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Abstract—Protein misfolding and accumulation of protein aggregates is a distinctive feature of most neuro-
degenerative diseases. They lead to disruption of cellular homeostasis, loss of synaptic connections, and
therefore cellular apoptosis. It has been demonstrated that some innate immune responses play an important
role in the emergence and progression of neurodegenerative diseases. Inflammasomes are components of
innate immunity that play a major role in the maintenance of chronic inflammation. Inflammasomes func-
tion as intracellular sensors, detecting both exogenous and endogenous stimuli. They also take part in
caspase-1 activation and the synthesis of pro-inflammatory cytokines. In the central nervous system (CNS),
inflammasomes are predominantly expressed by microglia, the key cells of innate immunity responsible for
activation and maintenance of inflammation. In addition to microglia, inflammasomes can be expressed and
activated by astrocytes and neurons, as well as infiltrating myeloid cells. Understanding the mechanisms of
activation and functioning of inflammasomes is crucial for the development of novel drugs targeted at mod-
ulation of the immune response associated with their excessive activation. This review provides up-to-date
information on the inflammasome structure and mechanisms of action, the role of protein misfolding, aggre-
gation and the influence of these factors on inflammasome activation, as well as potential therapeutic targets
in neurodegenerative diseases.

Keywords: inflammasomes, neurodegenerative diseases, amyotrophic lateral sclerosis, motor neuron disease,
Alzheimer’s disease, Parkinson’s disease
DOI: 10.1134/S1819712422030114

GENERAL MECHANISMS
OF ACCUMULATION AND AGGREGATION 

OF PATHOLOGICAL PROTEINS
A necessary condition for the normal functioning

of a protein is acquisition of a tertiary structure which
is formed as it folds. Folding is a complex, multisystem
process in which chaperone proteins play a key role,
ensuring proper folding and a stable conformation. In
addition to folding, other molecular processes, such as
transcription, translation, post-translational modifi-
cations, degradation mediated by the ubiquitin-prote-
asome system, and autophagy, are also important for
the correct folding of protein chains.

The acquisition of the correct conformation by a
protein is ensured by a special class of proteins—chap-
erones. They bind to peptides even before the process
of translation from mRNA is completed, and partici-
pate in the folding process, protecting growing peptide
chains from the effects of particles of the cellular envi-
ronment, thereby facilitating the formation of a stable
conformation [1]. If protein folding occurs incor-
rectly, chaperone proteins correct the unfolded pro-

tein, and in case of failure, they act as signaling mole-
cules and, depending on the specific cause, can acti-
vate various cellular programs to take radical measures
to eliminate the protein with an incorrect structure, up
to complete degradation [2]. These cellular programs
are: unfolded protein response (UPR), heat shock
response (HSR), ubiquitin-proteasome system (UPS),
and endoplasmic-reticulum-associated degradation
(ERAD). The UPR and HSR programs form a net-
work of cellular proteostasis to create prohomeostatic
transcriptional and posttranscriptional programs [3].

There are several hypotheses explaining the disrup-
tion of the protein folding process. First, in the case of
correct translation using the putative amino acid
sequences, an alternative stable conformation of the
protein can be found, which will lead to folding failure.
Secondly, genetic mutations also lead to disruption of
protein folding and, accordingly, function; in this case,
even one erroneous amino acid can lead to incorrect
folding, protein aggregation, and possible cell death.

Some genes can produce multiple variants of pro-
teins. In these cases, certain exons of the primary tran-
script may be included or excluded from the final syn-
thesized mRNA. This process is called alternative
splicing. Proteins resulting from translation from such
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mRNAs will differ both in their amino acid sequences
and often in their biological functions. An error during
alternative splicing can lead to the synthesis of a pro-
tein with an incorrect amino acid sequence and, ulti-
mately, a distorted tertiary structure.

Finally, folding may be impaired due to mutations
in the genes of chaperone proteins, as a result of which
the predominance of alternative protein conforma-
tions is observed. At the same time, mutations in the
genes responsible for the degradation of pathological
proteins will help the products of impaired folding to
avoid elimination, further aggregation, and the forma-
tion of fibrils. Any of the above mutations can cause
cell death, however, if a cell manages to avoid apopto-
sis, this can lead to the development of a neurodegen-
erative process [4, 5].

In addition to mutations in genes, impaired protein
folding can also be associated with cellular pathology,
namely, mitochondrial dysfunction, calcium-induced
folding disorder, and inflammation [4]. Disruption of
the normal functioning of mitochondria leads to an
increase in the amount of reactive oxygen species due
to disruption of the processes of oxidative phosphory-
lation, which can in turn lead to damage to the struc-
ture of proteins [6]. Calcium-induced disruption of
protein folding often accompanies pathological con-
ditions characterized by an excess of glutamate in the
synaptic cleft, leading to hyperstimulation of NMDA
receptors and subsequent calcium influx. An excess of
cytosolic calcium can also lead to the generation of
reactive oxygen species and nitrosative stress, which
disrupts the mechanisms of control of protein synthe-
sis, thereby contributing to the accumulation of pro-
teins with a disturbed conformation [7]. Misfolded
proteins can form transmembrane pores, which fur-
ther increase calcium influx, leading to a vicious cycle
of cytotoxicity [8].

The main mechanism for the development of most
neurodegenerative diseases is a disruption of protein
homeostasis (proteostasis), leading to the formation of
pathological conformation of proteins, their aggrega-
tion, accumulation, and development of neurotoxic-
ity. Clinical manifestations of neurodegenerative dis-
eases usually depend on the involvement of a certain
population of neurons in the pathological process [9].

Diseases that develop as a result of improper fold-
ing and aggregation of proteins include Alzheimer’s
disease, Huntington’s disease, amyotrophic lateral
sclerosis, Parkinson’s disease, and transmissible spon-
giform encephalopathies [9].

At least three mechanisms have been proposed by
which protein misfolding and aggregation lead to the
development of misfolding diseases. Thus, one of the
key links in the pathogenesis of neurodegenerative dis-
eases may be the loss of normal activity of a protein,
the amount of which is depleted due to improper fold-
ing and aggregation. According to the second and
more widely accepted hypothesis, misfolding and
N

aggregation lead to the acquisition of neurotoxic prop-
erties by proteins with a disturbed tertiary structure,
which manifest themselves in the ability of these pro-
teins and their aggregates to activate proapoptotic sig-
naling pathways, form ion channels, and induce oxi-
dative stress processes. Finally, some authors explain
the pathogenesis of the neurodegenerative process in
terms of neuroinflammation, suggesting that abnor-
mal protein aggregates act as antigens and cause a
chronic inflammatory response that leads to cell
death, probably by activating innate immunity pro-
cesses, in particular, those mediated by various types
of inflammasomes [10]. This review highlights the key
issues of the structure and functioning of inflam-
masomes, as well as current data on their role in a
number of neurodegenerative diseases.

THE ROLE OF INFLAMMATION 
IN NEURODEGENERATION

Neuroinflammation is a protective mechanism,
which is primarily designed to eliminate various
pathogens that disrupt homeostasis [11]. The inflam-
matory response that occurs under pathological con-
ditions has beneficial effects, contributing to the
removal of cellular debris and the restoration of the
integrity and homeostasis of tissues, but chronicity of
the inflammatory response is detrimental and, on the
contrary, prevents regeneration processes [12]. The
stimuli that support the inflammatory response can be
either endogenous (for example, genetic mutation and
protein aggregation) or come from the environment in
the form of infection, traumatic injury, or toxic effects,
including drugs [13].

Innate immunity is the first line of defense against
not only infectious agents. Its mechanisms also play a
key role in tissue repair and removal of apoptotic bod-
ies and cellular debris. The key cells of innate immu-
nity in the CNS are microglia and astrocytes, macro-
phages, natural killer (NK), and mast cells. Oligoden-
drocytes and neurons also contribute to the innate
immune response processes in the CNS. Pathogen-
associated molecular patterns (PAMP) and damage-
associated (endogenous) molecular patterns (DAMP)
include misfolded and aggregated proteins, such as in
Alzheimer’s disease (AD), Parkinson’s disease (PD),
and amyotrophic lateral sclerosis (ALS). Cellular
receptors that recognize PAMP and DAMP are Toll-
like receptors, C-type lectins, oxidized lipoprotein
detectors, and NLR receptors, which play a key role in
inflammasome assembly [14].

Microglial cells are the main resident macrophages
in the CNS. In the ontogeny of the nervous system,
they are involved in the formation of neural circuits,
synaptogenesis, and also regulate cell death and elim-
ination of waste products in conditions of inflamma-
tion or CNS damage. Differential activation of
microglia is often referred to as classical (M1) or alter-
native (M2) based on in vivo expression of chemokines
EUROCHEMICAL JOURNAL  Vol. 16  No. 3  2022



THE ROLE OF INFLAMMASOMES IN THE PATHOGENESIS 273
and cytokines [15]. Switching between these microg-
lial phenotypes is necessary for the processes of regen-
eration and remyelination. Microglia synthesize both
pro-inflammatory and anti-inflammatory factors that
can favorably influence or, conversely, exacerbate the
course of neurodegenerative diseases [16].

Similar to the M1 and M2 phenotypes of macro-
phages and microglia, astrocyte subpopulations are
reported to produce pro-inflammatory mediators (A1)
and immunoregulatory mediators (A2). A1 astrocytes
secrete IL-1α, tumor necrosis factor alpha (TNFα),
and complement component C1q. This phenotype is
considered pro-inflammatory and promotes damage
to neurons and oligodendrocytes in vitro, and also
induces apoptosis by suppressing the activation and
proliferation of T-helper cells. On the contrary, astro-
cytes of the A2 phenotype have a neuroprotective
effect, promoting neuronal survival and synaptic plas-
ticity processes. The process of astrogliosis is observed
in many neurodegenerative diseases, including AD,
PD, and ALS [17]. It has been suggested that reactive
astrocytes of the A1 phenotype have a toxic effect in
ALS, PD, AD, schizophrenia, and normal aging [18].

In addition to these cell types, oligodendrocytes
also participate in innate immune responses by
expressing receptors and producing immunomodula-
tory cytokines and chemokines. When the CNS is
damaged, oligodendrocytes can promote both protec-
tive and regenerative processes and neurodegeneration
due to disruption of remyelination processes [19].

The role of adaptive immunity in neurodegenera-
tive disorders is supported by changes in T and B cell
subpopulations and antibody levels in the blood, cere-
brospinal f luid, and brain tissues. Thus, the role of
adaptive immunity reactions in PD and ALS is actively
being studied; in AD, inflammation is mainly due to
resident microglia. In the early stages of Parkinson’s
disease, there is an increased number of Th17 cells in
the blood, some of which recognize α-synuclein [20].
In mouse models with ALS, a decrease in the number
of Treg cells was accompanied by a more pronounced
rate of motor neuron death and lower animal survival,
while the transfer of Treg cells suppressed neuroin-
flammation and led to an increase in the lifespan of
mice. It is reported that patients with ALS have distur-
bances in the functioning of Treg cells, but the direct
impact of their dysfunction on the progression of neu-
rodegeneration in humans remains unstudied [21].

STRUCTURE, ACTIVATION, 
AND FUNCTIONS OF INFLAMMASOME

The term “inflammasome” was introduced by
J. Tschopp et al. in 2002 to describe a high molecular
weight complex present in the cytosol of activated
immune cells that mediates the activation of pro-
inflammatory caspases [22]. Subsequently, several dif-
ferent inflammasomes have been identified, each of
NEUROCHEMICAL JOURNAL  Vol. 16  No. 3  2022
which is assembled by a unique pattern-recognition
receptor (PRR) in response to pathogen-associated
molecular patterns (PAMP) or endogenous stimuli in
the cytosol of the host cell (damage-associated molec-
ular patterns, DAMP) [23].

Recognition of the pro-inflammatory ligand leads
to inflammasome activation, oligomerization, and
recruitment of an adapter protein known as ASC
(adaptor molecule apoptosis-associated speck-like
protein), which consists of two domains: the pyrin
domain (PYD) and the caspase activation and recruit-
ment domain (CARD). These domains allow the
adapter protein to connect the inflammasome sensor
molecule to caspase-1. Autoprocessing leads to the
formation of a catalytically active caspase-1, which
initiates subsequent responses, including the release of
interleukin-1β (IL-1β) and IL-18, and causes pyro-
ptosis, programmed cell death mediated by gasdermin
D; influx of sodium and water ions, resulting in cell
swelling and membrane rupture; and spontaneous
release of cytosolic contents into the extracellular
space. When activated by inflammasomes, caspase-1
and other non-canonical caspases (caspase-4,
caspase-5, and caspase-11) activate gasdermin D,
which subsequently forms pores in the cell membrane.
Due to these pores, IL-1β and IL-18 are secreted into
the extracellular space, and a simultaneous influx of
Na+ and water occurs, causing cell swelling and mem-
brane rupture [24].

Inflammasomes play a key role in protecting the
body from pathogens; however, their hyperactivation
is associated with the development of oncological,
autoimmune, metabolic, and neurodegenerative dis-
eases.

The classification of inflammasomes is based
mainly on the sensory molecule, the main trigger
involved in their activation. Various inflammasome
sensory molecules have a similar structure and may
belong to a group of pattern recognition receptors
capable of responding to cytosolic pathogen-associ-
ated molecular structures (PAMP) or endogenous
stimuli (DAMP). These receptors include the nucleo-
tide-binding domain and the family of leucine-rich
repeat containing receptors (NLR), inflammasomes
may also include AIM2 (absent in melanoma 2-like),
and pyrin receptors.

The structure of an inflammasome usually has
three main components: a cytosolic pattern-recogniz-
ing receptor, caspase-1, and an adapter protein that
mediates the interaction between them. As mentioned
above, the receptor can either belong to the NLR fam-
ily of proteins, or contain pyrin or AIM2 HIN (hema-
topoietic interferon-inducible nuclear protein)-
domains. NLRs in humans are encoded by a family of
22 genes and contain a carboxy-terminal domain rich
in leucine repeats (leucine-rich repeat, LRR), a con-
served central domain NACHT (domain present in
NAIP, CIITA, HET-E, TP-1), which is required for
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binding nucleotides and oligomerization of proteins
involved in the formation of inflammasomes, and a
variable amino-terminal domain which determines
the NLR subfamily [25].

NLR inflammasomes can be grouped into two
main subfamilies, NLRP and NLRC, depending on
whether the N-terminal domain is represented by
pyrin or the N-terminal caspase activation and recruit-
ment domain (CARD) [26]. In humans, 14 NLRP and
5 NLRC genes have been identified; the most studied
of which are NLPR1 and NLPR3. Both subfamilies
share common features: a leucine-rich C-terminal
repeat domain and a central NACHT domain respon-
sible for oligomerization [27].

After activation and oligomerization, NLRP
recruit the adapter protein ASC, which is the second
component of most inflammasomes. As already men-
tioned, ASC consists of two domains: pyrin (PYD)
and CARD. It acts as a link between the PYD of the
corresponding NLRP receptor protein and the CARD
of procaspase-1, which is the third component of the
inflammasome. The exceptions are NLRC4 and
NLRP1, since they can directly interact with pro-
caspase 1 through their own CARD domains [28].

Given the significant role of NLRP3 inflam-
masomes in the mechanisms of neurodegeneration, let
us consider the process of inflammasome activation
using it as an example.

Activation of the NLRP3 inflammasome can be
mediated in 3 ways: canonical, non-canonical, and
alternative. The canonical pathway is a classic two-
step model in which two signals are needed to activate
the NLRP3 inflammasome. The first signal, or prim-
ing, is necessary for binding toll-like receptors (TLRs)
with pathogen-associated molecular structures
(PAMPs). It induces transcription of NLRP3, pro-
IL-1β, and pro-IL-18 via nuclear factor kappa-light-
chain-enhancer of activated B cells (NF-kB) [29]. The
first signal not only contributes to the activation of
transcription but also induces a number of post-trans-
lational modifications that allow NLRP3 to rearrange
into its active conformation [30]. The second signal is
triggered by various stimuli, including PAMP, DAMP,
and other particles that are detected by NLRP3
through yet to be determined mechanisms. The sec-
ond signal leads to the formation of an active inflam-
masome complex and autoproteolytic cleavage of
caspase-1. A feature of the NLRP3 inflammasome is
the ability to respond to a wide range of signals, such
as extracellular adenosine triphosphate (ATP), micro-
bial toxins, crystals, protein aggregates, and viral par-
ticles. The exact molecular mechanism that triggers
NLRP3 activation in response to such a wide range of
signals is still not fully understood. Many NLRP3
activators induce an K+ eff lux from the cell, which was
initially considered to be a general trigger for NLRP3
inflammasome activation [31]. There is mounting evi-
dence that, along with K+ eff lux, other mechanisms
N

may contribute to NLRP3 activation, such as Cl–

efflux, Ca2+ signaling, dysfunction of mitochondria
with reactive oxygen species, and lysosome rupture
[32]. Given the variety of possible activating signals, it
is likely that NLRP3 responds to a common activation
mechanism induced in the cytosolic environment by
intracellular processes rather than directly interacting
with all activator molecules [32].

Non-canonical activation is triggered by caspase-4
in humans and caspase-11 in mice in response to
intracellular infection with Gram-negative bacteria
(e.g., Escherichia coli) [33]. It is believed that caspase-
11 and caspase-4 are activated by intracellular lipo-
polysaccharide (LPS) via direct binding of LPS to the
CARD domain. In addition, caspase-4 and caspase-11
can also be activated by other components of gram-
negative bacteria, as well as exogenous drugs, for
example, methamphetamine [34]. Caspase-11 and
caspase-4 activation mediated by intracellular LPS
may promote K+ eff lux from the cell either through
gasdermin D cleavage and subsequent pyroptosis or
through other currently unknown mechanisms leading
to membrane instability. As a result, due to the K+

efflux from the cell, the NLRP3 inflammasome is
activated [35].

Alternative inflammasome activation is a new spe-
cific pathway for NLRP3 inflammasome activation. It
is present in human and porcine peripheral blood
mononuclear cells but absent in mice [36]. Within this
activation mechanism, the presence of lipopolysac-
charide is sufficient to induce activation of the NLRP3
inflammasome, followed by activation of caspase-1
and IL-1β processing and secretion. Assembly of the
inflammasome occurs after activation of the toll-like
receptor 4 (TLR4) by lipopolysaccharide, which trig-
gers the caspase-8 signaling cascade, which in turn
leads to the activation of the NLRP3 inflammasome.
This activation pathway does not depend on the out-
flow of K+ from the cell. Pyroptosis does not occur, so
IL-1β is released gradually, in contrast to the all-or-
nothing response characteristic of canonical activa-
tion [37].

The recruitment of procaspase-1 to the inflam-
masome is believed to cause autoproteolytic conver-
sion of the proenzyme to active caspase-1. Caspase-1
activation leads to cleavage and subsequent release of
IL-1β and IL-18, primarily from innate immune cells.
The central nervous system is particularly sensitive to
IL-1β and IL-18 signaling due to the fact that several
cell types in the CNS express receptors to these cyto-
kines [38]. Signaling cascades induced by cytokines
exert their effects both at the systemic level (patholog-
ical activation of the hypothalamic-pituitary-adrenal
axis) and at the local level of damage (proliferation
and activation of microglia and astrocytes) [39].
Caspase-1 activation, subsequent cleavage and release
of cytokines contribute to the development of immu-
nopathological conditions that lead to neuronal death.
EUROCHEMICAL JOURNAL  Vol. 16  No. 3  2022
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In addition to inducing cytokine release, caspase-1
activation can mediate pyroptosis. There is evidence
that caspase-1 plays a direct role in the initiation of
neuron death [40].

The study of the functioning of inflammasomes
during neuroinflammation processes allows us to see
the theory of the role of infectious diseases in the prov-
ocation of autoimmune and degenerative diseases of
the nervous system in a new light. For example, the
role of NLRP3 inflammasome in the development
and more severe course of acute respiratory distress
syndrome, which is also observed in the novel corona-
virus infection COVID-19, has been proven; thus, the
ORF3a protein of coronaviruses leads to the induction
of the activity of the NLRP3 inflammasome [41]. In
numerous studies of the cytokine profile in the blood
of patients with COVID-19 infection, an increase in
the levels of IL-1ß and IL-18 was convincingly
demonstrated, which can serve as another argument in
favor of NLRP3 hyperactivation by inflammasomes in
this disease [42]. Based on these data, some authors do
not exclude the possibility of provocation or aggravation
of the course of neurodegenerative diseases in patients
who have undergone COVID-19 infection [43].

INFLAMMASOME ACTIVATION IN VARIOUS 
NEURODEGENERATIVE DISEASES. 

PATHOLOGICAL PROTEINS-INDUCERS 
OF INFLAMMASOME ACTIVATION

Most neurodegenerative diseases have common
pathogenetic mechanisms, the most important of
which is disruption of protein folding. A protein with a
disturbed conformation is repeatedly synthesized and
subjected to incorrect folding, avoiding both the
mechanisms of correct folding and degradation of
pathological proteins, which leads to the formation of
aggregates that subsequently form fibrillar structures.
When localized extracellularly, these fibrillar struc-
tures are called “amyloid fibrils”. Pathogenetic fea-
tures of the neurodegenerative process depend on a
number of factors: whether aggregated proteins are
formed inside or outside the cells, which part of the
cells produces proteins with abnormal conformation,
and the area of the brain in which these aggregates are
localized [4].

The data available to date indicate that, despite dif-
ferences in amino acid sequences, proteins involved in
neurodegenerative processes have a similar structure
in aggregated forms [44]. The structural homology of
proteins involved in the neurodegenerative process in
the native form may be insignificant or absent, but the
secondary structure of their aggregates may be similar.
Most of the aggregates are rich in β-pleated sheets,
while their normal functional forms are mainly α-heli-
ces and globular structures [10].

Alzheimer’s disease. Alzheimer’s disease (AD) is
the most common neurodegenerative disease and the
NEUROCHEMICAL JOURNAL  Vol. 16  No. 3  2022
most common form of dementia. The most significant
risk factor for developing AD is age, with prevalence
rates doubling every 5 years after the age of 65 [45].

The classical clinical picture of the disease includes
progressive amnestic and emotional-affective disor-
ders, disorders of abstract thinking, concentration of
attention, and reduced criticism of one’s own state. In
the terminal stage of the disease, dementia is associ-
ated with weight loss, seizures, increased drowsiness
and lack of control over the functions of the pelvic
organs, and secondary infectious processes.

Structural changes in the brain in AD include dif-
fuse atrophy of brain matter, especially the frontal
lobes and hippocampus, with degeneration of cholin-
ergic neurons. There is an increase in ventricular
spaces, granulo-vacuolar degeneration, and wide-
spread synaptic collapse. However, cerebral plaques
formed by proteins with a disturbed tertiary structure
are a key characteristic of AD. Hyperphosphorylated
tau protein aggregates in the form of neurofibrillary
tangles (NFT), while β-amyloid (Aβ) forms β-amy-
loid plaques. Cerebral plaque formation and atrophy
begin predominantly in the hippocampus and medial
temporal lobe. The accumulation of proteins with dis-
turbed tertiary structure leads to oxidative stress and
the development of an inflammatory response, which
further exacerbates the progression of neurodegenera-
tion. Aggregates of α-synuclein may also be found in
patients with advanced AD, but this finding is usually
secondary and is limited to the amygdala. In addition,
progressive degeneration of neurons in the basal gan-
glia, locus coeruleus, and raphe nuclei is observed in
AD, which corresponds to the loss of cholinergic, nor-
adrenergic, and serotonergic neurons [46].

Most AD cases are associated with abnormalities in
the amyloid precursor protein (APP), presenilin-1,
presenilin-2, and apolipoprotein E4 (ApoE-ε4) genes
[47]. For AD, the areas of the brain with predominant
accumulation of pathological protein aggregates are
the temporal and parietal lobes, as well as areas of the
frontal cortex and cingulate gyrus [48].

It is assumed that the deposition of Aβ in the brain
is a key link in the pathogenesis of AD. In the brain of
patients with Alzheimer’s disease, an increase in the
level of various pro-inflammatory cytokines, such as
TNF-α, IFN-γ, and interleukins was noted [49]. An
increase in the concentration of pro-inflammatory
cytokines is noted in the blood and cerebrospinal f luid
of patients with Alzheimer’s disease. It is known that
interleukins, in particular, IL-1β and IL-18, are one of
the causes for the development of inflammation pro-
cesses in the central nervous system, which induce
the expression of other pro-inf lammatory genes [50].
IL-1β can be produced by many cell types, including
macrophages, microglia, and neurons. Many types of
inflammasomes, including NLRP1, NLRC4, and
NLRP3, were shown to be involved in inflammation-
mediated release of IL-1β in the CNS [51]. Aβ was the
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first protein with disturbed tertiary structure, for
which the ability to activate inflammation in the CNS
was proven. In particular, Aβ activates lipopolysac-
charide-primed microglial caspase-1, which leads to
the release of IL-1β, and this reaction depends on the
activation of the NLRP3 inflammasome. Phagocyto-
sis of Aβ fibrils can cause rupture of the endosome fol-
lowed by the release of cathepsin B into the cytosol,
which is also an important endogenous signal for the
activation of the NLRP3 inflammasome [52].

A link between neuroinflammation and AD pro-
gression has been proven. Higher levels of IL-1β in the
CNS may exacerbate the pathogenesis of AD and
affect synaptic plasticity and long-term potentiation.
Thus, inhibition of IL-1β leads to a positive effect in
the form of inhibition of disease progression in mouse
models with AD [53]. Activation of the NLRP3
inflammasome by Aβ in the CNS is required for cleav-
age of caspase-1, release of IL-1β, and development of
the subsequent inflammatory response, but the ulti-
mate role of NLRP3 activation in AD in vivo is still not
completely clear. A recent study in the APP/PS1
mouse model with the clinical picture of AD showed
that activation of the NLRP3 inflammasome plays a
critical role in the pathogenesis of AD. Thus,
APP/PS1/NLRP3 and APP/PS1/caspase-1 knock-
out mice showed significantly less pronounced signs of
spatial memory impairment and other manifestations
of AD compared with APP/PS1 mice. NLRP3 defi-
ciency reduces caspase-1 activation and IL-1β secre-
tion and increases Aβ clearance. In addition, defi-
ciency of NLRP3 or caspase-1 leads to a shift in
microglial activation towards the M2 phenotype,
which has anti-inflammatory properties [54]. This is
consistent with the results of another study showing
that inhibition of the NLRP3 inflammasome by cyto-
chalasin D reduces classical microglial activation
upon exposure to Aβ [55]. Activation of the NLRP3
inflammasome was shown to induce the acquisition of
a pro-inflammatory M1 phenotype by microglia and
lead to clearance of Aβ; in the case of the M2 pheno-
type, Aβ deposition decreases and favorable condi-
tions for synaptogenesis are created [56].

It should be noted that IL-1β cleavage is only one
aspect of NLRP3 inflammasome activation. In partic-
ular, the NLRP1 inflammasome is one of the key
pathways responsible for Aβ neurotoxicity. It has been
shown that NLRP1 expression is upregulated in
APP/PS1 mice, and this increase in NLRP1 levels in
neurons is associated with Aβ accumulation. In addi-
tion, an increase in NLRP1 expression activates the
caspase-1 signaling cascade and leads to neuronal
pyroptosis and the release of pro-inf lammatory cyto-
kines [57]. Thus, despite the extensive data in favor of
the involvement of inf lammasomes in the pathogen-
esis of AD, the nature of the relationship between the
NLRP3 inf lammasome and other signaling pathways
involved in the pathogenesis of AD requires clarifica-
tion.
N

Parkinson’s disease. Parkinson’s disease (PD) is
the second most common neurodegenerative disease
after AD, affecting about 10 million people worldwide.
PD, according to many studies, is the result of the
death of dopaminergic neurons in the substantia nigra.
The classic motor symptoms of PD include bradykine-
sia, rigidity, tremors, and postural unsteadiness. PD
also has many non-motor symptoms, including
dementia, which occurs in 40% of cases [58].

Two histopathological features of PD are accumu-
lation of α-synuclein protein aggregates in Lewy bod-
ies and loss of dopaminergic neurons in the substantia
nigra [59]. α-Synuclein is a 140 amino acid cytoplas-
mic protein encoded by the SNCA gene. It is found in
large quantities in the human brain, namely in the
neurons of the neocortex, hippocampus, substantia
nigra, thalamus, and cerebellum. At lower concentra-
tions, α-synuclein is also present in glial cells. It is
assumed that in presynaptic nerve terminals it inter-
acts with SNARE proteins (soluble N-ethylmaleim-
ide-sensitive-factor attachment receptor) and partici-
pates in the exocytosis of neurotransmitters. Cytosolic
α-synuclein is initially in an unfolded state, and upon
binding to membranes or vesicles acquires an α-heli-
cal structure. The interaction of α-synuclein with lipid
membranes causes its conformational changes, and it
specifically interacts with lipid rafts rich in cholesterol
and sphingolipids [60]. In the folding disorder, α-synu-
clein adopts a conformation rich in β-sheets and
begins to oligomerize with other α-synuclein mole-
cules, which can subsequently form fibrils and insolu-
ble Lewy bodies [61].

There is a group of related neurodegenerative dis-
eases associated with misfolding and aggregation of
α-synuclein called α-synucleinopathies. These
include PD, dementia with Lewy bodies, and multiple
system atrophy. Aggregates of α-synuclein were also
found in brain tissue samples in AD [61].

Phosphorylation is the most common post-trans-
lational modification of α-synuclein, especially at its
serine and tyrosine residues. Phosphorylation of
α-synuclein is believed to be involved in the initiation
of abnormal folding of α-synuclein. Ubiquitination is
the second most common process of post-transla-
tional modification and occurs at lysine residues,
leading to disruption of its localization in the cell and
avoidance of its degradation. Nitration is another form
of post-translational modification in which tyrosine
residues are targets for the attachment of nitro groups;
this process leads to mitochondrial dysfunction and
cell apoptosis [60].

Oxidative stress may be another factor in α-synu-
clein aggregation. When dopamine is oxidized,
semiquinone radicals are formed from its catechol part,
and the products of these processes oxidize α-synuclein
on the surface of synaptic vesicles, leading to its accu-
mulation. Moreover, α-synuclein can form trans-
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membrane channels leading to intracellular calcium
excess and excitotoxicity [62].

It is well established that the inflammatory process
plays a decisive role in the pathogenesis and progression
of PD. Extracellular α-synuclein was shown to be taken
up by neuronal and microglial cells in culture, although
the nature of this mechanism is still unclear. When
α-synuclein is released from the cell in the early stages
of the disease it acts as an endogenous signal and acti-
vates microglia, which is followed by the release of pro-
inflammatory molecules such as TNF-α and IL-1β,
which negatively affect dopaminergic neurons [63].

There is evidence in favor of the involvement of
inflammasome NLRP3 activation in α-synuclein-
mediated activation of microglia. In particular, fibril-
lar α-synuclein induces the synthesis of IL-1β
through a TLR2-dependent pathway, and its phagocy-
tosis causes the production of reactive oxygen species
and the release of cathepsin B into the cytosol, which
leads to the activation of the NLRP3 inflammasome
[64]. Aβ fibrillar forms of α-synuclein increase the
release of monocyte and microglial IL-1β mediated by
caspase-1 activation [65].

Inflammasome activation by classical stimuli
directly leads to partial degradation of α-synuclein via
caspase-1 cleavage. During this process, the propen-
sity of α-synuclein to aggregation and, accordingly,
neurotoxicity increases. At the same time, when
caspase-1 is inhibited, the rate of neuron death
decreases. The activation of inflammasomes induced
by α-synuclein and inflammasome-mediated degra-
dation and subsequent aggregation of α-synuclein
can lead to a vicious circle, which ultimately causes
an increase in the concentration of pro-inf lamma-
tory cytokines, an increase in the amount of aggre-
gated α-synuclein, and promotion of neuronal death
[66]. Confirmation of the neuroprotective effect of
inflammasome inhibition in PD is the decrease
caused by phenolic f lavonoid baicalein of inflam-
masome activation and apoptosis in the dopaminergic
system of the substantia nigra in rats [67].

Amyotrophic lateral sclerosis. Amyotrophic lateral
sclerosis (ALS) is a progressive neurodegenerative dis-
ease caused by damage to motor neurons in the motor
cortex, brainstem, and spinal cord. ALS is character-
ized by rapidly progressing weakness, muscle atrophy
and fasciculations, spasticity, dysarthria, dysphagia,
and respiratory disorders [68]. The steadily progres-
sive clinical picture is a consequence of degeneration
of the upper and lower motor neurons. In the process
of disease progression, there is an increase in the
severity of muscle hypotrophy, loss of motor func-
tions; up until the late stages of the disease, the urinary
tract sphincters and oculomotor muscles remain rela-
tively intact [69]. In some patients with ALS, cognitive
impairments of varying severity are noted: from minor
impairments in executive functions and emotional and
affective disorders to dementia in patients with the
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“ALS-frontotemporal dementia” phenotype [68, 69].
As in many other neurodegenerative diseases, the pro-
cesses of excitotoxicity, mitochondrial dysfunction,
oxidative stress, impaired energy metabolism, and
neuroinflammation play key roles [70].

The protein responsible for the most common form
of familial ALS is superoxide dismutase (SOD1), and
the most common mutation is a mutation variant in
the SOD1 gene known as A4V [69]. Superoxide dis-
mutase is a Cu/Zn metalloenzyme that serves as an
antioxidant to convert superoxide radicals into O2 and
H2O2. As with the APP gene in AD, the SOD1 gene is
also located on chromosome 21. Studies in mouse
models show that SOD1 has proapoptotic functions,
and the development of the neurodegenerative process
is caused by an increase in the toxic properties of the
mutant SOD1 protein, rather than loss of SOD1 func-
tion [68, 69]. However, the exact role of SOD1 in the
pathogenesis of ALS is still not completely defined,
although mutations in the gene lead to misfolding of
the translated protein and its subsequent aggregation.
SOD1 protein aggregation is a common pathological
feature of both familial and sporadic forms of ALS.
The mutant SOD1 protein is inherently unstable and
forms cytoplasmic aggregates, which are believed to
accumulate and damage mitochondria, proteasomes,
chaperones, and other proteins [68, 69]. The presence
of mutant SOD1 is associated with dysfunction of the
excitatory amino acid transporter 2 (EAAT2), located
on the presynaptic membrane and responsible for the
elimination of glutamate from the synaptic cleft. A
decrease in the amount of EAAT2 was also noted in
autopsy tissue samples of the brain and spinal cord of
patients with ALS [71]. Thus, disruption of the normal
functioning of EAAT2 leads to an increase in the level
of glutamate in the synaptic cleft, and, as a conse-
quence, excitotoxicity.

Ubiquitin inclusions (UIs) are the most common
type of inclusions found in the brains of nearly 100%
of ALS patients. UIs are found in the motor neurons
of the brainstem and spinal cord, as well as in the
motor neurons of the temporal and frontal lobes of the
neocortex. UIs consist of ubiquitin, peripherin,
Cu/Zn superoxide dismutase, and dorphin. DNA-
binding protein-43 (TDP-43), which is a nuclear pro-
tein involved in RNA processing, was also found in
UIs [72]. The FUS protein and Bunina bodies are also
found in the motor neurons of the brainstem and spi-
nal cord. FUS is also a nuclear protein involved in
RNA processing. Inclusions can be found in neurons
of the motor cortex, predominantly consisting of
intermediate filaments, including hyperphosphory-
lated neurofilaments and peripherin. It is believed that
in addition to the above compounds, the following
proteins can play a role in the pathogenesis of ALS:
senataxin helicase (senataxin, SETX), a protein
involved in RNA processing; alsin (ALS2), a guanine
nucleotide exchange factor involved in the movement
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of endosomes; and dynactin, part of the dynein motor
complex that binds microtubules and participates in
cell transport [69]. It was shown that the mechanisms
of innate immunity may be involved in the activation
of microglia [73]. Activation of these innate immune
cells leads to the production of pro-inflammatory
neurotoxic cytokines such as IL-1β and IL-18, which
further contribute to the death of motor neurons [74].

Mutations in the SOD1 gene were the first identi-
fied mutations in familial forms of ALS and to date are
the most well studied [75]. The SOD1G93A mutation
is used to create transgenic SOD1G93A mice; it was
shown to reduce the stability of SOD1 protein folding
and cause the formation of protein aggregates [69]. As
mentioned above, protein aggregates in ALS patients
are also characterized by the presence of the TDP-43
protein, which is believed to be translocated from the
cell nucleus to the cytoplasm [76]. Mutations in the
TDP-43 gene (for example, TDP-43Q331K) lead to
the development of familial forms of ALS [77], and in
transgenic TDP-43Q331K mice, microglial activation
and degeneration of motor neurons increase [78].

Protein aggregates in ALS are powerful triggers of
the microglia-mediated immune response [74]. The
NLRP3 inflammasome is a key component of the
innate immune system activated by protein aggregates
[64]. Activation of inflammasomes and an increase in
the concentration of their components are observed in
patients with ALS, as well as in animal models of ALS
[79], while caspase-1 and IL-1β play an important role
in the pathogenesis of the disease [74]. Despite this,
Johann et al. showed that microglia of SOD1G93A
mice and ALS patients do not express the NLRP3
inflammasome [79]. In addition, it was demonstrated in
mouse models that SOD1G93A-mediated activation of
caspase-1 and production of IL-1β in microglia occur
independently of the NLRP3 inflammasome [74].

It is assumed that in microglial cells, the mutant
SOD1-G93A gene activates caspase-1 via the ASC-
adapter protein and NLRP3, thereby leading to the
subsequent release of IL-1β and provoking an inflam-
matory response. Free oxygen species and peroxyni-
trite can also contribute to the development of this sig-
naling cascade [80].

In the study of transgenic animals with genetic
ablation of caspase-1 and IL-1β, an increase in their
survival rates, a decrease in the activation of astrocytes
and microglia, and a decrease in the rate of death of
motor neurons in the anterior horns of the spinal cord
were noted. In the same in vivo model, the use of anti-
IL-1 antibodies had a positive effect on animal sur-
vival rates [74].

In the study of the cytokine profile of the cerebro-
spinal f luid of patients with sporadic ALS, an increase
in the level of total IL-18, its inhibitor IL-18-binding
protein (IL-18BP), and free IL-18 was revealed, which
is probably associated with the activation of inflam-
masomes involved in the maturation of these interleu-
N

kins [81]. This hypothesis is confirmed by the increased
content of NLRP3, ASC, caspase-1, and mature IL-18
in the spinal cord tissue in sporadic ALS [79].

INFLAMMASOME AS A TARGET
FOR THERAPEUTIC INTERVENTION

The relationship of inflammasomes, in particular,
the NLRP3 inflammasome, with many pathological
processes in the CNS is of considerable interest in the
context of developing effective methods for con-
trolling their activity. Taking into account the complex
signaling cascade of NLRP3 inflammasomes, a wide
range of targets for their inhibition can be assumed.
For example, the following strategies might be sug-
gested:

— suppression of activating signals;
— blockage of inflammasome assembly;
— inhibition of caspase-1 activation;
— blockade of the cleavage of the pore-forming

protein gasdermin D;
— neutralization of pro-inflammatory cytokines

produced by the NLRP3 inflammasome;
— P2X receptor inhibition;
— inhibition of K+ outflow from the cell and the

ATP-binding domain of NLRP3 [82].
Small molecules, NLRP3 inhibitors. Compounds

with a sulfonylurea fragment can specifically inhibit
the activation of the NLRP3 inflammasome in the
activation phase without affecting the priming stage
dependent on NF-κB signaling [83]. Glyburide was
the first identified drug containing a sulfonylurea frag-
ment that exhibited inhibitory activity against NLRP3
in vitro, but the dose required to achieve a therapeutic
effect in vivo leads to the development of severe hypo-
glycemia. The small molecule compound MCC950,
which is similar to sulfonylurea, was shown to block
NLRP3-induced ASC oligomerization, making it a
highly effective and selective inhibitor of NLRP3. This
substance led to a decrease in the severity of the
inflammatory response in mouse models of experi-
mental allergic encephalomyelitis and ex vivo human
samples, but its effect in other neurological patholo-
gies has not been studied [83].

In addition, one of the intermediate substrates in
glyburide synthesis, 16673-34-0, has no effect on glu-
cose metabolism and was shown to improve reperfu-
sion in models of myocardial ischemia by inhibiting
the formation of the NLRP3 inflammasome [84].

The ketone metabolite β-hydroxybutyrate (BHB)
inhibits NLRP3 inflammasome activation by inhibit-
ing NLRP3-ASC oligomerization. It was experimen-
tally shown that BHB reduces the K+ eff lux from the
cell and the reaction of the endoplasmic reticulum
[85]. In addition, BHB can penetrate the blood-brain
barrier into the brain parenchyma and have a neuro-
protective effect in some pathological conditions [86].
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The leukotriene receptor antagonist cysteinyl was found
to prevent caspase-1 activation by directly inhibiting
ASC oligomerization [83].

INF4E is a recently synthesized compound that
directly inhibits NLRP3 ATPase and specifically
inhibits inflammasome NLRP3 activation, which has
also been demonstrated in mouse models of myocar-
dial ischemia, but requires further study in the context
of neurological pathology [87].

3,4-methylenedioxy-β-nitrostyrene (MNS) is a new
tyrosine kinase inhibitor that specifically and effec-
tively inhibits the NLRP3 inflammasome, directly
affecting the NOD and LRR domains [88]. According
to a recent study, MNS prevented wound progression
and improved healing in an experimental burn model
[89]. The pronounced positive effect and low cytotox-
icity make MNS an attractive candidate for research in
the treatment of neurological diseases; however, there
are no data in the literature regarding its effect in the
CNS [90].

Anti-IL-1 therapy. Currently, anti-IL-1 therapies,
including interleukin-1 receptor (IL-1Ra) antago-
nists such as anakinra, and specific monoclonal anti-
bodies such as canakinumab, are approved for use in
patients with autoimmune diseases [91]. Administra-
tion of IL-1R antagonists reduces ischemic brain
damage in a mouse model of stroke, but the long-term
benefit of this therapy is questionable. The IL-1
receptor antagonist anakinra is believed to be predom-
inantly effective in the neurological manifestations of
cryopyrin-associated periodic syndrome due to good
BBB penetration. Despite their effectiveness, anti-IL-1
drugs cannot effectively inhibit all processes associ-
ated with inflammasome activation. However,
caspase-1 mediated pathways such as pyroptosis also
contribute to disease progression; for this reason,
direct blockade of inflammasome activation may be a
more effective method for controlling inflammation
processes than neutralization of the products of their
activity [92].

Other compounds that act on specific pathways. The
antimalarial drug artemisinin exerts its anti-inflamma-
tory effects by inhibiting the NF-κB signaling pathway.
In a transgenic mouse model with AD, artemisinin
therapy has been shown to reduce the activity of
NLRP3 inflammasomes. However, artemisinin has a
number of side effects associated with its neurotoxicity,
cardiotoxicity, and embryotoxicity; its long-term use
may lead to the development of allergic reactions [93].

ATP-dependent receptor is also involved in the
activation of the NLRP3 inflammasome [94]. The use
of its antagonist brilliant blue G (BBG) reduced the
severity of inflammation and neurological symptoms
in rodent models of subarachnoid hemorrhage [95].
BBG can cross the BBB at relatively low blood con-
centrations. The use of P2X7R antagonists is contro-
versial because these receptors are localized in various
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cell types and can cause undesirable effects outside the
target [96].

Probenecid, a drug used to treat gout and hyperuri-
cemia, is a specific blocker of pannexin-1 channels
[97]. It is able to suppress NLRP3 activation in cul-
tured neurons and astrocytes, providing a high extra-
cellular K+ concentration and reducing caspase-1
expression in the rat brain [98].

Non-steroidal anti-inflammatory drugs (NSAIDs),
including f lufenamic and mefenamic acids, are neu-
roprotective in rodent models of AD. They selectively
inhibit the NLRP3 inflammasome by blocking VRAC
channels in macrophages [99]. These NSAIDs are
aimed at both VRAC/NLRP3 and cyclooxygenase,
making them more effective than drugs that inhibit
only one pro-inflammatory pathway.

Post-translational modifications of NLRP3 pro-
teins and other components of the NLRP3 inflam-
masome are considered important links in the process
of its maturation. It can be assumed that a promising
direction of research in the field of therapy of neuro-
degenerative diseases is the development of methods
for modulating post-translational modifications in
order to inhibit inflammasome activity.

CONCLUSIONS
For a long time, it was believed that the processes

of neuroinflammation play a key role only in the
pathogenesis of autoimmune diseases of the nervous
system. However, sufficient experimental, epidemio-
logical, genetic, and epigenetic data have been accu-
mulated to suggest the direct involvement of innate
immunity mechanisms in the development of neuro-
degenerative diseases. An important part of these
mechanisms is the activation of inflammasomes,
which are involved in the emergence, maintenance,
and chronicity of the immune response. Study of the
features of inflammasome activation in models of AD,
PD, ALS, and other neurodegenerative diseases sug-
gests potential therapeutic targets for effective inhibi-
tion of this immune signaling mechanism.
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