodegenerative processes.
However, the molecular mechanisms underlying the bacteria-NLRP3 inflammasome interplay in the
pathophysiology of CNS diseases remain to be elucidated. Thus, future research efforts should be
dedicated to better clarify the pathophysiological role of microbiota-gut-inflammasome-brain axis in

patients with CNS disorders.
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6.2 Evidence in pre-clinical models

In an attempt of understanding the putative role of microbiota-gut-inflammasome-brain axis in the
pathophysiology of neurological and psychiatric disorders, research efforts have been made in animal
models of CNS diseases. In this context, the majority of studies have shown that animal models of
CNS disorders are characterized by altered gut microbiota or inflammasome signaling activation,
investigated as distinct determinants of the pathophysiology of CNS diseases (Gordon et al., 2018;
Sampson et al., 2016). For instance, a pioneering study by Sampson et al. (2016) showed that genetic
Thyl-a-syn PD mice, receiving gut microbiota from PD patients, displayed a worsening of GI
dysfunctions, along with enhanced motor impairment, microglia activation and a-syn deposition in
the brain, as compared with PD mice subjected to FTM from healthy controls. In addition, the authors
showed that, under GF conditions, or following the depletion of gut microbiota by an antibiotic
cocktail, PD animals were characterized by a decrease in microglia activation and a-syn aggregation,
along with an improvement of motor deficiencies. Moreover, the administration of SCFA mixtures
to GF transgenic PD mice was associated with worsening of GI dysfunctions, motor impairment and
a-syn inclusions, as compared with GF PD mice. These findings suggest that the gut microbiota may
contribute to PD, and that treatment with antibiotics or gut microbiota depletion can counteract the
progression of CNS pathology, while treatment with microbially-produced SCFAs restores all the
major features of disease observed in GF transgenic PD mice (Sampson et al., 2016). Conversely,
several papers have reported that SCFA treatment exerted beneficial effects in animal models of PD,
AD, depression, and traumatic brain injury (Ho et al., 2018; Li et al., 2016; Liu et al., 2017; Macfabe,
2012; Sun et al., 2016; Sun et al., 2019; Sun et al., 2018). These conflicting results, about the effects
of SCFAs on CNS pathologies, could depend on different methodological approaches or disease
phenotypes. Nevertheless, such findings highlight the relevance of gut microbiota in the
pathophysiology of CNS disorders.

Besides the gut microbiota, a pivotal role for NLRP3 inflammasome in the onset of brain pathologies

has been described (Bellezza et al., 2018; Gordon et al., 2018; Heneka et al., 2013; Tha et al., 2000;
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Venegas et al., 2017). For instance, Gordon et al. (2018) observed an increase in the expression of
NLRP3 inflammasome components in the substantia nigra of mice with PD induced by intranigral
injection of 6-hydroxydopamine or a-syn preformed fibril, and that the pharmacological inhibition
of inflammasome with MCC950, a known selective NLRP3 inhibitor, counteracted microglia
activation, nigrostriatal degeneration, a-syn accumulation and motor deficiencies in PD animals
(Gordon et al., 2018). Likewise, Venegas et al. reported that central NLRP3 activation contributed to
AP deposition and disease progression since the earliest stage of AD (Venegas et al., 2017).

Of note, the above studies, despite of high interest, investigated the role of gut microbiota and NLRP3
inflammasome as distinct determinants of CNS diseases, leaving out the possible relevance of their
interplay. In this context, most of current knowledge comes from studies on CNS animals with
manipulation or depletion of gut microbiota, as well as pharmacological modulation or gene deletion
of the inflammasome components (Table 3). A recent report by Guo et al., (2018) showed that mice
with chronic restraint stress (CRS)-induced anxiety-like and depressive-like behaviors displayed gut
dysbiosis, characterized by an increase in Firmicutes and decrease in Bacteriodetes and
Proteobacteria, along with central and peripheral inflammatory responses, characterized by an
increase in IL-1P levels in the hippocampus and serum, thus suggesting the concomitance of
alterations of enteric bacteria and inflammasome signaling activation (Guo et al., 2018). In addition,
a treatment with rosemary extracts exerted beneficial effects in CRS animals, through the modulation
of both gut microbiota and immune/inflammatory responses, including a decrease in circulating and
central IL-1P levels (Guo et al., 2018). However, the authors did not demonstrate a relationship
between the antidepressant effects of rosemary extracts, the modulation of gut microbiota and the
inhibition of central and peripheral NLRP3-mediated inflammatory responses (Guo et al., 2018). In
a subsequent paper, the same authors showed that treatment of CRS animals with the probiotic
Bifidobacterium adolescentis counteracted the IL-1B-induced CNS inflammatory responses and
ameliorated the behavioral alterations, suggesting that the manipulation of gut microbiota can exert

anti antidepressant-like effects through the inhibition of inflammasome-induced inflammatory



responses in the brain (Guo et al., 2019). Of note, in a recent paper, Zhou et al., (2019) documented
that the intake of fasting mimicking diet by 1-methyl-4-phenyl-1,2,3,6-tetrathydropyridine (MPTP)-
induced PD mice ameliorated their motor dysfunctions, attenuated the loss of dopaminergic neurons
in the substantia nigra and decreased brain IL-1p, likely through an increase in SCFA-producing
bacteria. In addition, FMT from control mice fed with fasting mimicking diet to PD mice, following
depletion of their gut microbiota with an antibiotic cocktail, increased dopamine levels and improved
brain inflammation, suggesting that the modulation of gut microbiota can exert beneficial effects in
PD animals, by counteracting IL-1B-induced central inflammatory responses (Zhou et al., 2019).
Taken together, these results point out an involvement of gut microbiota—inflammasome signalling
interplay in CNS inflammation and neurodegeneration, and that the modulation of gut microbiota
could represent a useful therapeutical option for the management of psychiatric and neurological
disorders, through the modulation of central and peripheral inflammasome-mediated inflammatory
responses. However, the authors did not evaluate a direct and casual relationship of microbiota-gut-
inflammasome-brain axis with CNS alterations.

Of interest, a recent paper by Lowe et al., (2018) showed that alcohol-induced neuroinflammation in
mice was associated with central, circulating and intestinal inflammasome signaling activation, and
that treatment with an antibiotic cocktail counteracted significantly both peripheral and central
neuroinflammation by inhibition of NLRP3 inflammasome activation (Lowe et al., 2018). These
findings suggest a pivotal role of microbiota-gut-inflammasome-brain axis in the onset of central
neurogenic/inflammatory responses. In support of this view, a pioneering study by Wong et al.,
(2016) showed that caspase-17- gene deletion decreased anxiety-like and depressive-like behaviors in
CRS mice. In addition, treatment with minocycline, a tetracycline antibiotic able to modulate the gut
microbiota and inhibit caspase-1, ameliorated the stress-induced depressive-like behavior in CRS
mice (Wong et al., 2016). In particular, minocycline increased the relative abundance of Akkermansia
and Blautia, both regarded as beneficial bacteria involved in the maintenance of IEB and the

modulation of immune/inflammatory responses (Wong et al., 2016). Likewise, Zhang et al., (2019)
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showed that NLRP3"~ mice with chronic unpredictable stress (CUS)-induced depression displayed an
improvement of behavioral alterations, as compared with CUS animals. In addition, cohousing WT
and NLRP3”" mice, as well as FMT from NLRP3-/- animals, ameliorated significantly the depressive-
like behaviors in CUS mice (Zhang et al., 2019).

In a recent paper, Shen et al. (2020) showed that FMT from AD patients to APP/PS1 double
transgenic AD mice was associated with an increased expression of intestinal and circulating NLRP3
inflammasome components, including NLRP3, caspase-1 and IL-13, as compared with APP/PS1
subjected to FTM from healthy subjects (Shen et al., 2020). AD mice receiving gut microbiota from
AD patients displayed also an impairment of cognitive functions and central
neurogenic/inflammatory responses, that was more severe than AD mice receiving enteric bacteria
from healthy subjects (Shen et al., 2020). In addition, the authors observed that AD mice, treated with
minocycline or receiving gut microbiota from healthy subjects, were characterized by a decrease in
intestinal, circulating and central NLRP3 inflammasome activation, improvements of cognitive
functions and suppression of neurogenic/inflammatory responses. Of note, in the same paper, Shen
et al. (2020) showed that FTM from AD patients to WT mice was associated with activation of
inflammasome signalling in the gut, blood and brain along with microglia activation, while no
changes in the cognitive impairment were detected. To explain these findings, it is conceivable that
WT mice need more time to develop cognitive impairments than APP/PS1 double transgenic AD
mice (Shen et al., 2020). Therefore, additional experiments, aimed at investigating whether WT mice
receiving gut microbiota from AD patients, besides the occurrence of neuroinflammatory processes
in the intestine, blood and brain, develop also cognitive impairment and/or the deposition AD-related
proteins, should be performed. In addition, a characterization of enteric bacteria composition in AD
patients should be implemented, in order to identify the bacterial strains responsible for the activation
of NLRP3 inflammasome signaling and the progression of neurodegeneration.

Taken together, these findings suggest the relevance of gut microbiota-NLRP3 inflammasome

network in the onset of central neuroinflammation and neurodegeneration. However, further studies,
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aimed at evaluating how specific alterations of the gut microbiota and activation of inflammasome
pathways contribute to central neuroinflammation and neurodegeneration in different animal models

of CNS disorders, should be implemented.

7. Conclusions and future perspectives

Current evidence from human studies shows that patients with major neurological and psychiatric
disorders are characterized by a gut dysbiosis, which includes a decrease in SCFA-producing bacteria
and an increase in pro-inflammatory’ bacterial strains, and a condition of NLRP3 inflammasome
signaling activation that could contribute to neuroinflammation and neurodegeneration in the CNS.
Of note, studies in animal models of CNS diseases, with particular regard for PD, depression and
anxiety, are allowing the characterization of the pathophysiological role of the gut-microbiota-
inflammasome-brain axis in the occurrence of brain pathologies. Accordingly, the manipulation or
targeted-depletion of the gut microbiota, including FMT, as well as gene deletion or the
pharmacological modulation of inflammasome signaling have been found to exert beneficial effects
in these models.

Based on current knowledge, it is conceivable that changes in the gut microbiota, leading to the
activation of inflammasome pathways, could trigger peripheral and central inflammatory responses,
thus contributing to the onset of CNS disorders. In particular, the NLRP3 inflammasome complex,
sensing changes in enteric bacteria and its metabolites, behaves as a bacteria-immune sentinel,
deputed to regulate the gut-microbiota-brain communications. In parallel, the overactivation of
NLRP3 could alter further the enteric bacteria, thus generating a sort of vicious circle that might lead
to the chronicization of peripheral and central neuroinflammatory and neurodegenerative processes.
In support of this view, it is noteworthy that the deposition of CNS disease-related proteins, including
AP, tau or a-syn and their heterocomplexes in the intestine, red blood cells and brain from CNS
patients can activate NLRP3 inflammasome assembly (Gordon et al., 2018; Heneka et al., 2013;

Piccarducci et al., 2019). However, the molecular mechanisms underlying the alterations of gut-
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microbiota-inflammasome-interplay in CNS disorders as well as its role in the pathophysiology of
brain pathology remain to be elucidated. In addition, given the role of other inflammasomes, including
NLRP6, NLRP1, AIM2, and NLRC4, in the onset of immune/inflammatory responses both in
intestinal and brain disorders, their involvement in the regulation of microbiota-gut-brain axis should
be deeply investigated as well.

A substantial gap in our knowledge pertains also to the possible influence of diet on the gut
microbiota-inflammasome interplay, both under physiological conditions and in the presence of CNS
disorders. In this regard, a number of exhaustive review articles have provided well-integrated
overviews about the effect of diet on behavioral, cognitive and neurochemical alterations associated
with neurological and psychiatric disorders, including AD, PD, MS, schizophrenia, autism and
anxiety, through the modulation of gut microbiota (Pistollato et al., 2016; Sandhu et al., 2017;
Tengeler et al., 2018). For instance, western diet, including saturated fatty acids, sugar and proteins,
through a decrease in the abundance of Lactobacillus, Ruminococcaceae, Lachnospiraceacae and
SCFA-producing bacteria strains (e.g. Ruminococcus bromii, Faecalibacterium prausnitzii,
Eubacterium rectale, Eubacterium hallii, and Anaerostipes coli SS2/1), along with an increase in bile-
tolerant bacteria, like Bacteroides, Alistipes, and Bilophila), has been found to be associated with an
increased risk of developing dementia (Beilharz et al., 2016; Daniel et al., 2014; David et al., 2014;
Singh et al., 2017; Whitmer et al., 2005). Indeed, a probiotic mixture containing multiple strains of
Bifidobacterium and Lactobacillus was able to prevent diet-induced hippocampal-dependent spatial
memory deficits (Beilharz et al.,, 2018). Conversely, the mediterranean diet, including
polyunsaturated fatty acids (e.g. docosahexaenoic acid, eicosapentaenoic acid, omega-3 and -6 fatty
acids), plant proteins, vitamins, polyphenols and fibers, acting mainly through an increase in the
abundance of Bifidobacterium and Lactobacillus and a decrease in Bacteroides and Clostridium, has
been found to improve cognitive functions and memory in healthy postmenopausal women, to
counteract behavioral symptoms in patients with autism spectrum disorder as well as to reduce

amyloid aggregation and the incidence of amyloid-related diseases in elderly patients (Bastianetto et
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al., 2008; Henderson et al., 2012; Meguid et al., 2008; Richardson, 2006; Rigacci and Stefani, 2015;
Singh et al., 2017, Stefani and Rigacci, 2014). In addition, SCFA-derived indigestible fibers, obtained
by fermentation of enteric bacteria, mainly belonging to Bacteroidetes and Firmicutes phyla including
Ruminococcus bromii, Faecalibacterium prausnitzii, Eubacterium rectale, Eubacterium hallii, and
Anaerostipes coli SS2/1, have been shown to exert beneficial effects in animal models and patients
with CNS diseases (Joseph ef al., 2017; Sharma et al., 2015; van de Wouw et al., 2018). However,
there is also evidence showing high levels of fecal SCFAs in CNS diseases and detrimental effects
arising from SCFA tretment in animals models of brain disorders (Kelly et al., 2016; MacFabe, 2015;
Sampson et al., 2016). Therefore, the role of SCFAs in gut-brain communication remains to be
clarified and deserves further investigations. Of note, other dietary fibers, regarded as prebiotics, such
as galactooligosaccharide, fructooligosaccharide, and polydextrose were reported to decrease anxiety
and improve cognition in mice and humans, by incresing the abundance of probiotic bacteria (e.g
Bifidobacteria and Lactobacilli) (Allen et al., 2016; Canfora et al., 2017; Savignac et al., 2015;
Thongaram et al., 2017).

Of interest, several studies have reported that diet can influence also NLRP3 inflammasome
activation (Camell et al., 2015; Pinto ef al., 2018). For instance, western diet, rich in cholesterol and
high fats, can promote the assembly of NLRP3 inflammasome complex with the consequent release
of IL-1p levels, that, in turn, promotes the activation of immune/inflammatory cells (Camell et al.,
2015). Conversely, ketogenic diet, containing medium chain triglyceride oil, magnesium,
electrolytes, fiber, polyunsatured fatty acids, digestive enzymes and L-theanine, has been found to
improve memory encoding, through the inhibition of both steps of NLRP3 activation (Pinto et al.,
2018).

Based on the above considerations, it is conceivable that, a diet poor in fibers, regarded as the main
substrates for SCFA production (Cryan and Dinan, 2012; Koh et al., 2016), could promote changes
in the gut microbiota, with consequent central and peripheral NLRP3-induced immune/inflammatory

responses. In support of this view, Savignac et al., (2016) reported that treatment with indigestible
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galactooligosaccharide counteracted sickness behaviour and anxiety induced by LPS in mice, through
a modulation of gut microbiota composition and a decrease in brain IL-1f levels (Savignac et al.,
2016). However, the effects of diet and SCFAs on gut-microbiota-inflammasome-brain axis, both
under physiological conditions and in the presence of CNS disorders, remain to be clarified and
deserve further investigations. In addition, given the relevance of the interaction between SCFA
receptors and NLRP3 in maintaining IEB integrity, the role of this bacteria-immune interplay in the
preservation of BBB should be elucidated.

Another considerable gap concerns whether individual factors, including genetic and epigenetic
background and environmental exposure, specific to each brain disease (e.g. neuropsychiatric
disorders tend to occur over the development, while neurodegenerative diseases during aging) (De
Felice et al., 2015; Dzamko et al., 2015; Igbal and Grundke-Igbal, 2010; Vesikansa, 2018), could
influence differently the gut-microbiota-inflammasome-brain-axis. Indeed, though several studies
have shown that patients with CNS disorders display several changes in gut microbiota composition
that could contribute to brain pathology, the direct influence of genetic, epigenetic and environmental
factors on the alterations of enteric bacteria remains fairly unclear. Nevertheless, several lines of
evidence have shown that patients with CNS disorders are all characterized by central and peripheral
activation of NLRP3 pathways, thus suggesting that, despite each disease displays distinct temporal,
clinical, neuropathological, genetic features and environmental context, NLRP3 activation represents
a common immune sensor underlying the neurogenic/inflammatory responses in such diseases.
Therefore, it is conceivable that, despite distinct genetic, epigenetic and environmental factors as well
as different changes in enteric bacteria composition, CNS patients display a ‘pro-inflammatory’
dysbiosis characterized by the release of specific pathogenic bacterial products that trigger intestinal,
circulating and central neurogenic/inflammatory responses through the activation of NLRP3
inflammasome pathways. However, further investigations, aimed at elucidating the influence of the
different temporal factors of each disease on the gut-microbiota-inflammasome-brain-axis, should be

implemented.
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In conclusion, based on current knowledge, some important issues remain to be addressed: (1) What
is the role of microbiota-gut-inflammasome-brain axis in the pathophysiology of CNS disease? (2)
Are other inflammasomes involved in this bacteria-immune interplay? (3) Can the alterations of
enteric bacteria-inflammasome network represent an early biomarker of CNS diseases? (4) Can the
pharmacological modulation of enteric microbiota and/or inflammasome complex be a suitable
therapeutical option for the management of brain disorders? (5) What is the role of diet? (6) What is
the impact of temporal factors, including individual genetic, epigenetic and environmental features,
which can increase the susceptibility to develop brain diseases, on gut-microbiota-inflammasome-
brain axis? (7) As CNS disorders result from multifactorial etiologies, characterized by complex
interactions among genetic and epigenetic background, environmental factors, gut microbiota and
host immune system (Vesikansa, 2018), what are the pathophysiological mechanisms underlying
CNS diseases un-related to gut microbiota or inflammasome signalling that could contribute to brain
pathology?

To elucidate these issues, studies aimed at investigating the alterations of the bacteria-inflammasome
interplay both in animal models and patients with CNS disorders classified on the basis of genetic
and epigenetic background, gender, diet and different environmental factors, should be implemented.
Clarifying these aspects could pave the way to a holistic view of the major neurological and
psychiatric disorders, and promote the identification of common therapeutic strategies for their

management.

27



Declarations of Competing Interest

The Authors declare no competing interest

28



References

Aachoui, Y., Sagulenko, V., Miao, E.A., Stacey, K.J., 2013. Inflammasome-mediated pyroptotic and apoptotic
cell death, and defense against infection. Current opinion in microbiology 16, 319-326.

Adams, J.B., Johansen, L.J., Powell, L.D., Quig, D., Rubin, R.A., 2011. Gastrointestinal flora and gastrointestinal
status in children with autism--comparisons to typical children and correlation with autism severity.
BMC gastroenterology 11, 22.

Alcocer-Gomez, E., de Miguel, M., Casas-Barquero, N., Nunez-Vasco, J., Sanchez-Alcazar, J.A., Fernandez-
Rodriguez, A., Cordero, M.D., 2014. NLRP3 inflammasome is activated in mononuclear blood cells
from patients with major depressive disorder. Brain, behavior, and immunity 36, 111-117.

Allen, A.P., Hutch, W., Borre, Y.E., Kennedy, P.J., Temko, A., Boylan, G., Murphy, E., Cryan, J.F., Dinan, T.G.,
Clarke, G., 2016. Bifidobacterium longum 1714 as a translational psychobiotic: modulation of stress,
electrophysiology and neurocognition in healthy volunteers. Translational psychiatry 6, €939.

Antonopoulos, C., Russo, H.M., El Sanadi, C., Martin, B.N., Li, X., Kaiser, W.J., Mocarski, E.S., Dubyak, G.R.,
2015. Caspase-8 as an Effector and Regulator of NLRP3 Inflammasome Signaling. The Journal of
biological chemistry 290, 20167-20184.

Atarashi, K., Tanoue, T., Shima, T., Imaoka, A., Kuwahara, T., Momose, Y., Cheng, G., Yamasaki, S., Saito, T.,
Ohba, Y., Taniguchi, T., Takeda, K., Hori, S., Ivanov, Il, Umesaki, Y., Itoh, K., Honda, K., 2011. Induction
of colonic regulatory T cells by indigenous Clostridium species. Science 331, 337-341.

Ayres, J.S., 2013. Inflammasome-microbiota interplay in host physiologies. Cell host & microbe 14, 491-497.

Bastianetto, S., Krantic, S., Quirion, R., 2008. Polyphenols as potential inhibitors of amyloid aggregation and
toxicity: possible significance to Alzheimer's disease. Mini reviews in medicinal chemistry 8, 429-435.

Bauernfeind, F.G., Horvath, G., Stutz, A., Alnemri, E.S., MacDonald, K., Speert, D., Fernandes-Alnemri, T., Wu,
J.,, Monks, B.G., Fitzgerald, K.A., Hornung, V., Latz, E., 2009. Cutting edge: NF-kappaB activating
pattern recognition and cytokine receptors license NLRP3 inflammasome activation by regulating
NLRP3 expression. Journal of immunology 183, 787-791.

Bedarf, J.R., Hildebrand, F., Coelho, L.P., Sunagawa, S., Bahram, M., Goeser, F., Bork, P., Wullner, U., 2017.
Functional implications of microbial and viral gut metagenome changes in early stage L-DOPA-naive
Parkinson's disease patients. Genome medicine 9, 39.

Beilharz, J.E., Kaakoush, N.O., Maniam, J., Morris, M.J., 2016. The effect of short-term exposure to energy-
matched diets enriched in fat or sugar on memory, gut microbiota and markers of brain inflammation
and plasticity. Brain, behavior, and immunity 57, 304-313.

Beilharz, J.E., Kaakoush, N.O., Maniam, J., Morris, M.J., 2018. Cafeteria diet and probiotic therapy: cross talk
among memory, neuroplasticity, serotonin receptors and gut microbiota in the rat. Molecular
psychiatry 23, 351-361.

Belizario, J.E., Faintuch, J., Garay-Malpartida, M., 2018. Gut Microbiome Dysbiosis and Immunometabolism:
New Frontiers for Treatment of Metabolic Diseases. Mediators of inflammation 2018, 2037838.

Bellezza, 1., Grottelli, S., Costanzi, E., Scarpelli, P., Pigna, E., Morozzi, G., Mezzasoma, L., Peirce, M.J., Moresi,
V., Adamo, S., Minelli, A., 2018. Peroxynitrite Activates the NLRP3 Inflammasome Cascade in
SOD1(G93A) Mouse Model of Amyotrophic Lateral Sclerosis. Molecular neurobiology 55, 2350-2361.

Bischoff, S.C., Barbara, G., Buurman, W., Ockhuizen, T., Schulzke, J.D., Serino, M., Tilg, H., Watson, A., Wells,
J.M., 2014. Intestinal permeability--a new target for disease prevention and therapy. BMC
gastroenterology 14, 189.

Brinkman, B.M., Hildebrand, F., Kubica, M., Goosens, D., Del Favero, J., Declercqg, W., Raes, J., Vandenabeele,
P., 2011. Caspase deficiency alters the murine gut microbiome. Cell death & disease 2, €220.

Camell, C., Goldberg, E., Dixit, V.D., 2015. Regulation of NIrp3 inflammasome by dietary metabolites.
Seminars in immunology 27, 334-342.

Canfora, E.E., van der Beek, C.M., Hermes, G.D.A., Goossens, G.H., Jocken, J.W.E., Holst, J.J., van Eijk, H.M.,
Venema, K., Smidt, H., Zoetendal, E.G., Dejong, C.H.C., Lenaerts, K., Blaak, E.E., 2017.
Supplementation of Diet With Galacto-oligosaccharides Increases Bifidobacteria, but Not Insulin
Sensitivity, in Obese Prediabetic Individuals. Gastroenterology 153, 87-97 e83.

29



Cao, Y., Goods, B.A., Raddassi, K., Nepom, G.T., Kwok, W.W., Love, J.C., Hafler, D.A., 2015. Functional
inflammatory profiles distinguish myelin-reactive T cells from patients with multiple sclerosis. Science
translational medicine 7, 287ra274.

Carissimi, C., Laudadio, I., Palone, F., Fulci, V., Cesi, V., Cardona, F., Alfonsi, C., Cucchiara, S., Isoldi, S., Stronati,
L., 2019. Functional analysis of gut microbiota and immunoinflammation in children with autism
spectrum disorders. Digestive and liver disease : official journal of the Italian Society of
Gastroenterology and the Italian Association for the Study of the Liver 51, 1366-1374.

Cattaneo, A., Cattane, N., Galluzzi, S., Provasi, S., Lopizzo, N., Festari, C., Ferrari, C., Guerra, U.P., Paghera, B.,
Muscio, C., Bianchetti, A., Volta, G.D., Turla, M., Cotelli, M.S., Gennuso, M., Prelle, A., Zanetti, O.,
Lussignoli, G., Mirabile, D., Bellandi, D., Gentile, S., Belotti, G., Villani, D., Harach, T., Bolmont, T,
Padovani, A., Boccardi, M., Frisoni, G.B., Group, |.-F., 2017. Association of brain amyloidosis with pro-
inflammatory gut bacterial taxa and peripheral inflammation markers in cognitively impaired elderly.
Neurobiology of aging 49, 60-68.

Chen, G.Y., 2017. Regulation of the gut microbiome by inflammasomes. Free radical biology & medicine 105,
35-40.

Chen, M., Xing, Y., Lu, A., Fang, W., Sun, B., Chen, C,, Liao, W., Meng, G., 2015. Internalized Cryptococcus
neoformans Activates the Canonical Caspase-1 and the Noncanonical Caspase-8 Inflammasomes.
Journal of immunology 195, 4962-4972.

Cheung, S.G., Goldenthal, A.R., Uhlemann, A.C., Mann, J.J., Miller, J.M., Sublette, M.E., 2019. Systematic
Review of Gut Microbiota and Major Depression. Frontiers in psychiatry 10, 34.

Chiang, H.L., Lin, C.H., 2019. Altered Gut Microbiome and Intestinal Pathology in Parkinson's Disease. Journal
of movement disorders 12, 67-83.

Chung, H., Kasper, D.L., 2010. Microbiota-stimulated immune mechanisms to maintain gut homeostasis.
Current opinion in immunology 22, 455-460.

Chung, H., Vilaysane, A., Lau, A., Stahl, M., Morampudi, V., Bondzi-Simpson, A., Platnich, J.M., Bracey, N.A.,
French, M.C., Beck, P.L., Chun, J., Vallance, B.A., Muruve, D.A., 2016. NLRP3 regulates a non-canonical
platform for caspase-8 activation during epithelial cell apoptosis. Cell death and differentiation 23,
1331-1346.

Cryan, J.F., Dinan, T.G., 2012. Mind-altering microorganisms: the impact of the gut microbiota on brain and
behaviour. Nature reviews. Neuroscience 13, 701-712.

Daniel, H., Gholami, A.M., Berry, D., Desmarchelier, C., Hahne, H., Loh, G., Mondot, S., Lepage, P., Rothballer,
M., Walker, A., Bohm, C., Wenning, M., Wagner, M., Blaut, M., Schmitt-Kopplin, P., Kuster, B., Haller,
D., Clavel, T., 2014. High-fat diet alters gut microbiota physiology in mice. The ISME journal 8, 295-
308.

David, L.A., Maurice, C.F., Carmody, R.N., Gootenberg, D.B., Button, J.E., Wolfe, B.E., Ling, A.V., Devlin, A.S.,
Varma, Y., Fischbach, M.A., Biddinger, S.B., Dutton, R.J., Turnbaugh, P.J., 2014. Diet rapidly and
reproducibly alters the human gut microbiome. Nature 505, 559-563.

De Felice, A., Ricceri, L., Venerosi, A., Chiarotti, F., Calamandrei, G., 2015. Multifactorial Origin of
Neurodevelopmental Disorders: Approaches to Understanding Complex Etiologies. Toxics 3, 89-129.

Devos, D., Lebouvier, T., Lardeux, B., Biraud, M., Rouaud, T., Pouclet, H., Coron, E., Bruley des Varannes, S.,
Naveilhan, P., Nguyen, J.M., Neunlist, M., Derkinderen, P., 2013. Colonic inflammation in Parkinson's
disease. Neurobiology of disease 50, 42-48.

Duncan, J.A., Bergstralh, D.T., Wang, Y., Willingham, S.B., Ye, Z.,, Zimmermann, A.G., Ting, J.P., 2007.
Cryopyrin/NALP3 binds ATP/dATP, is an ATPase, and requires ATP binding to mediate inflammatory
signaling. Proceedings of the National Academy of Sciences of the United States of America 104, 8041-
8046.

Dzamko, N., Geczy, C.L., Halliday, G.M., 2015. Inflammation is genetically implicated in Parkinson's disease.
Neuroscience 302, 89-102.

Erny, D., Hrabe de Angelis, A.L., Jaitin, D., Wieghofer, P., Staszewski, O., David, E., Keren-Shaul, H., Mahlakoiv,
T., Jakobshagen, K., Buch, T., Schwierzeck, V., Utermohlen, O., Chun, E., Garrett, W.S., McCoy, K.D.,
Diefenbach, A, Staeheli, P., Stecher, B., Amit, ., Prinz, M., 2015. Host microbiota constantly control
maturation and function of microglia in the CNS. Nature neuroscience 18, 965-977.

30



Fang, X., Wang, X., Yang, S., Meng, F., Wang, X., Wei, H., Chen, T., 2016. Evaluation of the Microbial Diversity
in Amyotrophic Lateral Sclerosis Using High-Throughput Sequencing. Frontiers in microbiology 7,
1479.

Feng, Y., Huang, Y., Wang, Y., Wang, P., Song, H., Wang, F., 2019. Antibiotics induced intestinal tight junction
barrier dysfunction is associated with microbiota dysbiosis, activated NLRP3 inflammasome and
autophagy. PloS one 14, e0218384.

Foster, J.A., Rinaman, L., Cryan, J.F., 2017. Stress & the gut-brain axis: Regulation by the microbiome.
Neurobiology of stress 7, 124-136.

Fung, T.C., Olson, C.A,, Hsiao, E.Y., 2017. Interactions between the microbiota, immune and nervous systems
in health and disease. Nature neuroscience 20, 145-155.

Gagliani, N., Palm, N.W., de Zoete, M.R,, Flavell, R.A., 2014. Inflammasomes and intestinal homeostasis:
regulating and connecting infection, inflammation and the microbiota. International immunology 26,
495-499.

Geuking, M.B., Cahenzli, J., Lawson, M.A., Ng, D.C., Slack, E., Hapfelmeier, S., McCoy, K.D., Macpherson, A.J.,
2011. Intestinal bacterial colonization induces mutualistic regulatory T cell responses. Immunity 34,
794-806.

Gordon, R., Albornoz, E.A., Christie, D.C., Langley, M.R., Kumar, V., Mantovani, S., Robertson, A.A.B., Butler,
M.S., Rowe, D.B., O'Neill, L.A., Kanthasamy, A.G., Schroder, K., Cooper, M.A., Woodruff, T.M., 2018.
Inflammasome inhibition prevents alpha-synuclein pathology and dopaminergic neurodegeneration
in mice. Science translational medicine 10.

Gringhuis, S.I., Kaptein, T.M., Wevers, B.A., Theelen, B., van der Vlist, M., Boekhout, T., Geijtenbeek, T.B.,
2012. Dectin-1 is an extracellular pathogen sensor for the induction and processing of IL-1beta via a
noncanonical caspase-8 inflammasome. Nature immunology 13, 246-254.

Grosicki, G.J., Fielding, R.A., Lustgarten, M.S., 2017. Gut Microbiota Contribute to Age-Related Changes in
Skeletal Muscle Size, Composition, and Function: Biological Basis for a Gut-Muscle Axis. Calcified
tissue international.

Guo, Y., Xie, J., Li, X., Yuan, Y., Zhang, L., Hu, W., Luo, H., Yu, H., Zhang, R., 2018. Antidepressant Effects of
Rosemary Extracts Associate With Anti-inflammatory Effect and Rebalance of Gut Microbiota.
Frontiers in pharmacology 9, 1126.

Guo, Y., Xie, J.P.,, Deng, K., Li, X., Yuan, Y., Xuan, Q., Xie, J., He, X.M., Wang, Q., Li, J.J., Luo, H.R., 2019.
Prophylactic Effects of Bifidobacterium adolescentis on Anxiety and Depression-Like Phenotypes
After Chronic Stress: A Role of the Gut Microbiota-Inflammation Axis. Frontiers in behavioral
neuroscience 13, 126.

Gurung, P., Anand, P.K., Malireddi, R.K., Vande Walle, L., Van Opdenbosch, N., Dillon, C.P., Weinlich, R.,
Green, D.R., Lamkanfi, M., Kanneganti, T.D., 2014. FADD and caspase-8 mediate priming and
activation of the canonical and noncanonical NIrp3 inflammasomes. Journal of immunology 192,
1835-1846.

Henderson, V.W., St John, J.A., Hodis, H.N., Kono, N., McCleary, C.A., Franke, A.A., Mack, W.J., Group, W.R,,
2012. Long-term soy isoflavone supplementation and cognition in women: a randomized, controlled
trial. Neurology 78, 1841-1848.

Heneka, M.T., Kummer, M.P., Stutz, A., Delekate, A., Schwartz, S., Vieira-Saecker, A., Griep, A., Axt, D., Remus,
A., Tzeng, T.C., Gelpi, E., Halle, A., Korte, M., Latz, E., Golenbock, D.T., 2013. NLRP3 is activated in
Alzheimer's disease and contributes to pathology in APP/PS1 mice. Nature 493, 674-678.

Heneka, M.T., McManus, R.M., Latz, E., 2018. Inflammasome signalling in brain function and
neurodegenerative disease. Nature reviews. Neuroscience 19, 610-621.

Hirota, S.A., Ng, J., Lueng, A., Khajah, M., Parhar, K., Li, Y., Lam, V., Potentier, M.S., Ng, K., Bawa, M.,
McCafferty, D.M., Rioux, K.P., Ghosh, S., Xavier, R.J., Colgan, S.P., Tschopp, J., Muruve, D.,
MacDonald, J.A., Beck, P.L., 2011. NLRP3 inflammasome plays a key role in the regulation of intestinal
homeostasis. Inflammatory bowel diseases 17, 1359-1372.

Ho, L., Ono, K., Tsuji, M., Mazzola, P., Singh, R., Pasinetti, G.M., 2018. Protective roles of intestinal microbiota
derived short chain fatty acids in Alzheimer's disease-type beta-amyloid neuropathological
mechanisms. Expert review of neurotherapeutics 18, 83-90.

31



Huang, R., Zhang, Y., Han, B., Bai, Y., Zhou, R., Gan, G., Chao, J., Hu, G., Yao, H., 2017. Circular RNA HIPK2
regulates astrocyte activation via cooperation of autophagy and ER stress by targeting MIR124-2HG.
Autophagy 13, 1722-1741.

Inserra, A., Rogers, G.B., Licinio, J., Wong, M.L., 2018. The Microbiota-Inflammasome Hypothesis of Major
Depression. BioEssays : news and reviews in molecular, cellular and developmental biology 40,
€1800027.

Igbal, K., Grundke-Igbal, 1., 2010. Alzheimer's disease, a multifactorial disorder seeking multitherapies.
Alzheimer's & dementia : the journal of the Alzheimer's Association 6, 420-424.

Joseph, J., Depp, C., Shih, P.B., Cadenhead, K.S., Schmid-Schonbein, G., 2017. Modified Mediterranean Diet
for Enrichment of Short Chain Fatty Acids: Potential Adjunctive Therapeutic to Target Immune and
Metabolic Dysfunction in Schizophrenia? Frontiers in neuroscience 11, 155.

Kaufmann, F.N., Costa, A.P., Ghisleni, G., Diaz, A.P., Rodrigues, A.L.S., Peluffo, H., Kaster, M.P., 2017. NLRP3
inflammasome-driven pathways in depression: Clinical and preclinical findings. Brain, behavior, and
immunity 64, 367-383.

Keane, R.W., Dietrich, W.D., de Rivero Vaccari, J.P., 2018. Inflammasome Proteins As Biomarkers of Multiple
Sclerosis. Frontiers in neurology 9, 135.

Kelly, J.R., Borre, Y., C, O.B., Patterson, E., El Aidy, S., Deane, J., Kennedy, P.J., Beers, S., Scott, K., Moloney,
G., Hoban, A.E., Scott, L., Fitzgerald, P., Ross, P., Stanton, C., Clarke, G., Cryan, J.F., Dinan, T.G., 2016.
Transferring the blues: Depression-associated gut microbiota induces neurobehavioural changes in
the rat. Journal of psychiatric research 82, 109-118.

Keshavarzian, A., Green, S.J., Engen, P.A., Voigt, R.M., Naqib, A., Forsyth, C.B., Mutlu, E., Shannon, K.M., 2015.
Colonic bacterial composition in Parkinson's disease. Movement disorders : official journal of the
Movement Disorder Society 30, 1351-1360.

Kim, H.K., Andreazza, A.C., EImi, N., Chen, W., Young, L.T., 2016. Nod-like receptor pyrin containing 3 (NLRP3)
in the post-mortem frontal cortex from patients with bipolar disorder: A potential mediator between
mitochondria and immune-activation. Journal of psychiatric research 72, 43-50.

Koh, A., De Vadder, F., Kovatcheva-Datchary, P., Backhed, F., 2016. From Dietary Fiber to Host Physiology:
Short-Chain Fatty Acids as Key Bacterial Metabolites. Cell 165, 1332-1345.

Latz, E., Xiao, T.S., Stutz, A., 2013. Activation and regulation of the inflammasomes. Nature reviews.
Immunology 13, 397-411.

Li, H., Sun, J., Wang, F., Ding, G., Chen, W., Fang, R., Yao, Y., Pang, M., Lu, Z.Q,, Liu, J., 2016. Sodium butyrate
exerts neuroprotective effects by restoring the blood-brain barrier in traumatic brain injury mice.
Brain research 1642, 70-78.

Lin, C.H., Chen, C.C., Chiang, H.L,, Liou, J.M., Chang, C.M., Lu, T.P., Chuang, E.Y., Tai, Y.C., Cheng, C,, Lin, H.Y.,
Wu, M.S., 2019. Altered gut microbiota and inflammatory cytokine responses in patients with
Parkinson's disease. Journal of neuroinflammation 16, 129.

Liu, F., Li, J., Wu, F., Zheng, H., Peng, Q., Zhou, H., 2019. Altered composition and function of intestinal
microbiota in autism spectrum disorders: a systematic review. Translational psychiatry 9, 43.

Liu, J., Wang, F., Liu, S., Du, J., Hu, X., Xiong, J., Fang, R., Chen, W., Sun, J., 2017. Sodium butyrate exerts
protective effect against Parkinson's disease in mice via stimulation of glucagon like peptide-1.
Journal of the neurological sciences 381, 176-181.

Lowe, P.P., Gyongyosi, B., Satishchandran, A., Iracheta-Vellve, A., Cho, Y., Ambade, A., Szabo, G., 2018.
Reduced gut microbiome protects from alcohol-induced neuroinflammation and alters intestinal and
brain inflammasome expression. Journal of neuroinflammation 15, 298.

Lu, B., Wang, H., Andersson, U., Tracey, K.J., 2013. Regulation of HMGB1 release by inflammasomes. Protein
& cell 4,163-167.

Luczynski, P., McVey Neufeld, K.A., Oriach, C.S., Clarke, G., Dinan, T.G., Cryan, J.F., 2016a. Growing up in a
Bubble: Using Germ-Free Animals to Assess the Influence of the Gut Microbiota on Brain and
Behavior. The international journal of neuropsychopharmacology / official scientific journal of the
Collegium Internationale Neuropsychopharmacologicum 19.

32



Luczynski, P., Whelan, S.0., O'Sullivan, C., Clarke, G., Shanahan, F., Dinan, T.G., Cryan, J.F., 2016b. Adult
microbiota-deficient mice have distinct dendritic morphological changes: differential effects in the
amygdala and hippocampus. The European journal of neuroscience 44, 2654-2666.

Ma, Q., Xing, C., Long, W., Wang, H.Y,, Liu, Q., Wang, R.F., 2019. Impact of microbiota on central nervous
system and neurological diseases: the gut-brain axis. Journal of neuroinflammation 16, 53.

Macfabe, D.F., 2012. Short-chain fatty acid fermentation products of the gut microbiome: implications in
autism spectrum disorders. Microbial ecology in health and disease 23.

MacFabe, D.F., 2015. Enteric short-chain fatty acids: microbial messengers of metabolism, mitochondria, and
mind: implications in autism spectrum disorders. Microbial ecology in health and disease 26, 28177.

Macia, L., Tan, J.,, Vieira, A.T., Leach, K., Stanley, D., Luong, S., Maruya, M., lan McKenzie, C., Hijikata, A.,
Wong, C., Binge, L., Thorburn, A.N., Chevalier, N., Ang, C., Marino, E., Robert, R., Offermanns, S.,
Teixeira, M.M., Moore, R.J., Flavell, R.A., Fagarasan, S., Mackay, C.R., 2015. Metabolite-sensing
receptors GPR43 and GPR109A facilitate dietary fibre-induced gut homeostasis through regulation
of the inflammasome. Nature communications 6, 6734.

Mangan, M.S.J., Olhava, E.J., Roush, W.R., Seidel, H.M., Glick, G.D., Latz, E., 2018. Targeting the NLRP3
inflammasome in inflammatory diseases. Nature reviews. Drug discovery 17, 688.

Meguid, N.A., Atta, H.M., Gouda, A.S., Khalil, R.0., 2008. Role of polyunsaturated fatty acids in the
management of Egyptian children with autism. Clinical biochemistry 41, 1044-1048.

Ming, X., Li, W., Maeda, Y., Blumberg, B., Raval, S., Cook, S.D., Dowling, P.C., 2002. Caspase-1 expression in
multiple sclerosis plaques and cultured glial cells. Journal of the neurological sciences 197, 9-18.

Mowry, E.M., Glenn, J.D., 2018. The Dynamics of the Gut Microbiome in Multiple Sclerosis in Relation to
Disease. Neurologic clinics 36, 185-196.

Obata, Y., Pachnis, V., 2016. The Effect of Microbiota and the Immune System on the Development and
Organization of the Enteric Nervous System. Gastroenterology 151, 836-844.

Peirce, J.M., Alvina, K., 2019. The role of inflammation and the gut microbiome in depression and anxiety.
Journal of neuroscience research 97, 1223-1241.

Pellegrini, C., Antonioli, L., Colucci, R., Blandizzi, C., Fornai, M., 2018. Interplay among gut microbiota,
intestinal mucosal barrier and enteric neuro-immune system: a common path to neurodegenerative
diseases? Acta neuropathologica 136, 345-361.

Pellegrini, C., Antonioli, L., Lopez-Castejon, G., Blandizzi, C., Fornai, M., 2017. Canonical and Non-Canonical
Activation of NLRP3 Inflammasome at the Crossroad between Immune Tolerance and Intestinal
Inflammation. Frontiers in immunology 8, 36.

Pellegrini, C., Fornai, M., Antonioli, L., Blandizzi, C., Calderone, V., 2019. Phytochemicals as Novel Therapeutic
Strategies for NLRP3 Inflammasome-Related Neurological, Metabolic, and Inflammatory Diseases.
International journal of molecular sciences 20.

Perez-Pardo, P., Dodiya, H.B., Engen, P.A., Forsyth, C.B., Huschens, A.M., Shaikh, M., Voigt, R.M., Naqib, A.,
Green, S.J., Kordower, J.H., Shannon, K.M., Garssen, J., Kraneveld, A.D., Keshavarzian, A., 2019. Role
of TLR4 in the gut-brain axis in Parkinson's disease: a translational study from men to mice. Gut 68,
829-843.

Piccarducci, R., Pietrobono, D., Pellegrini, C., Daniele, S., Fornai, M., Antonioli, L., Trincavelli, M.L., Blandizzi,
C., Martini, C., 2019. High Levels of beta-Amyloid, Tau, and Phospho-Tau in Red Blood Cells as
Biomarkers of Neuropathology in Senescence-Accelerated Mouse. Oxidative medicine and cellular
longevity 2019, 5030475.

Pinto, A., Bonucci, A., Maggi, E., Corsi, M., Businaro, R., 2018. Anti-Oxidant and Anti-Inflammatory Activity of
Ketogenic Diet: New Perspectives for Neuroprotection in Alzheimer's Disease. Antioxidants 7.

Pistollato, F., Sumalla Cano, S., Elio, |., Masias Vergara, M., Giampieri, F., Battino, M., 2016. Role of gut
microbiota and nutrients in amyloid formation and pathogenesis of Alzheimer disease. Nutrition
reviews 74, 624-634.

Qin, X.Y., Zhang, S.P., Cao, C., Loh, Y.P.,, Cheng, Y., 2016. Aberrations in Peripheral Inflammatory Cytokine
Levels in Parkinson Disease: A Systematic Review and Meta-analysis. JAMA neurology 73, 1316-1324.

Rakoff-Nahoum, S., Paglino, J., Eslami-Varzaneh, F., Edberg, S., Medzhitov, R., 2004. Recognition of
commensal microflora by toll-like receptors is required for intestinal homeostasis. Cell 118, 229-241.

33



Richardson, A.., 2006. Omega-3 fatty acids in ADHD and related neurodevelopmental disorders.
International review of psychiatry 18, 155-172.

Rigacci, S., Stefani, M., 2015. Nutraceuticals and amyloid neurodegenerative diseases: a focus on natural
phenols. Expert review of neurotherapeutics 15, 41-52.

Rodriguez, J.M., Murphy, K., Stanton, C., Ross, R.P., Kober, O.1., Juge, N., Avershina, E., Rudi, K., Narbad, A.,
Jenmalm, M.C., Marchesi, J.R., Collado, M.C., 2015. The composition of the gut microbiota
throughout life, with an emphasis on early life. Microbial ecology in health and disease 26, 26050.

Rogers, G.B., Keating, D.J., Young, R.L.,, Wong, M.L., Licinio, J., Wesselingh, S., 2016. From gut dysbiosis to
altered brain function and mental illness: mechanisms and pathways. Molecular psychiatry 21, 738-
748.

Rooks, M.G., Garrett, W.S., 2016. Gut microbiota, metabolites and host immunity. Nature reviews.
Immunology 16, 341-352.

Rothhammer, V., Mascanfroni, |.D., Bunse, L., Takenaka, M.C., Kenison, J.E., Mayo, L., Chao, C.C., Patel, B.,
Yan, R., Blain, M., Alvarez, J.1., Kebir, H., Anandasabapathy, N., Izquierdo, G., Jung, S., Obholzer, N.,
Pochet, N., Clish, C.B., Prinz, M., Prat, A., Antel, J., Quintana, F.J., 2016. Type | interferons and
microbial metabolites of tryptophan modulate astrocyte activity and central nervous system
inflammation via the aryl hydrocarbon receptor. Nature medicine 22, 586-597.

Sampson, T.R., Debelius, J.W., Thron, T., Janssen, S., Shastri, G.G., Ilhan, Z.E., Challis, C., Schretter, C.E., Rocha,
S., Gradinaru, V., Chesselet, M.F., Keshavarzian, A., Shannon, K.M., Krajmalnik-Brown, R., Wittung-
Stafshede, P., Knight, R., Mazmanian, S.K., 2016. Gut Microbiota Regulate Motor Deficits and
Neuroinflammation in a Model of Parkinson's Disease. Cell 167, 1469-1480 e1412.

Sandhu, K.V., Sherwin, E., Schellekens, H., Stanton, C., Dinan, T.G., Cryan, J.F., 2017. Feeding the microbiota-
gut-brain axis: diet, microbiome, and neuropsychiatry. Translational research : the journal of
laboratory and clinical medicine 179, 223-244.

Saresella, M., La Rosa, F., Piancone, F., Zoppis, M., Marventano, I., Calabrese, E., Rainone, V., Nemni, R.,
Mancuso, R., Clerici, M., 2016. The NLRP3 and NLRP1 inflammasomes are activated in Alzheimer's
disease. Molecular neurodegeneration 11, 23.

Savignac, H.M., Couch, Y., Stratford, M., Bannerman, D.M., Tzortzis, G., Anthony, D.C., Burnet, P.W.J., 2016.
Prebiotic administration normalizes lipopolysaccharide (LPS)-induced anxiety and cortical 5-HT2A
receptor and IL1-beta levels in male mice. Brain, behavior, and immunity 52, 120-131.

Savignac, H.M., Tramullas, M., Kiely, B., Dinan, T.G., Cryan, J.F., 2015. Bifidobacteria modulate cognitive
processes in an anxious mouse strain. Behavioural brain research 287, 59-72.

Scheperjans, F., Aho, V., Pereira, P.A., Koskinen, K., Paulin, L., Pekkonen, E., Haapaniemi, E., Kaakkola, S.,
Eerola-Rautio, J., Pohja, M., Kinnunen, E., Murros, K., Auvinen, P., 2015. Gut microbiota are related
to Parkinson's disease and clinical phenotype. Movement disorders : official journal of the Movement
Disorder Society 30, 350-358.

Seregin, S.S., Golovchenko, N., Schaf, B., Chen, J., Pudlo, N.A., Mitchell, J., Baxter, N.T., Zhao, L., Schloss, P.D.,
Martens, E.C., Eaton, K.A., Chen, G.Y., 2017. NLRP6 Protects I110(-/-) Mice from Colitis by Limiting
Colonization of Akkermansia muciniphila. Cell reports 19, 733-745.

Sharma, R., Young, C., Neu, J., 2010. Molecular modulation of intestinal epithelial barrier: contribution of
microbiota. Journal of biomedicine & biotechnology 2010, 305879.

Sharma, S., Taliyan, R., Singh, S., 2015. Beneficial effects of sodium butyrate in 6-OHDA induced neurotoxicity
and behavioral abnormalities: Modulation of histone deacetylase activity. Behavioural brain research
291, 306-314.

Shen, H., Guan, Q., Zhang, X., Yuan, C., Tan, Z., Zhai, L., Hao, Y., Gu, Y., Han, C., 2020. New mechanism of
neuroinflammation in Alzheimer's disease: The activation of NLRP3 inflammasome mediated by gut
microbiota. Progress in neuro-psychopharmacology & biological psychiatry 100, 109884.

Shi, N., Li, N., Duan, X., Niu, H., 2017. Interaction between the gut microbiome and mucosal immune system.
Military Medical Research 4, 14.

Singh, R.K., Chang, H.W., Yan, D., Lee, K.M., Ucmak, D., Wong, K., Abrouk, M., Farahnik, B., Nakamura, M.,
Zhu, T.H., Bhutani, T., Liao, W., 2017. Influence of diet on the gut microbiome and implications for
human health. Journal of translational medicine 15, 73.

34



Skonieczna-Zydecka, K., Grochans, E., Maciejewska, D., Szkup, M., Schneider-Matyka, D., Jurczak, A.,
Loniewski, 1., Kaczmarczyk, M., Marlicz, W., Czerwinska-Rogowska, M., Pelka-Wysiecka, J., Dec, K.,
Stachowska, E., 2018. Faecal Short Chain Fatty Acids Profile is Changed in Polish Depressive Women.
Nutrients 10.

Sommer, F., Backhed, F., 2013. The gut microbiota--masters of host development and physiology. Nature
reviews. Microbiology 11, 227-238.

Stefani, M., Rigacci, S., 2014. Beneficial properties of natural phenols: highlight on protection against
pathological conditions associated with amyloid aggregation. BioFactors 40, 482-493.

Sun, J., Wang, F., Hong, G., Pang, M., Xu, H., Li, H., Tian, F., Fang, R., Yao, Y., Liu, J., 2016. Antidepressant-like
effects of sodium butyrate and its possible mechanisms of action in mice exposed to chronic
unpredictable mild stress. Neuroscience letters 618, 159-166.

Sun, J., Xu, J., Ling, Y., Wang, F., Gong, T., Yang, C., Ye, S., Ye, K., Wei, D., Song, Z., Chen, D., Liu, J., 2019. Fecal
microbiota transplantation alleviated Alzheimer's disease-like pathogenesis in APP/PS1 transgenic
mice. Translational psychiatry 9, 189.

Sun, M.F., Zhu, Y.L., Zhou, Z.L,, Jia, X.B., Xu, Y.D., Yang, Q., Cui, C., Shen, Y.Q., 2018. Neuroprotective effects
of fecal microbiota transplantation on MPTP-induced Parkinson's disease mice: Gut microbiota, glial
reaction and TLR4/TNF-alpha signaling pathway. Brain, behavior, and immunity 70, 48-60.

Tan, F.C., Hutchison, E.R., Eitan, E., Mattson, M.P., 2014. Are there roles for brain cell senescence in aging
and neurodegenerative disorders? Biogerontology 15, 643-660.

Tang, C., Kamiya, T., Liu, Y., Kadoki, M., Kakuta, S., Oshima, K., Hattori, M., Takeshita, K., Kanai, T., Saijo, S.,
Ohno, N., lwakura, Y., 2015. Inhibition of Dectin-1 Signaling Ameliorates Colitis by Inducing
Lactobacillus-Mediated Regulatory T Cell Expansion in the Intestine. Cell host & microbe 18, 183-197.

Tengeler, A.C., Kozicz, T., Kiliaan, A.J., 2018. Relationship between diet, the gut microbiota, and brain
function. Nutrition reviews 76, 603-617.

Tha, K.K., Okuma, Y., Miyazaki, H., Murayama, T., Uehara, T., Hatakeyama, R., Hayashi, Y., Nomura, Y., 2000.
Changes in expressions of proinflammatory cytokines IL-1beta, TNF-alpha and IL-6 in the brain of
senescence accelerated mouse (SAM) P8. Brain research 885, 25-31.

Thongaram, T., Hoeflinger, J.L., Chow, J., Miller, M.J., 2017. Prebiotic Galactooligosaccharide Metabolism by
Probiotic Lactobacilli and Bifidobacteria. Journal of agricultural and food chemistry 65, 4184-4192.

Unger, M.M., Spiegel, J., Dillmann, K.U., Grundmann, D., Philippeit, H., Burmann, J., Fassbender, K., Schwiertz,
A., Schafer, K.H., 2016. Short chain fatty acids and gut microbiota differ between patients with
Parkinson's disease and age-matched controls. Parkinsonism & related disorders 32, 66-72.

van de Wouw, M., Boehme, M., Lyte, J.M., Wiley, N., Strain, C., O'Sullivan, O., Clarke, G., Stanton, C., Dinan,
T.G., Cryan, J.F., 2018. Short-chain fatty acids: microbial metabolites that alleviate stress-induced
brain-gut axis alterations. The Journal of physiology 596, 4923-4944.

Venegas, C., Kumar, S., Franklin, B.S., Dierkes, T., Brinkschulte, R., Tejera, D., Vieira-Saecker, A., Schwartz, S.,
Santarelli, F., Kummer, M.P., Griep, A., Gelpi, E., Beilharz, M., Riedel, D., Golenbock, D.T., Geyer, M.,
Walter, J., Latz, E., Heneka, M.T., 2017. Microglia-derived ASC specks cross-seed amyloid-beta in
Alzheimer's disease. Nature 552, 355-361.

Vesikansa, A., 2018. Unraveling of Central Nervous System Disease Mechanisms Using CRISPR Genome
Manipulation. Journal of central nervous system disease 10, 1179573518787469.

Vogt, N.M., Kerby, R.L., Dill-McFarland, K.A., Harding, S.J., Merluzzi, A.P., Johnson, S.C., Carlsson, C.M.,
Asthana, S., Zetterberg, H., Blennow, K., Bendlin, B.B., Rey, F.E., 2017. Gut microbiome alterations in
Alzheimer's disease. Scientific reports 7, 13537.

Vuong, H.E., Hsiao, E.Y., 2017. Emerging Roles for the Gut Microbiome in Autism Spectrum Disorder.
Biological psychiatry 81, 411-423.

Wang, J., Dong, R., Zheng, S., 2019. Roles of the inflammasome in the gutliver axis (Review). Molecular
medicine reports 19, 3-14.

Whitmer, R.A., Gunderson, E.P., Barrett-Connor, E., Quesenberry, C.P., Jr., Yaffe, K., 2005. Obesity in middle
age and future risk of dementia: a 27 year longitudinal population based study. Bmj 330, 1360.

35



Wikoff, W.R., Anfora, A.T., Liu, J., Schultz, P.G., Lesley, S.A., Peters, E.C., Siuzdak, G., 2009. Metabolomics
analysis reveals large effects of gut microflora on mammalian blood metabolites. Proceedings of the
National Academy of Sciences of the United States of America 106, 3698-3703.

Winer, D.A., Luck, H., Tsai, S., Winer, S., 2016. The Intestinal Immune System in Obesity and Insulin
Resistance. Cell metabolism 23, 413-426.

Wong, M.L,, Inserra, A., Lewis, M.D., Mastronardi, C.A., Leong, L., Choo, J., Kentish, S., Xie, P., Morrison, M.,
Wesselingh, S.L., Rogers, G.B., Licinio, J., 2016. Inflammasome signaling affects anxiety- and
depressive-like behavior and gut microbiome composition. Molecular psychiatry 21, 797-805.

Wu, H.J., Wu, E., 2012. The role of gut microbiota in immune homeostasis and autoimmunity. Gut microbes
3,4-14.

Yao, X., Zhang, C., Xing, Y., Xue, G., Zhang, Q., Pan, F.,, Wu, G., Hu, Y., Guo, Q., Lu, A., Zhang, X., Zhou, R., Tian,
Z., Zeng, B., Wei, H., Strober, W., Zhao, L., Meng, G., 2017. Remodelling of the gut microbiota by
hyperactive NLRP3 induces regulatory T cells to maintain homeostasis. Nature communications 8,
1896.

Zhang, Y., Huang, R., Cheng, M., Wang, L., Chao, J., Li, J., Zheng, P., Xie, P., Zhang, Z., Yao, H., 2019. Gut
microbiota from NLRP3-deficient mice ameliorates depressive-like behaviors by regulating astrocyte
dysfunction via circHIPK2. Microbiome 7, 116.

Zhou, Y., Lu, M., Du, R.H,, Qiao, C,, Jiang, C.Y., Zhang, K.Z., Ding, J.H., Hu, G., 2016. MicroRNA-7 targets Nod-
like receptor protein 3 inflammasome to modulate neuroinflammation in the pathogenesis of
Parkinson's disease. Molecular neurodegeneration 11, 28.

Zhou, Z.L., Jia, X.B., Sun, M.F., Zhu, Y.L., Qiao, C.M., Zhang, B.P., Zhao, L.P., Yang, Q., Cui, C., Chen, X., Shen,
Y.Q., 2019. Neuroprotection of Fasting Mimicking Diet on MPTP-Induced Parkinson's Disease Mice
via Gut Microbiota and Metabolites. Neurotherapeutics : the journal of the American Society for
Experimental NeuroTherapeutics 16, 741-760.

36



Table 1. Summary of the main changes in gut microbiota and activation of NLRP3 signaling observed

at CNS, circulation and intestinal in patients with neurological disorders

Neurological Main changes in gut microbiota CNS NLRP3 Circulating Intestinal References
disorder composition activation NLRP3 NLRP3
activation activation
H Bacteroidetes (conflicting evidence) t NLRP3, 1NLRP3, ) IL-1B Devos et al.,
. .. . 2013;
4= Firmicutes (conflicting evidence) caspase-1 and | caspase-l1 and
Perez-Pardo et
Blautia, Coprococcus, Roseburia, Escherichia coli, ASC ASC mRNA
al., 2019
Akkermansia, Bifidobacterium, Flavonifractor and
g g
Lactobacillus, Christensenella, Catabacter, Gordon et al.,
Oscillospira,, Christensenella minuta, Catabacter 2018;
hongkongensis, Lactobacillus mucosae,
Wang et al.,
Ruminococcus bromii, and  Papillibacter P
cinnamivorans, Prevotella
Lietal., 2019
PD § Ralstonia, Faecalibacterium prausnitzii,
Clostridium coccoides and Bacteroides fragilis, Qin et al,
Dorea, Bacteroides, Bacteroides massiliensis, 2016
Stoquefichus massiliensis, Bacteroides coprocola, Zoueal,, 2016
Blautia, glucerasea, Dorea longicatena,
Bacteroides dorei, Bacteroides  pebeus, Keshavarzian
Coprococcus  eutactus, Rominococcus callidus, etal,2015
Verrucomicrobia, Mucispirillum, Porphyromonas,
Lactobacillus, and Parabacteroides
4 Enterobacteriaceae, Lachnospiraceae
Lactobacillaceae, Verrucomicrobiaceae
‘ Prevotellaceae (Prevotella copri),
Erysipelotrichaceae (Eubacterium biforme),
Barnesiellaceae and Enterococcacea
¥ Fecal SCFAS levels (butyrate, acetate, propionate)
¥ Bacteroides, Blautia and Escherichia/Shigella ) NLRP3, t IL-1B * HMGBI Heneka et al.,
ASC  and 2013;
t SMBS53 and Dialister and E. rectale taxon 4 NLRP3
Caspase-1 Venegas et
AD } . . Do
Gut microbiota biodiversity, al., 2017
and ti-ip
. Impaired SCFA catabolism Catteneo et
Cognitively
al., 2017
impaired
elderly Saresella et
al., 2016;
Keane et al.,
¥ Bacteroides (Bacteroides stercoris, Bacteroides fNLRP3, ASC tasc and @ n.a.
2018;
coprocola, and Bacteroides coprophilus) and cleaved = caspase-1
MS Cao 2015
4 . X caspase-1 mRNA
Psuedomonas, Mycoplana, Haemophilus, Blautia, o Ming et al.,
rotein
and Dorea genera P flL—lB 2002
t1L-1p

Abbreviations: AD: Alzheimer’s disease; ASC: inflammasome adaptor protein apoptosis-associated speck-like protein
containing CARD; CNS: central nervous system; HMGB1; high mobility group box 1 protein; IL-1f interleukin-1 beta;
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MS: multiple sclerosis; NLRP3: nucleotide-binding oligomerization domain leucine rich repeat and pyrin domain-
containing protein 3; SCFAs: short chain fat acids; PD: Parkinson’s disease; SCFAs: short chain fat acids; n.a: not
available
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Table 2. Summary of the main changes in gut microbiota and activation of NLRP3 signaling observed

at CNS, circulation and intestinal level in patients with psychiatric disorders

Psychiatric Main changes in gut microbiota Central Circulating NLRP3 Intestinal References
disorder composition NLRP3 signaling activation NLRP3
signaling signaling
activation activation
¥ Gut microbiota biodiversity n.a 4 NLRP3 and caspase-1 n.a Carissimi et al., 2019
ASD § SCFA mRNA Adams et al., 2011
4 IL-1B Saresella et al., 2016
$1L-18
Bacteriodetes, Proteobacteria, n.a 4 NLRP3 and caspase-1 n.a Alcocer-Gomez et
Firmicutes Lachnobacteriaceae mRNA and protein al., 2014
(conflicting findings) fI- 1B Skonieczna-Zydecka
MDD ?Enterobacteriacea t 1IL-18 etal,2018
fClostridium, Streptococco, Prevotella Huang et al., 2019
¥ Lactobacillus and Bifidobacterium
¥ SCFA
Actinobacteria, Proteobacteria 4 NLRP3, ASC, 4IL-1p n.a Kim et al., 2016
Bipolar 4 Coriobacteriaceae, Ruminococcus active caspase- Huang et al., 2019
disorder *Ruminococcaceae, Bacteroides 1 protein Tsai et al., 2012
¥ SCFA ti-1p Lotrich et al., 2014

Abbreviations: ASD: autism spectrum disorder; ASC: inflammasome adaptor protein apoptosis-associated speck-like
protein containing CARD; CNS: central nervous system; IL-1f interleukin-1 beta; MDD: major depressive disorder;
NLRP3: nucleotide-binding oligomerization domain leucine rich repeat and pyrin domain-containing protein 3; SCFAs:
short chain fat acids; n.a.: not available
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Table 3. Summary of the current evidence showing the concomitance of gut dysbiosis and NLRP3

activation in animal models of CNS disorders

Experimental models Changes in gut microbiota-NLRP3 inflammasome References
complex
v ¥SCFA Zhou et al.,
v 4 Central IL-1p 2019
PD MPTP-induced
central
dopaminergic
neurodegeneration
Zhang et
CRS-induced v Gut dysbiosis ( T Firmicutes, lBacteriodetes and | al, 2019
anxiety-like and lProteobacteria ) Guo et al.,
depressive-like 2018
MDD behavious v’ $ Central and circulating IL-1f Guo et al.,
2019
v/ 4Bacteroides Wong et al.,
CUS-induced v YRuminococcus, Desolfuvibrio, Mucispirillum, Oscillospira, 2016
anxiety-like and Prevotella
depressive-like v" NLRP3 gene deletion altered enteric bacteria (YBacteroides,
behaviors fRuminococcus, Desolfuvibrio, Mucispirillum, Oscillospira,
Prevotella)

v" NLRP3 gene deletion improved depressive-like behavior
v' Cohousing reduced the differences in behavior and
locomotion between WT and NLRP3 knock out animals
v 4 Central, circulating and intestinal NLRP3 inflammasome @ Lowe et al.,

Alcohol-induced signaling activation, including NLRP3, ASC, caspase-IL-1 | 2019
Neuroinflammation | neuroinflammation and IL-18 mRNA expression and IL-1p and IL-18 cytokine
levels)

Abbreviations: ASC: inflammasome adaptor protein apoptosis-associated speck-like protein containing CARD; CNS:
central nervous system; CRS: chronic restraint stress; CUS: chronic unpredictable stress; IL-1p interleukin-1 beta; MDD:
major depressive disorder; MPTP: 1-methyl-4-phenyl-1,2,3,6-tetrathydropyridine; NLRP3: nucleotide-binding
oligomerization domain leucine rich repeat and pyrin domain-containing protein 3; SCFAs: short chain fat acids; PD:
Parkinson’s disease; WT, wild type
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Figure 1. Mechanisms underlying NLRP3 inflammasome activation

Diagram showing the different molecular mechanisms of NLRP3 inflammasome activation. Middle
upper and lower panel: Transcription steps of NLRP3 activation. The transcription step is regulated
by TLRs—MyD88, TNF/TNFR-NEMO/TAKI1/TRAF/RIPK1 and/or IFNa,B-JAK/STAT pathways,
which activate pro-IL-1p3, NLRP3, pro-caspase-1 and pro-caspase-11 transcription via NF-xB
activation. TLRs stimulation by bacteria and MAMPs as well as TNFR activation can also activate
also the RIPK1-FADD-caspase-8 protein complex, which, in turn, promotes NF-kB transcription.
The second step results in NLRP3 inflammasome oligomerization, leading to caspase-1 activation as
well as IL-1p and IL-18 release. Left panel: non-canonical caspase-8-dependent NLRP3 activation.
TLR4 stimulation by PAMPs and/or DAMPs activates RIPK1-FADD-caspase-8 intracellular

signaling, which, besides promoting the NF-kB transcription step, can activate directly canonical
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NLRP3 oligomerization and assembly. In addition, fungal PAMPS (i.e. Candida albicans, fungal cell
wall component B-glucans and mycobacteria), via dectin-1 stimulation, can promote IL-1§
transcription as well as the formation and activation of a MALT1—caspase-8—ASC complex, which
contributes to the processing and release of IL-1p. Right upper panel: Permeabilization of cell
membranes to potassium efflux (i.e. MLKL activation, exposure to pore-forming Gasdermin D, P2X7
receptor activation by extracellular ATP, lysosomal damage and cathepsin release) leads to a massive
release of oxidized mitochondrial DNA, increase in mitochondrial ROS and cardiolipin
externalization, which, in turn, promote NLRP3 inflammasome oligomerization and activation. a-
synuclein and B-amyloid protein accumulation as well as post-translational NLRP3 modifications
(i.e. phosphorylation and ubiquitination) can promote also the second step of NLRP3 inflammasome
activation. Caspase-1 activation promotes also pyroptosis and HMGBI1 release. Right lower panel:
non-canonical caspase-11-dependent NLRP3 activation. Unidentified scaffold proteins or receptors
induced by Gram-negative bacteria cleave and activate caspase-11, which induces pyroptosis as well
as HMGBI and IL-1a release, and promotes the activation of NLRP3-ASC-caspase-1 pathway.

Abbreviations: ASC, inflammasome adaptor protein apoptosis-associated speck-like protein
containing CARD; FADD, FAS associated death domain protein; HMGBI1, high mobility group box
1; JAK/STAT, janus kinase/signal transducers and activators of transcription; IFN, interferon;
IFNAR, interferon-o/p receptor; IL, interleukin, MALTI1, mucosa-associated lymphoid tissue
lymphoma translocation protein 1; MAMPs, microbe-associated molecular pattern molecules;
MLKL, mixed lineage kinase domain-like protein; MyD88, adaptor molecules myeloid
differentiation primary response 88; NEMO, NF-kB essential modulator NF-kB, nuclear factor-«xB;
NLRP3, nucleotide-binding oligomerization domain, leucine rich repeat and pyrin domain-containing
protein 3; RIPKI1, receptor-interacting protein kinase 1; TAKI; transforming growth
factor B activated kinase-1; TLRs, toll-like receptors; TNF, tumor necrosis factor; TNFR, tumor

necrosis factor receptor; TRAF, TNF receptor-associated factor 2; TRIF, toll/IL-1 receptor homology
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(TIR)-domain-containing adapter-inducing interferon-p; P2X, purinergic receptor 7; PAMPs,

pathogens-associated molecular patterns; ROS, reactive oxygen species.
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Figure 2. Role of interactions between gut microbiota and NLRP3 inflammasome in the
maintenance of intestinal homeostasis

Diagram showing the physiological role of interactions between gut microbiota and NLRP3
inflammasome. 1) NLRP3 inflammasome activation in immune cells and intestinal epithelial cells by
enteric bacteria induces IL-18 release. This promotes the release of antimicrobial peptides (i.e. -
defensin) that, in turn, contribute to the maintenance gut eubiosis; 2) NLRP3 reshapes gut microbiota
that, in turn, promotes T cell maturation and differentiation in T regs, thus contributing to the
maintenance of immune-bacterial tolerance 3) Metabolic products of enteric bacteria, such as SCFAs
through GPCRs, including GPR43 and GPR109A on IECs promote NLRP3 activation, that, in turn,
via release of IL-18, regulates tight junction protein expression, mucosal permeability and mucus
production, thus preserving IEB integrity.

Abbreviation: NLRP3: nucleotide-binding oligomerization domain leucine rich repeat and pyrin
domain-containing protein 3; GPCRs: G-protein-coupled receptors; IECs, intestinal epithelial cells;

IEB, intestinal epithelial barrier; SCFAs: short chain fatty acids; IL-18: interleukin-18
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CNS neuroinflammation and neurodegeneration
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Figure 3. Microbiota-gut-NLRP3 inflammasome-brain axis in CNS disorders

Diagram showing the role of microbiota-gut-NLRP3 inflammasome-brain axis in the main
neurological and psychiatric disorders, including PD, AD, MS, MDD and ASD. Enteric bacteria can
promote NLRP3 activation that, in turn, shapes peripheral and central neurogenic/inflammatory
responses, thus contributing to the onset of CNS neuroinflammation and neurodegeneration. In this
regard, a pivotal issue should to be addressed. In particular, since it has been observed that patients
with CNS disorders, such as PD, are characterized by an increase in IL-13 and CNS-related protein
inclusions, including a-syn, AP and tau proteins, in intestinal tissues, might the overactivation of
NLRP3 in the gut, following CNS protein deposition, alter the enteric bacteria composition? This
immune-bacteria loop could generate a sort of vicious circle that could drive the chronicization of

ongoing peripheral and central neuroinflammatory and neurodegenerative processes.
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Abbreviation: AP, amyloid beta; a-syn, alpha-synuclein; ASD: autism spectrum disorders, AD:
Alzheimer’s disease; o-syn: a-synuclein; AB: amyloid beta; CNS: central nervous system; IEB,
intestinal epithelial barrier; MDD: major depressive disorder; MS: multiple sclerosis, PD: Parkinson’s
disease; NLRP3, nucleotide-binding oligomerization domain, leucine rich repeat and pyrin domain-

containing protein 3.

45



