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Abstract: Neuroinflammation represents a dynamic process of defense and protection against the
harmful action of infectious agents or other detrimental stimuli in the central nervous system (CNS).
However, the uncontrolled regulation of this physiological process is strongly associated with serious
dysfunctional neuronal issues linked to the progression of CNS disorders. Moreover, it has been
widely demonstrated that neuroinflammation is linked to epilepsy, one of the most prevalent and
serious brain disorders worldwide. Indeed, NLRP3, one of the most well-studied inflammasomes, is
involved in the generation of epileptic seizures, events that characterize this pathological condition.
In this context, several pieces of evidence have shown that the NLRP3 inflammasome plays a central
role in the pathophysiology of mesial temporal lobe epilepsy (mTLE). Based on an extensive review of
the literature on the role of NLRP3-dependent inflammation in epilepsy, in this review we discuss our
current understanding of the connection between NLRP3 inflammasome activation and progressive
neurodegeneration in epilepsy. The goal of the review is to cover as many of the various known
epilepsy models as possible, providing a broad overview of the current literature. Lastly, we also
propose some of the present therapeutic strategies targeting NLRP3, aiming to provide potential
insights for future studies.

Keywords: neuroinflammation; neurodegeneration; NLRP3 inflammasome; epilepsy; epileptogenesis;
kainic acid; pilocarpine; glutammate

1. Introduction
1.1. Neuroinflammation: Concepts and Dynamics

Inflammation represents a responsive and safeguarding process to counteract the
damaging effects of infectious agents or other detrimental triggers. The initial inflamma-
tory response characterized by a rapid onset and short duration is referred to as “acute
inflammation”; this event is considered beneficial for the host, contributing to the resolution
of the problem. The process initiates with the recognition of the injury or infection by the
innate immune system, triggered by the binding of pathogen-associated molecular patterns
(PAMPs) or damage-associated molecular patterns (DAMPs) [1-4] to pattern recognition
receptors (PRRs) on the surface of innate immune cells [5]. The activation of PRRs leads
to the production of pro-inflammatory cytokines, such as tumor necrosis factor (TNF)
and interleukin-1 (IL-1), which in turn lead to the recruitment of neutrophils and other
immune cells to the site of damage. Once at the site, immune cells release a range of
molecules, such as reactive oxygen species (ROS), nitric oxide (NO), and proteases, which
are responsible for killing invading pathogens and breaking down damaged tissue. This
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orchestrated inflammatory response within the brain is defined as neuroinflammation and
represents a fundamental physiological event capable of responding to injury or infection
in the central nervous system (CNS) (Figure 1). It is now well established that CNS ex-
ploits components of the innate immune response residing in the meninges as the main
surveillance mechanism, together with the presence of the blood-brain barrier (BBB) [6];
among them, the main key players are glial cells, classified as macroglia (astrocytes and
oligodendrocytes) and microglia, responsible for maintaining a controlled environment
essential for the structural and functional integrity of the CNS [7]. For a long time, glial
cells were thought to provide only trophic support to neurons. Indeed, astrocytes, which
are star-shaped cells with thousands of processes representing the most abundant glial
cell type of the CNS, are involved in the formation and maintenance of the BBB [8-11],
as well as in the secretion of neurotrophic factors to regulate synaptogenesis, neuronal
differentiation, and survival [7,12]. On the other hand, oligodendrocytes act as physical
and metabolic support to neurons by promoting the myelination process for a correct and
fast signal transmission [13,14]. Lastly, microglia, the immune-competent cells of CNS,
are considered the primary immune sentinels of CNS [15]. Microglia contribute to CNS
homeostasis by regulating neuronal cell numbers and promoting both connectivity and
synapse formation [16]. Moreover, they are involved in the stimulation of new spines in
the cortex by secreting neurotrophic factors [17]. Nevertheless, the notion that glial cells
solely provide trophic support to neurons has largely been challenged and overcome by the
discovery of a complex network of cell—cell interactions that actively participate in immune
modulation and the neuroinflammatory response [18].
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Figure 1. Representative diagram of the molecular mechanism underlying neuroinflammation.
(A) Trigger phase: following the pathogen entry through the disrupted Blood-Brain Barrier (BBB),
the recognition of damage-associated molecular patterns (DAMPs) and pathogen-associated molecu-
lar patterns (PAMPs) by pattern recognition receptors (PRRs) on the astrocytes and microglia surface
occurs. (B) Acute neuroinflammation: regulated activation of glial cells. Activated astrocytes are
involved in the stabilization of the BBB integrity. Additionally, they release both pro-inflammatory
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and anti-inflammatory cytokines in a balanced manner. Pro-inflammatory cytokines allow the recruit-
ment of infiltrating immune system cells, while anti-inflammatory ones help maintain a regulated
inflammatory state. Simultaneously, microglia activate their macrophagic and antigen-presenting
functions. They also contribute, along with astrocytes, to the release of pro-inflammatory cytokines.
These events lead to pathogen neutralization and activation of tissue repair mechanisms. Once their
task is completed, anti-inflammatory cytokines released by astrocytes act to maintain a regulated
physiological inflammatory state. (C) Chronic neuroinflammation: persistent and unregulated in-
flammatory state characterized by hyperactivation of glial cells (gliosis). Factors such as enhanced
differentiation of the pro-inflammatory phenotype (M1), production of reactive oxygen species (ROS),
and alteration of the balance of excitatory and inhibitory neurotransmitters by microglia contribute
to neuronal dysfunction and the consequent neurodegenerative state.

1.1.1. Role of Astrocytes in Neuroinflammation

As previously mentioned, astrocytes are involved in maintaining the integrity of the
BBB through their interaction with endothelial cells. This function is essential for regulating
the movement of peripheral immune cells into the CNS following an event of infection
and subsequent disruption of the BBB. Accordingly, astrocyte depletion was associated
with increased immune cell infiltration in a mouse model of experimental autoimmune
encephalitis (EAE) [19]. In addition to regulating the permeability of the BBB, astrocytes,
similar to microglia [20,21], have been shown to exhibit PRRs [22]. Following the recogni-
tion of pathogens by the PRRs, this type of glial cell undergoes a process of morphological
and functional transformation known as astrogliosis, mainly characterized by hypertrophy
of the soma and early upregulation of the intermediate filament glial fibrillary acidic protein
(GFAP) and vimentin [23-25]. As a consequence, astrogliosis synthesizes molecules that
support the tight junctions between endothelial cells or other BBB cellular components,
as well as growth factors that stimulate tissue regeneration [26]; therefore, astrogliosis
is involved in repairing damaged tissue. Moreover, reactive astrocytes are also engaged
in the release of pro-inflammatory cytokines, chemokines, and adhesion molecules that
attract immune cells to the site of damage [27,28]. All these cells, including microglia,
T-cells, and other types of immune cells, are important for clearing foreign substances and
cellular debris from the brain and spinal cord. Among the cytokines released, IL-1f3 [29],
IL-6, and TNF-o have been detected. In particular, it has been demonstrated that TNF-«
enhances the local inflammatory response through the recruitment of peripheral monocyte
into the CNS parenchyma [30,31], while astrocyte-produced IL-1f3 is involved in a signaling
cascade that triggers the release of vasoactive endothelial growth factor (VEGEF), leading
to increased BBB permeability and subsequently facilitating immune cell infiltration [32].
Importantly, once the immune response has been initiated and has fulfilled its function, as-
trocytes can switch from a pro-inflammatory to an anti-inflammatory phenotype, releasing
cytokines such as IL-10 and transforming growth factor-beta (TGF-f3) [33,34], thus reducing
neuroinflammation and limiting the damage caused by a prolonged inflammatory status.

1.1.2. Role of Microglia in Neuroinflammation

Although astrocytes have a fundamental role in supporting and regulating the in-
flammatory response, microglia are undoubtedly the primary effector of the immune
response. In their resting state, microglia exhibit a small perikaryon and elongated, thin
processes in the cell structure. In this condition, the role of microglia is to monitor the
surrounding environment to maintain cerebral homeostasis. In addition, these cells serve
as the primary defense against the entry of pathogens through the endothelial barrier [35].
Generally, trauma, infection, or alterations in neuronal activity trigger the morphological
and functional transformation of microglia into an “active state”, which is characterized by
a rounded amoeboid shape with an enlarged cell body and short, thick processes [36,37].
Additionally, the acquisition of increased motility allows them to reach the site of the
injury. At this point, microglia begin proliferation, self-division, trigger their phagocytic
action, present antigens to T-cells, and synthesize inflammatory cytokines, chemokines,
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ROS, NO, and trophic factors [38,39]. While these molecules exert detrimental effects
on neurons at high concentrations, they exhibit a beneficial effect at low concentrations.
Among the cytokines, IL-13, IL-6, TNF-c«, and interferon (IFN)-y, as well as neuronal
growth factors such as insulin-like growth factor 1, are all involved in the amplification
of the inflammatory response through the recruitment and subsequent activation of infil-
trating immune peripheral cells (granulocytes, monocytes, and lymphocytes) required to
eliminate or contain infectious agents. Furthermore, TNF-« contributes to the activation
of the nuclear factor-kappa B (NF-«B) signaling pathway, which is involved in immune
response regulation. Accordingly, it has been observed that the activation of the NF-«B
pathway is responsible for both the induction of pro-inflammatory gene transcription and
the activation and differentiation of T cells [40]. Recent evidence has reported a correlation
between NF-«kB and the activation of inflammasome, a multiprotein complex crucial in
the regulation of inflammation [41]. Simultaneously, IL-1p-release has been described
to be involved in a positive feedback mechanism of inflammasome activation and in the
NE-kB-dependent production of pro-inflammatory cytokines such as chemokine (C-C
motif) ligand (CCL) CCL2, CCL20, and chemokine (C-X-C motif) ligand 2 (CXCL2) [42].
Nonetheless, a tight bidirectional correlation between astrocytes and microglia has been
reported through the secretion of multiple cytokines and inflammatory mediators [43,44],
demonstrating a positive feed-forward loop that sustains astrogliosis and inflammatory
status. Clearly, to avoid uncontrolled and prolonged inflammatory activity that exacerbates
neuronal damage, a balance between pro-inflammatory and anti-inflammatory activities
is imperative. In this regard, similar to astrocytes, following the initial pro-inflammatory
response aimed at promoting the killing of the invasive organism, microglia also shift into
an anti-inflammatory phenotype in order to repair the damaged area [45,46].

Therefore, neuroinflammation is a physiological protective response of the host against
infections, triggering itself to counteract pathogen invasion and, once its task is fulfilled,
inhibiting its activity to facilitate regenerative processes for damage repair. However, the
loss of this finely tuned regulation is detrimental to the well-being of the organism, causing
severe issues of neuronal dysfunction connected to the progression of CNS pathologies.

1.1.3. NLRP3 Inflammasome: From Structure to Regulation

Inflammasome is a cytosolic multiprotein complex that becomes active in immune cells
upon proinflammatory stimuli, and is also involved in regulating the immune response
in the CNS [47]. Functioning as a sensor, it mediates the inflammatory response of the
host organism against infectious and pathogenic insults. Inflammasome consists of three
components: an upstream sensor for the detection of the danger signal, a downstream
effector that proteolytically cleaves pro-inflammatory cytokines into their active forms, and
the adaptor molecule recruited by the sensor protein, which is involved in binding and
activating the effector protein [48]. Following activation, cytokines are released from the
cell to execute the inflammatory response.

As previously mentioned, PRR triggers both the activation and association of pro-
teins that form the structure of the inflammasome complex. Different inflammasomes
can be distinguished and classified according to the different PRRs. Moreover, among
inflammasomes, the most common adapter is an apoptosis-associated speck-like protein
containing a caspase recruitment domain (CARD) (ASC), which defines ASC-dependent
inflammasomes. Additionally, the sensor protein also acts as a discriminator. As a result,
five canonical inflammasomes have been identified: the nucleotide-binding oligomeriza-
tion domain (NOD), leucine-rich repeat (LRR)-containing protein receptor (NLR) family
members NLRP1, NLRP3, and NLRC4, which are activated by different types of PRRs,
such as toll-like receptors (TLRs) and NLRs; the protein absent in melanoma 2 (AIM2),
which is activated by cytosolic double-stranded DNA; and finally, the pyrin inflamma-
some which is activated by bacterial toxins [49]. The activation and subsequent assembly
of inflammasome plays a pivotal role in fulfilling its main protective function. This can
result in both the proteolytic maturation of interleukins and pyroptosis, a specific form
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of inflammatory cell death characterized by cellular lysis, the release of intracellular com-
ponents, and an inflammatory response [50,51]. Among the inflammasomes, the NLRP3
inflammasome is the most extensively studied. When exposed to cellular stress, it promotes
the maturation and release of the inflammatory cytokines IL-1f3 and IL-18, both of which
contribute to immune responses and inflammation. Interestingly, it has been shown that
aberrant activation of the NLRP3 inflammasome is often associated with a wide range of
pathologies [52-56]. As a result, it is evident that a comprehensive study of the structure
and functional mechanisms of NLRP3 inflammasome can provide promising insights for
several therapeutic approaches.

According to the typical inflammasome structure, the NLRP3 complex consists of three
main components: the NLRP3 sensor protein, the adaptor protein ASC, and the effector
protein caspase-1. NLRP3 protein is characterized by the presence of a central NACHT
domain required for its activation, a C-Terminal LRR domain responsible for detecting
microbial ligands, and an N-terminal pyrin domain (PYD) involved in the interaction
with the ASC N-terminal pyrin domain for initiating inflammasome assembly. ASC, in
turn, also contains a C-terminal CARD domain, which is responsible for the recruitment of
caspase-1, a cysteine protease implicated in the secretion of pro-inflammatory cytokines [57]
(Figure 2). While the structure and components of the NLRP3 inflammasome have been
widely clarified over the years, the activation mechanism remains a complex process far
from being understood due to its involvement in multiple steps. There are various pro-
posed mechanisms for activation, but the most widely accepted model involves two distinct
steps: priming and activation phases [58-60] (Figure 2). The priming step is a preparatory
phase that ensures a timely and accurate inflammatory response. It is characterized by the
upregulation of NLRP3 and pro IL-1f3 expression, triggered by the activation of various
sensor proteins, including TLRs, NLRs, and cytokine receptors, through the engagement of
molecules such as TNF or IL-13. Other stimuli include the FAS-associated death domain
protein (FADD) and caspase-8 [61,62]. The binding of ligands to these receptors leads
to the activation of NF-«B signaling pathways, inducing the transcription of NLRP3 and
pro-IL-1§3 at the nuclear level. One of the most well-characterized conventional stimuli is
represented by lipopolysaccharide (LPS), which, through binding with the TLR4 receptor,
induces the priming signal. It has been shown that LPS can activate the IL-1 receptor-
associated kinases (IRAK)-1 and IRAK-4 via MyD88 [63]. An additional role for LPS has
been reported, relating to the activation of the inflammasome through the regulation of
the NLRP3 de/ubiquitination mechanism [64]. Indeed, the LPS-TLR4 receptor-ligand
association enables the abraxas brother 1 (ABRO1) protein, which recruits the deubiquiti-
nase BRCA1-BRCA2-containing complex 3 (BRCC3) protein that acts on the lysine (K)63
of NLRP3 [65], promoting the oligomerization and subsequent activation of the inflam-
masome. Other important transcriptional and post-translational mechanisms involved
in the priming steps are proficiently discussed and summarized in a recent work [66].
Although transcriptional priming enhances NLRP3 activation to produce IL-1f3, it requires
a duration of 2 h; therefore, it is clear that the primary response of the inflammasome
relies on a parallel signal. Accordingly, the use of NF-kB inhibitors failed to reduce the
inflammasome activation [63]; thus, confirming that the NLRP3 inflammasome activation
mechanism derives from a two-step process—following a primary trigger, a secondary
activation stimulus ensues for the actual activation process (Figure 2). Among the various
canonical signals proposed for the assembly and activation of NLRP3 inflammasomes, ion
flow (such as potassium K* efflux, Chloride Cl~ efflux), translocation of NLRP3 to the mi-
tochondria, generation of mitochondrial ROS, calcium (Ca2+) signaling, and mitochondrial
dysfunction have been proposed. The main signal for NLRP3 inflammasome activation is
the disturbance of intracellular ion homeostasis. Accordingly, several studies reported that
low levels of K* in cytoplasm lead to the activation of NLRP3 inflammasomes [67]. The
alteration in intracellular K* concentration is part of a larger signaling pathway involving
ATP cellular levels. In particular, an increased extracellular ATP level leads to the opening
of the purinergic P2X7 receptor channels, which ultimately results in K* efflux, making the
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P2X7 receptor one of the most potent NLRP3 inflammasome activators [68,69]. Another
ion related to the activation mechanism is chloride (C1™), which acts downstream of the
potassium efflux-mitochondrial ROS axis [70,71]. It has been reported that NLRP3 agonists
lead to potassium efflux, resulting in mitochondrial damage and the generation of ROS.
Mitochondrial ROS, in turn, cause the movement of the chloride intracellular channel
(CLICs) to the plasma membrane, leading to chloride efflux and promoting the interaction
between NLRP3 and NIMA-related kinase 7 (NEK?), the formation of the inflammasome,
caspase-1 activation, and the secretion of IL-1§3 [70,72,73]. Interestingly, a recent study [74]
investigated the distinct roles of K* efflux from that of Cl~ in the activation of NLRP3.
Their findings revealed that K* efflux is involved in the mechanism of NLRP3 oligomeriza-
tion, whereas C1~ efflux promotes ASC polymerization during the formation of NLRP3
inflammasome. The calcium signal has also been linked to the activation of NLRP3. This
connection was established based on the observation that the Ca?* chelator BAPTA-AM pre-
vented its activation [75]. Furthermore, it has been reported that stimuli like ATP induce the
mobilization of Ca?* from ER to mitochondria through the mitochondrial calcium uniporter
(MCU), possibly resulting in excessive mitochondrial Ca?* concentration, mitochondrial
dysfunction, and mtROS production [76,77]. At the same time, it was observed that the
mobilization of ATP-dependent calcium leads to a weak inflow of Ca?* through its receptor
P2X7 while simultaneously coordinating K* efflux [78]. Overall, this evidence validates
that the activating signals are tightly correlated in a large flow of interactions that culminate
in the assembly of the inflammasome. Accordingly, in response to the secondary signal,
the NLRP3 PYD oligomerizes, acting as a scaffold for ASC nucleation through PYD-PYD
interactions. Subsequently, a CARD-CARD interaction between pro-caspase-1 and ASC
induces an auto-proteolytic maturation of pro-caspase-1, resulting in the formation of an
active heterotetramer composed of cleaved p10 and p20 subunits. Finally, the active form of
caspase-1 cleaves pro-IL-1f3, pro-IL-18, and gasdermin-D (GSDMD) into their active forms
IL-1p3, IL-18, and gasdermin-D N-terminal, respectively [79,80]. Through this intricate
activation process, the inflammasome offers the host cell a dual defense mechanism by
releasing mature cytokines and removing infected or damaged cells.
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Figure 2. Representative diagram of the molecular mechanism underlying NLRP3 inflammasome
activation. To the left of the image, the two modes of NLRP3 inflammasome activation are shown.
The first signal is defined as priming, as it is an initial phase that leads to the transcription of
inactive forms of NLRP3 and specific pro-inflammatory cytokines of the NLRP3 inflammasome:
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interleukin (IL) IL-13 and IL-18. During this phase, the activating signal arises from the recognition of
DAMPs and PAMPs by the PRR receptors located on the surface of immune system cells. The second
signal is defined as the actual activation phase. A reduction in intracellular potassium concentration,
an increase in extracellular ATP concentration, consequent activation of the P2X7 receptor, and
chloride efflux are some of the activating stimuli for the NLRP3 inflammasome. On the right side of
the image, a representative schematic of the inflammasome components, assembly phase, and the
function carried out by the inflammasome upon activation is shown. Once properly assembled in its
activated form, the NLRP3 inflammasome facilitates the cleavage of pro-inflammatory cytokines pro-
IL-1B and pro-IL-18, as well as gasdermin, into their activated forms IL-13, IL-18, and N-gasdermin.
The final event is the activation of the pyroptosis process, leading to pathogen elimination.

1.2. Neuroinflammation and Neurodegeneration: A Tight Relationship

The content presented so far pertains to acute neuroinflammation, a timely regulated
physiological process capable of neutralizing the pathogen and activating a regenerative
process of damaged neural tissue (Figure 1B). Consequently, this mechanism is protective
for the brain. However, a persistent and sustained inflammatory condition is a detrimental
event leading to irreversible CNS injury [81]. Indeed, the chronic release of inflammatory
cytokines and ROS can perpetuate a destructive cycle, impair neuronal plasticity, and result
in cell death (Figure 1C). Accordingly, chronic glial activation significantly contributes to
neurodegenerative diseases, causing neuronal dysfunction and promoting the progression
of CNS disease [82]. Neurodegeneration is a complex process involving the progressive
structural and functional loss of neurons in the brain [83], leading to various debilitating
conditions such as Alzheimer’s disease (AD), Parkinson’s disease (PD), multiple sclerosis
(MS), and epilepsy. Within the context of neurodegeneration, both microglia and astrocytes
have been found to play multifaceted roles. On the one hand, they can have a protective
function by removing damaged neurons and promoting tissue repair; on the other hand,
when chronically activated, they can also contribute to neuronal dysfunction, exacerbating
neuronal damage. Consistently, it has been reported that an imbalance in the activation
of the pro-inflammatory M1 phenotype of microglia compared to the neuroprotective M2
phenotype results in excessive production and subsequent release of pro-inflammatory
mediators such as IL-13, IL-6, TNF-«, and NO [84]. Additionally, microglia have been
demonstrated to contribute to neuronal dysfunction through the release of ROS and other
toxic agents. These molecules can induce oxidative stress, damaging the neurons and
thereby exacerbating the progression of neurodegeneration [85]. Interestingly, microglia
have also been found to modulate neuronal excitability by altering the balance between
excitatory and inhibitory neurotransmitters in the brain [86]. Finally, microglia have also
been implicated in the disruption of BBB; the BBB is a critical structure that regulates the
transport of molecules between the CNS and the bloodstream. The loss of its integrity
is considered a hallmark of neuroinflammation since it can facilitate the infiltration of
immune and inflammatory cells into the brain, thereby promoting the activation of other
immune cells, such as astrocytes or microglia, to release additional inflammatory mediators
that exacerbate neuroinflammation leading to neurodegeneration [87]. As stated before,
astrocytes also contribute to the regulation of the BBB by promoting the expression of tight
junction and participating in its formation. Furthermore, the release of specific cytokines
establishes a positive feedback mechanism of inflammation. Indeed, it has been shown
that astrocytic metabolism is influenced by IL-13 and TNF-« [88]. IL-1 has the capacity to
induce a reactive state in astrocytes, promoting astrogliosis and chronic inflammation [89].
On the other hand, TNF-« up-regulates the expression of brain-derived neurotrophic factor
(BDNF) in astrocytes, which mediates neuroprotective brain activity [90]. Therefore, when
glial cells are activated, they can release both pro-inflammatory and anti-inflammatory
factors; however, if the expression and activity of neuroinflammatory factors exceed those
of the neuroprotective factors, inflammation can become detrimental to the tissues. Sev-
eral studies have emphasized how chronic inflammation is triggered and sustained by
characteristic markers of neurodegenerative disorders and how this mechanism can con-
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tribute to neuronal cell death in a positive feedback loop. Similarly, the accumulation of
key proteins associated with diseases like Alzheimer’s or Parkinson’s has been found to
activate glial cells, resulting in the release of pro-inflammatory cytokines such as IL-13
and the stimulation of the NLRP3 inflammasome pathway, leading to neurodegeneration
process [91,92]. According to these investigations, in vitro models of monocyte cultures
isolated from AD patients have demonstrated an upregulation in the gene expression of
components of the NLRP3 inflammasome, as well as the corresponding cytokines released
by this pathway [93,94]. Similarly, the involvement of NLRP3 inflammasome in PD disease
progression has also been reported [91]. Increased NLRP3 expression levels, correlated
with motor severity, have been observed in samples obtained from PD patients [95,96]. Ad-
ditionally, higher levels of both IL-13 and IL-18 were found in the cerebrospinal fluid of PD
patients compared to control subjects [97]. Interestingly, NLRP3 has also been associated
with MS through the release of IL-1$3 and IL-18 [98], and increased mRNA levels of NLRP3
have been observed in a murine EAE model [99]. Coherently, the deficiency of NLRP3 and
other components of inflammasome have been linked to a reduction in the severity of the
EAE model. These findings support the notion that an altered neuroinflammatory state
contributes to neurodegeneration, and the latter exacerbates neuroinflammation in the CNS.
While the correlation between pathologies like Alzheimer’s, Parkinson’s, or multiple sclero-
sis and the role of NLRP3 has been extensively studied, unfortunately, epilepsy, a complex
neurological disease, has not received the same level of attention. Therefore, the goal of this
review is to highlight the role of chronic inflammation with a specific focus on the NLRP3
inflammasome in the neurodegenerative damage associated with epilepsy progression.

1.3. Epilepsy

Out of all neurological diseases, epilepsy is the most prevalent condition, chronically
affecting over 60 million people worldwide, regardless of age, social class, and geographic
location [100]. This epidemiological scenario represents a significant portion of the global
disease burden, as reported by the world health organization (WHO). Epilepsy is tradi-
tionally defined as a chronic neurological disorder characterized by recurrent seizures and
unusual behavior resulting from abnormal electrical brain activity. Epileptic syndromes
are typically classified into two main categories: partial and generalized. Partial seizures
originate within a localized cerebral area, whereas generalized seizures occur throughout
the forebrain from the outset. Several factors contribute to the onset of seizures, including
increased cerebral excitatory activity, altered inhibitory regulation of excitability, and sig-
nificant influences from ion regulation. Brief episodes of simultaneous excessive electrical
discharges in a neuronal network of different regions of the brain occur in epilepsy, with fre-
quencies ranging from less than one per year to several per day. As these discharges spread,
they can result in loss of awareness and/or involuntary movements [101]. Epilepsy is not a
single disorder but rather a wide spectrum of conditions stemming from various causes,
leading to diverse neurobiological, cognitive, and psychosocial consequences. Accordingly,
extensive research has shown that the development of some forms of epilepsy can be
attributed to different factors, including genetic defects (e.g., polymorphisms, copy number
variations, or de novo mutations), developmental dysfunction, or identifiable epileptogenic
insults such as traumatic brain injury (TBI), an episode of status epilepticus (SE), stroke,
or brain infection. These factors can contribute to synaptic morphological changes and
hyperexcitable neuronal transmission [102,103]. These forms of epilepsy secondary to
brain injury, such as temporal lobe epilepsy (TLE), can manifest months or even years
after the initial insult, representing the transformation of a healthy brain into one prone to
epileptic seizures. During this latency period, known as epileptogenesis, complex patho-
physiological mechanisms come into play, such as neuronal death, neuroinflammation,
neurogenesis, gliosis, aberrant axonal synaptic plasticity, and BBB damage [104]. All these
events contribute to circuit reorganization and/or abnormal excitability [105]. Importantly,
based on numerous experimental and clinical evidence, epileptogenesis extends beyond
the period before the diagnosis of epilepsy with the onset of the first clinical seizure. Under-



Biomedicines 2023, 11, 2825

9 of 29

lying pathological processes may persist beyond the latency period, leading to an increase
in seizure frequency and severity [103,106]. The term “disease progression” is used to
describe the continuation of those molecular, cellular, or network changes associated with
recurrent seizures, resulting in long-term alterations in neural circuits. Additionally, epilep-
togenesis is often associated with comorbidities, which may arise from the involvement of
common brain areas and/or the effects of spontaneous recurrent seizures (SRSs) [107]. The
most prevalent histopathological abnormality found in patients with drug-resistant TLE is
hippocampal sclerosis (HS), characterized by severe pyramidal cell loss and astrogliosis,
primarily affecting different sectors of the Ammon’s horn (CA) [108,109]. Several well-
defined animal models of TLE with HS have been developed for research purposes, and
comparative studies between animals and humans have been conducted to investigate
the effects of neurodegeneration and neuroinflammation during various stages of disease
progression. Typically, in a murine model of TLE, chemoconvulsant administration (i.e.,
pilocarpine) leads to the appearance of degenerating in different brain areas, particularly in
the CA1, CAS3, and hilus of the dentate gyrus (DG) in the hippocampus. This hippocampal
damage closely resembles human HS, a common histopathological feature of epilepsy [110].
Along with cell death in specific hippocampal areas, such as the CA3 and hilum of the DG,
mossy fiber sprouting (MFS) occurs. MFS is a well-studied form of axonal plasticity in DG
granule cells that has been observed in numerous experimental models [111,112] and in the
hippocampus of surgical patients with various forms of epilepsy [113,114]. Indeed, during
the chronic phase of the disease, MFS gradually lose their inhibitory synaptic targets, and
axonal sprouting may interact with the dendrites and soma of DG granule cells, promoting
the formation of an excitatory reverberating network [115,116]. Additionally, the injured
epileptogenic hippocampus exhibits various indicators of inflammation, including astrocy-
tosis, microgliosis, and IL-1f3 expression [117]. Neuropathological examination of surgical
specimens from epilepsy patients with TLE revealed a complex and prolonged inflamma-
tory process. In addition to astrocytes and microglial/macrophage cell activation in the
hippocampus, a sustained induction of pro-inflammatory mediators, including several
pro-inflammatory chemokines and cytokines, occurs [118].

2. Exploring Neuroinflammation in Epilepsy: Insights from Diverse Experimental Models

Neuroinflammation may represent a crucial process associated with HS that needs
to be further investigated. Accordingly, the aim of this review is to highlight the role of
neuroinflammation in the neurodegenerative progression in the most well-known models
of epilepsy reported in the literature, categorized within different experimental models
(Figure 3). The purpose is to assess the current state of the art and identify potential novel
aspects that are yet to be explored.

2.1. Perspective from In Vitro and Ex Vivo Models

In vitro models allow us to investigate the cellular and molecular changes that occur
during epileptic seizures, including changes in ion channels, neurotransmitters, and synap-
tic connections. There are several types of in vitro and ex vivo models of epilepsy, including
dissociated neuronal cell cultures [119,120], human pluripotent stem cells (hPSC)-based
brain organoid models [121], and brain slice preparations like organotypic hippocampal
slice cultures (OHSC) [122,123].

2.1.1. Dissociated Neuronal Cell Culture Model

The in vitro dissociated neuronal cell culture models of epilepsy mainly involve cul-
turing neuronal cells, typically derived from rodent brains, in a dish (Figure 3). To induce
epileptic-like activity, these cells are usually treated with exogenous neurotransmitters such
as glutamate, which is one of the major excitatory neurotransmitters in the brain. This
procedure leads to the generation of spontaneous synchronous spiking activity among neu-
rons, which further progresses into spontaneous seizure-like events after a distinct latency
period [124]. Thus, this model facilitates the investigation of the fundamental molecular
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mechanisms involved in the pathogenesis of epilepsy, as well as the evaluation of drug effi-
cacy for its treatment [119]. While reproducing epilepsy-like activity by culturing neuronal
cells in a dish remains the simpler approach for in vitro epilepsy research, it is crucial to
recognize that investigating the involvement of inflammation in epilepsy requires a distinct
model relying on brain cells involved in the inflammatory response, including astrocytes
and microglia (Figure 3). Indeed, several studies investigating the role of inflammation
in epilepsy have revealed the involvement of NLRP3 inflammasome in cultured primary
microglia derived from epileptic mice treated with picrotoxin (PTX) or by a BV2 model of
epilepsy [125,126]. In addition, KA treatment has been reported to enhance the expression
of NLRP3, cleaved-caspase-1, IL-1$3, and IL-18 in astrocytes. Coherently, MCC950 (NLRP3
inhibitor) and Z-YVAD-FMK (caspase-1 inhibitor) administrations were able to abolish the
effects conferred by KA [127]. Even if this evidence indicates the involvement of NLRP3
inflammasome activation in this pathological in vitro model, a more accurate reproduction
of epilepsy disease for in vitro cellular simulation should require a more complex model
that extends beyond culturing dissociated neurons alone, or microglia and astrocytes.
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Figure 3. Representative schematic of epilepsy models reported in the review. At the top of the
figure, the main in vitro and ex vivo models used are presented: neuronal cultures (used for the
investigation of the fundamental molecular mechanisms involved in the pathogenesis of epilepsy);
astrocytes and microglia culture (used for the evaluation of inflammation); multicellular culture (a
more physiological model that allows the observation of cellular interactions); brain organoids and
organotypic hippocampal slice cultures (OHSCs) are shown, which are more complex and suitable
models for the study of the pathology due to their ability to maintain brain structure. Finally, in vivo
models involve the use of pilocarpine or kainic acid (KA) administered to mice through different
methods. They all represent validated and widely used models in the literature for studying the
molecular events underlying the pathology and, above all, for the evaluation of parameters such as
comorbidity and seizure genesis, while also identifying potential mechanisms of epileptogenesis.
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The development of multicellular culture models could allow researchers to recreate
some aspects of the cell-cell interactions that occur in the brain, providing a more complex
representation of the cellular interactions that take place in the CNS and may be useful for
testing potential drug candidates. Indeed, the interplay among neurons, astrocytes, and
microglia plays a pivotal role in shaping neuroinflammation as a response to insults in the
CNS. Thus, although such models are important for achieving a deeper understanding of
how cellular communication influences the process of neuroinflammation and, concurrently,
how it affects neurons in pathological conditions like epilepsy [128,129], they present some
limitations since they cannot fully capture the complexity of the brain.

2.1.2. hPSC-Based Brain Organoid Models

In recent years, another interesting model that could be used to study the role of in-
flammation in epilepsy has been represented by cerebral organoids (Figure 3) [130], which
are emerging as a groundbreaking technology for studying various aspects of human brain
development and disorders in a three-dimensional culture system and offer a hopeful
approach for simulating diseases [131]. Cerebral organoids are usually generated from
hPSCs, which can differentiate into the various cell types found in the brain [132-134].
By allowing these cells to self-organize in a three-dimensional structure, it is possible to
replicate aspects of brain organization that would be impossible to study in traditional
two-dimensional cell cultures. According to the literature, depending on the specific pro-
tocol used, cerebral organoids can mimic different regions of the brain, offering insights
into the development of various CNS components such as the hippocampus, midbrain,
hypothalamus, cerebellum, thalamus, anterior pituitary, and retina [135-142]. These human
cell-based models have multiple significant aspects as they are versatile and capable of
becoming various cell types, offering a hopeful approach for simulating diseases, testing,
and creating drugs, as well as evaluating a drug’s potential toxic effects. Brain organoids
can be stimulated with electrical or chemical agents to induce epileptic-like activity, allow-
ing for the investigation of epilepsy in a more realistic and complex brain environment
than traditional in vitro models. When considering the functioning of neurons, these
organoids can be cultured for more extended periods in comparison to two-dimensional
cultures, resulting in a higher level of maturation not only among the neurons but also
in the astrocytes [143]. In addition, induced pluripotent stem cells (iPSCs) that originate
from patients have identical genetic mutations within the unique genetic context of each
patient. Since it is impossible to access brain tissues for laboratory study from a person
with a CNS disorder, guiding the transformation of hPSCs into neural cells or brain-like
structures presents an unmatched chance to simulate the progression and disease of the
human brain. Moreover, developing organoids that naturally incorporate microglial cells
has proven to be a challenging task. Indeed, a limitation of CNS organoid protocols is their
tendency to push cells toward the neuroectoderm lineage while inhibiting the formation
of mesoderm and endoderm. As a result, CNS organoids have been observed to lack
the comprehensive array of cells originating from various germ layers found in the brain
in vivo, including microglia [144,145]. However, recent research has introduced innovative
approaches for generating organoids containing cells from all germinal layers, including
the microglia [146-152]. This combination offers enhanced insights into the mechanisms
underlying neurodegenerative disorders, including epilepsy. Thus, although these tech-
niques offer exciting opportunities for studying human brain development and disorders,
including the intricate cell-cell communication network responsible for the mechanisms
underlying epilepsy [153-155], they also come with challenges and limitations. These
involve the intricate nature of the organoids, their incomplete development compared to
a brain, and the necessity to enhance the reproducibility and uniformity of the methods.
Despite these obstacles, the field is progressing rapidly, and cerebral organoids are able to
deepen our understanding of the human brain and its disorders.

Even though they have inherent limitations, in vitro cell culture models of epilepsy
have proven to be valuable tools for investigating the cellular and molecular mechanisms



Biomedicines 2023, 11, 2825

12 of 29

underlying epileptic activity, representing a relatively simple and easy-to-use platform for
investigating brain diseases like epilepsy and for testing potential drug candidates. Future
research should aim to develop more advanced in vitro models of epilepsy to study the
role of neuroinflammation that captures the complexity of the brain and its interactions
with other organs while maintaining the simplicity and ease of use of traditional in vitro
models. In this regard, the use of organotypic hippocampal slice cultures can be considered
as an alternative in vitro model to study the inflammatory aspects of epilepsy, given their
ability to maintain brain structure and connectivity [156].

2.1.3. Organotypic Hippocampal Slice Cultures

Although producing valuable results, ex vivo models have not been broadly used
to investigate the role of neuroinflammation-NLRP3 dependent on epilepsy. However,
few studies using organotypic hippocampal slice cultures (OHSC) have shown interesting
results (Figure 3). OHSC maintains some of the intrinsic properties of the tissue, including
the most important aspects of connectivity and neuron—glia interactions [157]. Different
from acute hippocampal slices, OHSC conserve the three-dimensional cytoarchitecture of
the brain [158] and allows the reproduction of both latency and chronic epileptic conditions.
In fact, OHSC displays interictal-like spikes preceding long-lasting clusters of ictal-like
discharges, which increase over time and are sensitive to antiseizure treatment [159,160].
Detailed characterization of OHSC has highlighted them as an ex vivo model that mimics
key features of clinical and experimental in vivo epilepsy and enables the investigation of
antiseizure and anti-epileptogenic drugs [161]. OHSC has also been recently suggested
as a model of NLRP3 inflammasome activation in microglia, highlighting NLRP3 inflam-
masome relevance in neuroinflammation [156]. As far as the hole of NLRP3-dependent
neuroinflammation on epilepsy is concerned, NLRP3 over-expression and activation were
found in OHSC with epileptiform activity when compared to control [122]. Other noticeable
features of neuroinflammation found to be related to epileptic-like activity in OHSC were
the upregulation of pro-inflammatory cytokines (i.e., IL-13, IL-6, and TNF«), activation of
astrocytes and microglia [122,162], and increased neuronal death. The authors suggested
that NLRP3 inflammasome may be involved in pyroptosis-induced neuronal death occur-
ring during epileptogenesis [122], although cell-death mechanisms involved in the OHSC
model of epilepsy have not yet been clarified. Although Shaker and co-workers could
not define the enhanced neuronal excitability found in pyramidal neurons in an OHSC
as epileptic-like activity, they have shown that peripheral induction of NLRP3 inflamma-
somes could elicit pathophysiological changes in brain excitability. They have co-cultured
activated spleen-derived peripheral blood mononuclear cells (after triggering inflamma-
some formation) with OHSC and suggested that hyperexcitability in the hippocampus is
mediated by NLRP3 stimulation followed by up-regulation of IL-1 and IL-1f3, caspase-1
activation, and the consequent decrease of K* currents that would dampen neuronal mem-
brane excitability [163]. In line with these results, the treatment of OHSC with curcumin,
an anti-inflammatory and potent inhibitor of NLRP3 inflammasome activation [164], de-
creased the number of neurons displaying seizure-like activity, even if curcumin was not
able to reduce the increased number of astrocytes nor the increased gene expression of the
inflammatory markers IL-13, IL-6, and TGF-§3 found in the hippocampal slices [165]. Taken
together, these results suggest that NLRP3-dependent neuroinflammation may play a role
in epilepsy through the involvement in hyperexcitability of the hippocampus. However,
further studies are needed to pursue the open questions, and the OHSC ex vivo model may
be helpful in this regard. Since OHSC can maintain neuron-glia interactions, it is possible
to characterize the NLRP3 inflammasome cascades in hippocampal cells under a controlled
environment. It is of special importance to understand how each cell and tissue can regulate
NLRP3 activation through different mechanisms [166]. Pharmacological manipulations of
NLRP3 and its up-/downstream factors through the application of antagonists in OHSC
cultures may help to identify the specific signaling pathway involved in epileptic-like
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activity. Lastly, the treatment of OHSC cultures with validated anti-inflammatory drugs
could support their use in the treatment of epilepsy.

2.2. Investigating In Vivo Epilepsy Models

It is known that epileptogenesis is associated with severe and chronic neuroinflamma-
tion, accompanied by neuronal damage and gliosis [167]. All these molecular and cellular
events work in a loop in which seizures induce inflammation and inflammation, that,
in turn, exacerbates seizures, contributing to the progression of the disease. The role of
NLRP3 in epilepsy has been investigated in vivo preclinical studies using various animal
models (Figure 3). Indeed, compared to in vitro models, the use of animal models offers
the advantage of better modeling of a complex disease such as epilepsy, thus offering the
possibility of better studying the pathogenetic mechanisms underlying the disease. In
the specific case of epilepsy, the in vivo model allows for the evaluation of parameters
such as comorbidity and seizure occurrence and also identifies potential mechanisms of
epileptogenesis. However, the creation of such a complex model can be more challenging
due to the greater number of parameters that need to be considered. In this regard, the
choice of certain substances over others, as well as the different methods of administration,
can affect both the success of the experimental model and the outcome of the analysis.

The first evidence of the correlation between NLRP3 and epilepsy in an in vivo model
emerged from a study conducted in 2014, aiming to explore the role of NLRP3 inflamma-
some in neuroinflammation, spontaneous recurrent seizures, and hippocampal neuronal
loss in a rat model of amygdala kindling-induced SE. The authors observed an increase
in cleaved IL-1p levels and NLRP3 inflammasome components beginning at 3 h after the
onset of SE and reaching their peak at 12 h. Knocking down of NLRP3 or caspase-1 resulted
in significant suppression of the development and severity of SRS during the chronic
epileptic phase, along with a remarkable reduction in hippocampal neuronal loss in the
CA1 and CA3 areas 6 weeks after SE [168]. Treatment with natural antioxidants such as
amentoflavone and biochanin A reduced seizure susceptibility in pentylenetetrazole (PTZ)-
induced kindling mice. This reduction was achieved by inhibiting PTZ-induced expression
of NLRP3, ASC, and caspase-1, thereby blocking neuronal apoptosis and improving cog-
nitive performance [125,169]. Moreover, ibuprofen, a non-steroidal anti-inflammatory
drug, also inhibited the expression of NLRP3, caspase-1, and IL-18 in a chronic model of
PTZ-kindled epileptic rats. In comparison with the PTZ control group, PTZ animals treated
with ibuprofen showed significantly fewer SRSs and less damage to hippocampal neu-
rons [170]. All this evidence demonstrates a strong correlation between NLRP3-dependent
neuroinflammation, inducing neurodegeneration, and epilepsy progression. In order to
further investigate the involvement of the NLRP3 inflammasome in the epileptic process,
the following sections will discuss two main in vivo epileptic murine models obtained by
the administration of two chemo-convulsants: pilocarpine and kainic acid (KA) (Figure 3).

2.2.1. Pilocarpine Model

In a murine model of epilepsy induced by intraperitoneal (i.p.) injection of pilocarpine
in wild-type (WT) mice, increased expression levels of IL-13 and NLRP3 were observed
in the peripheral blood and hippocampus, 3 days after SE, while the decrease identified
at 7 days remained higher than in the control untreated group. Moreover, at day 7, the
levels of neuronal necrosis and apoptosis in the hippocampal CA3 region of WT mice
were higher compared to the untreated mice. IL-18 levels in the peripheral blood and cell
damage were also measured in NLRP3 KO mice treated with pilocarpine, being lower than
in the WT group 3 days after SE. These results suggest that NLRP3 may be involved in the
development of refractory TLE [171].

Notably, the findings from Wang and colleagues [172] confirmed that pilocarpine ad-
ministration can induce the activation of the NLRP3 inflammasome pathway in mice. Their
results also showed an enhancement of neuronal death and an increase in gliosis. In addi-
tion, it has been demonstrated that signal transduction activator of transcription 3 (Stat3),
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highly expressed in the hippocampus of epileptic mice treated with lithium-pilocarpine,
binds to the NLRP3 promoter enhancing H3K9 acetylation, NLRP3 transcription, and
NLRP3/caspase-1-mediated neuronal pyroptosis, resulting in worsening of neuronal dam-
age in epileptic mice [173]. The circadian nuclear receptor Rev-Erbx regulates the expres-
sion of NLRP3, the secretion of cytokines by macrophages, and acts as a significant negative
regulator of neuroinflammation. Surprisingly, it was found to be reduced in both the
early post-SE and chronic phases in a pilocarpine mouse model. Consistently, the treat-
ment with SR9009 (Rev-Erba agonist) for 7 days after SE reduced SE-related inflammation
NLRP3-dependent and neuronal damage, suggesting that the downregulation of Rev-Erbo
exacerbates neuronal apoptosis [174]. Transient receptor potential melastatin 2 (TRPM2)
is a non-selective calcium channel that has been implicated in exacerbating brain injuries
associated with epilepsy. TRPM2-KO mice treated with i.p. pilocarpine administration
exhibit mild neuroinflammation with reduced mRNA production of IL-13, TNF-o, CXCL2,
and IL-6, as well as lower levels of NLRP3, ASC, and caspase-1 protein expression and glial
activation compared to WT mice. Moreover, TRPM2-KO mice displayed low neurodegener-
ation and improved cognitive performance [175], confirming the role of NLRP3-dependent
inflammation in the development of epileptic disease.

It has been shown that eugenol, the primary phytoconstituent of essential oils, re-
duced apoptotic neuronal cell death induced by pilocarpine, mitigated both astrocytosis
and microgliosis, attenuated the expression of IL-13 and TNFe, inhibited NF-«B activation,
and the formation of the NLRP3 inflammasome following the onset of SE [176]. In a sim-
ilar study, NLRP3 inflammasome components were activated upon lithium-pilocarpine
induction in immature rats. Notably, the administration of gentiopicroside (Gent), a natural
herb isolated from Gentianaceae, 18 h before inducing, led to a reduction in seizures sus-
ceptibility and an improvement in cognitive functions. Moreover, these animals displayed
decreased neurodegeneration and reduced pro-inflammatory cytokines levels, as well as
a diminished expression of P2X7R. Consistently, Gent and P2X7R inhibitor administra-
tion suppressed the activation of NLRP3 inflammasome in the hippocampi of epileptic
immature rats, confirming the relationship between NLRP3 inflammasome and epilepsy
progression [177].

2.2.2. Kainic Acid (KA) Model

Recently, the involvement of NLRP3 has also been investigated in epileptic models
induced by KA administration. L.p. repeated low doses (RLD) of KA in rats resulted in
a significant up-regulation of IL-13, NLRP3, and active caspase-1 levels. Additionally,
microgliosis and neuronal loss were predominantly observed in the hippocampal CA1 and
CAS3 regions 8 days after inducing SE, when the animals exhibited pronounced cognitive
impairments. Interestingly, pre-treatment with curcumin, a potent NLRP3 suppressor (as
indicated by reference [178]), administered 7 days before KA injection, led to a significant
decrease in protein levels of IL-13, NLRP3, and cleaved caspase-1 within the hippocampus.
This treatment also limited neurodegeneration within the CA3 area and mitigated KA-
induced deficits in spatial learning and memory [179]. Similar outcomes were observed
using the same epileptic model induced by a single i.p. injection of KA. This study aimed
to evaluate the effects of neferine, an alkaloid derived from lotus seed embryos [180], as
a treatment. Additionally, intra-cerebral injections, which can be categorized as intraven-
tricular, intrahippocampal, and intra-amygdaloid, of KA demonstrated the up-regulation
of NLRP3 inflammasome components. A recent study highlights the use of a therapeutic
combination consisting of valproic acid and furosemide [181] for regulating the NLRP3
inflammasome complex in an epileptic rat model induced by intraventricular KA admin-
istration. The combination treatment significantly reduced the increase in cell apoptosis
and elevated levels of NLRP3 and ASC observed after the induction of epilepsy. The G
protein-coupled receptor 120 (GPR120) also plays a role in regulating neuroinflammation,
exhibiting a protective effect in epilepsy through the NLRP3-dependent signaling [182].
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The contribution of NLRP3 inflammasome in epilepsy severity is also evident in a mouse
model of intrahippocampal KA administration [183].

Given its role in activating the NLRP3 inflammasome, studies have also highlighted
the involvement of P2X7R in the progression of epilepsy in in vivo KA-induced models.
Intriguingly, the administration of a P2X7R inhibitor to mice 11 days after inducing SE
through intra-amygdala KA administration led to a reduction in spontaneous seizures and
an improvement in gliosis status [184].

To date, the available literature does not provide evidence establishing a connection
of NLRP3 in models of epilepsy induced by intranasal administration of KA. However,
microglial activation and neuronal damage are strongly associated with this method [185].
Although various animal models have demonstrated the involvement of NLRP3 in tempo-
ral lobe epilepsy, TLE models exhibit distinct structural and functional characteristics based
on the convulsant used. A study conducted in 2022 aimed to understand the molecular
dynamics of hippocampal inflammasome activation resulting from systemic pilocarpine
administration versus unilateral intrahippocampal KA-induced SE in mice [186]. It re-
vealed that the transcription of NLRP3 and associated inflammasome signaling molecules
occurs in a model-specific and time-dependent manner. Nevertheless, the consistent cor-
relation reported between NLRP3-dependent neuroinflammation and the progression of
neurodegeneration in various epileptic models supports the evidence presented.

2.3. Epilepsy Studies Using Human Samples

The purpose of creating in vivo and in vitro models has always been to reproduce in
an "artificial" and as consistent as possible what occurs in human beings during diseases.
For this reason, the evaluation of molecular events that characterize a specific pathological
condition directly in human samples collected from patients represents the gold standard
of study methods. While evaluating NLRP3 involvement in more natural models would
be desirable and preferable over artificial ones, the challenge of obtaining samples poses a
tangible obstacle. Accordingly, the exploration of NLRP3 involvement in human mTLE
remains poorly investigated. Nonetheless, recent research demonstrated an upregulation
of the NLRP3 inflammasome markers in neurons, astrocytes, and microglia of the temporal
neocortices of TLE patients [187]. Furthermore, sclerotic hippocampi from mTLE patients
exhibited pronounced cytoplasmic and nuclear immunostaining for NLRP3 and IL-1f3,
particularly in pyramidal neurons of the CA2, granule cells of the DG, and glial cells of the
CA and the stratum radiatum when compared to control autoptic samples. Noteworthy,
plasma levels of IL-1f in patients with mTLE were increased compared to the controls.
This result is in line with a persistent low-grade chronic inflammation. Interestingly,
patients with bilateral HS and a history of febrile seizures displayed higher caspase-1
levels, underscoring a link between the severity of hippocampal damage and peripheral
immunity [188]. Additionally, the findings of Wu and colleagues [171] revealed glial
cell proliferation and NLRP3 expression in the cortex of patients with refractory TLE, as
well as reported by Ravizza, which indicates an upregulation of IL-1f3 in neurons and
glial cells within epileptic foci of patients [189]; therefore, recurrent epileptic seizures
result in NLRP3 upregulation in microglia [190]. Additionally, elevated IL-13 serum
levels in patients with intractable epilepsy were found to be correlated with the duration
of an individual convulsion but not with the duration of the disease itself [171]. Thus,
the levels of this inflammatory cytokine during the acute stage of a convulsion could
potentially reflect the severity of the crisis. Interestingly, Song and colleagues reported
an increase in P2X7R levels in patients with intractable TLE. Immunostaining for the
expression of GLU and GFAP exhibited upregulation in the temporal lobes of TLE patients
when compared to the control autoptic group. This observation suggests that the P2X7
receptor, recognized as one of the fundamental activators of NLRP3, might contribute
to the pathology through an astrocyte-released GLU-dependent mechanism [191]. It is
worth mentioning that noticeable differences in neuropathological features exist when
comparing HS-TLE, which is characterized by more prominent neuronal cell loss and
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astrogliosis, with lesion-associated TLE, which exhibits a milder condition. However, the
immunolabeling of NLRP3 shows a comparable expression pattern in both TLE pathologies
as assessed by morphological analysis, suggesting that in chronic human TLE hippocampi,
there is a robust and largely indistinguishable expression of key inflammasome components
regardless of the neurodegenerative state and the extent of astrogliosis [186].

3. NLRP3 Inhibition: A Promising Strategy for Epilepsy Treatment

There is a wide range of anti-seizure medications available for treating epilepsy, each
with distinct mechanisms of action and effects (Table 1). The majority of these drugs work
by enhancing GABAergic activity or diminishing glutamatergic neurotransmission. Their
effects are achieved by regulating voltage-gated ion channels, synaptic release machinery,
or through multiple mechanisms [192]. Nevertheless, approximately 30% of all epilepsy
patients exhibit resistance to these treatments [193]. As a result, extensive efforts are being
directed to discover new treatments or biomarkers that can be targeted by medications.
Given the evident role of neuroinflammation in various stages of epilepsy, including epilep-
togenesis and the chronic period, several investigations focused on exploring the potential
anti-seizure effects of anti-inflammatory drugs, as well as the anti-inflammatory effects of
anti-seizure medications. Indeed, certain anti-seizure medications with established clinical
use demonstrated their ability to modulate the neuroinflammatory process. In a study
involving rats subjected to KA-induced seizures, the combined treatment of valproate and
furosemide led to reduced seizure intensity, along with a decrease in NLRP1 and NLRP3
mRNA expression in brain samples [181]. Similarly, rufinamide, a medication primarily
used in pediatric epilepsies [192], was found to inhibit microglial overactivation, mitigate
the neuroinflammatory response, and counteract the disruption of the BBB induced by
KA in mice [194]. Likewise, the anti-epileptic effects of anti-inflammatory drugs in clinical
use have also been documented in the existing literature. Ibuprofen, recognized as one of
the safest non-steroidal anti-inflammatory medications, exhibited anti-epileptic effects, as
indicated by reduced seizure scores and neuroprotective properties, minimizing the loss of
hippocampal neurons when administered to rats exposed to the pentylenetetrazol-induced
epilepsy model. While ibuprofen reduced neuronal excitability in epileptic animals, its
impact on the COX-2/NLRP3/IL-18 pathway may also contribute to its anti-epileptic effect.
Indeed, ibuprofen led to a reduction in COX-2 secretion, inhibited NLRP3 activation, and
decreased IL-18 secretion in epileptic animals [170]. Several other anti-inflammatory com-
pounds, exclusively studied in preclinical settings, have been investigated to elucidate the
mechanisms underlying the effects of anti-inflammatory molecules on epileptogenesis and
seizure parameters [195]. Notably, these studies provide the starting point for the devel-
opment of clinical trials exploring anti-inflammatory treatments for epilepsy. Currently, a
phase Il clinical trial assessing the compound VX-765, an IL-1(3 synthesis inhibitor targeting
caspase-1, in patients diagnosed with drug-resistant focal onset epilepsy is in progress [196].
Although there are several potential inflammatory targets, NLRP3 inflammasomes may
play a pivotal role in modulating IL-13 production [197].

Accordingly, given the promising potential of targeting NLRP3 for the development of
anti-epileptic therapies, in recent years, several companies have displayed interest in devel-
oping compounds targeting NLRP3 [52,65,198]. Due to the complex signaling cascade of
the NLRP3 inflammasome, several targets can be identified to directly or indirectly inhibit
NLRP3 activity [199,200]. However, it is important to emphasize that employing specific
NLRP3 inhibitors represents the optimal therapeutic approach for treating NLRP3-related
conditions, such as epilepsy. The relevance of NLRP3 inhibition has been highlighted by
several strategies, including molecular, pharmacological, and natural approaches. NLRP3
silencing through the use of siRNA improved neuronal survival and mitigated seizure
severity in an in vivo TLE model [168]. Among natural compounds, amentoflavone, a
natural bioflavonoid with anti-inflammatory properties, decreased seizure intensity and
cognitive impairment by inhibiting the NLRP3 inflammasome [125]. Furthermore, mela-
tonin, a widespread hormone known for alleviating NLRP3 inflammasome activity [201],
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displayed a neuroprotective role in a rat epilepsy model if conjugated with sodium val-
proate [202]. Additionally, heightened hippocampal expression of NLRP3 inflammasome
components and microgliosis were mitigated using the NLRP3 inhibitor curcumin in an
epileptic rat model [179]. Regarding the pharmacological approach, the impact of CY-09
has been explored in a PTZ-induced animal model. It was reported that CY-09 improved
PTZ-induced neuronal loss, lessened astrocyte activation, and reduced IL-1$3 and IL-18
secretion [203]. Finally, MCC950, considered one of the most potent and selective NLRP3
inflammasome inhibitors, has been recognized in the literature as a tumor suppressor
factor [52]. Shen and colleagues demonstrated that exposure to MCC950 significantly
ameliorated neuronal loss in both in vitro and in vivo epileptic models [204]. Intriguingly,
since a recent study highlighted the role of the promyelocytic leukemia protein (PML) as a
modulator of the tumor immune microenvironment, acting by inhibiting the P2X7-NLRP3
axis interaction [205], it could be valuable to explore the role of this protein in the context
of epilepsy as well. Therefore, based on the strong correlation between the inflammatory
NLRP3-dependent state and the progression of neurodegeneration in epilepsy, NLRP3
inhibitor compounds could be used in clinical trials for the development of a therapy aimed

at reducing seizures and having a disease-modifying effect.

Table 1. Beneficial effects of different compounds administrated in several epileptic models.

Compound

Effect

Results

Model

Valproate and
Furosemide [181]

Anti-epileptic and
diuretic effect

Reduced seizure intensity; decreased
NLRP1 and NLRP3 mRNA expression
in brain samples

Single dose of KA injection in adult
male Wistar rats

Rufinamide [192]

Anti-epileptic effect

Inhibited microglial overactivation;
mitigated neuroinflammatory response,
and reduced BBB damage

Intraperitoneal injection of KA in male
ICR mice

Ibuprofen [170]

Anti-inflammatory effect

Reduced seizure scores; decreased loss
of hippocampal neurons

Rats exposed to the
pentylenetetrazol-induced epilepsy
chronic model

Selective and reversible

VX-765 [196] inhibitor of Reduced seizure frequency during the Phase Ila randomized, double-blind
interleukin-converting 6-week treatment period clinical trial
enzyme
SiIRNA [168] NLRP3 silencing; Improved neuronal survival; mitigated Amygdala kindling-induced status
caspase-1 silencing seizure severity epilepticus in a rat model
Amentoflavone Bioflavonoid with rl?iiicxfe?:sd siiiu;i Lnt?}sllggﬁd th Intraperitoneally injected with PTZ in
[125] anti-inflammatory effect o8 ¢ mparrment by & the C57BL/6 mouse model

NLRP3 inflammasome

Melatonin and
Sodium
valproate [201]

Anti-convulsivant effect

Increased latency; decreased severity of
audiogenic seizures

Daily acoustic stimulation for 20 days
until the development of persistent
myoclonic seizures in a rat model

Improvement of recognition deficiency;

Intraperitoneally injection of KA in

Curcumin [179] NLRP3 inhibitor reduced hippocampal expression of Sprague Dawlev rats
NLRP3 inflammasome components prag y
Improved PTZ-induced neuronal loss;
CY-09 [203] NLRP3 inhibitor lessened astrocyte activation; reduced PTZ-induced mice model
IL-1B and IL-18 secretion
MCC950 [204] NLRP3 inhibitor Significantly ameliorated neuronal loss  in vitro and in vivo epileptic models

Structure-Activity Relationship for Therapeutic Compound Prediction

Therapeutic compound prediction based on structure-activity relationship (SAR) is
a crucial aspect of drug discovery and development, particularly in the context of neuro-
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logical disorders like epilepsy [206]. The process of SAR begins with the identification of
potential drug targets related to the pathophysiology of epilepsy. These targets may include
ion channels, receptors, or enzymes involved in the regulation of neuronal excitability. With
this technique, it is possible to explore the chemical space around these targets, designing
and synthesizing compounds with variations in their chemical structures. High-throughput
screening methods assess the biological activity of these molecules, providing data on their
efficacy and potential side effects. This data is then correlated with the chemical features of
the compounds, forming the basis for SAR analysis.

Historically, epilepsy has been managed with a spectrum of antiepileptic drugs (AEDs),
each with its unique chemical structure and mode of action. Accordingly, several stud-
ies about the SAR of these compounds in both in vitro and in vivo epileptic models are
reported ([207-209]). However, clinical trials mark a critical juncture where compounds
move from promising preclinical findings to large-scale human testing, determining their
efficacy and safety in real-world scenarios. Carisbamate is a felbamate analogue with a
monocarbamate moiety, differing from felbamate’s dicarbamate structure [210]. Due to
this specific structure, carisbamate functions by inhibiting voltage-gated sodium channels
(VGSCs) and has shown efficacy in various epilepsy models, indicating a broad spectrum
of anticonvulsant properties. Carisbamate is currently in Phase III clinical trials [211] for
both monotherapy and adjunctive therapy in treating epilepsy, highlighting its poten-
tial as a promising therapeutic option in the management of seizures [212,213]. Another
anticonvulsant compound involved in phase III clinical trials is brivaracetam [214]. Interest-
ingly, preliminary SAR studies reported that a benzyl substituent in the amide group and
benzhydrylpiperazinyl is crucial for the activity [215]. Among specific NLRP3 inhibitors,
several SAR studies in vitro and in vivo highlighted their action mechanism. Accordingly,
it has been reported that MCC950 interacts with the Walker B motif within the NLRP3
NACHT domain, preventing NLRP3-mediated ATP to ADP hydrolysis [198,216,217]. More-
over, CY-09 acts upstream of ASC oligomerization to inhibit the subsequent caspase-1
activation and IL-1§3 production, directly binding to NLRP3 and inhibiting its ATPase
activity [218]. In an even more recent paper analyzing the role of curcumin analogues on
seizure models, interesting pharmacophoric information about the anti-seizure activity of
curcumin analogues is provided [219]. Unfortunately, even if these compounds are tested
in pre-clinical studies, to the author’s knowledge, no evidence is reported in the literature
about epileptic clinical studies involving these compounds. The importance of the SAR
studies necessary to identify functional, structural components together with the gaps
present in the literature regarding the use of specific NLRP3 inhibitors in the clinical field
further highlight the need to delve deeper into these research topics in order to obtain
drugs with a mechanism of action increasingly selective and performing.

4. Conclusions

The intricate neuroinflammatory response orchestrates a delicate balance between
protective and detrimental effects within the central nervous system. Acute inflammation,
characterized by a rapid and controlled response, plays a crucial role in neutralizing danger
signals and initiating regenerative processes. However, persistent and uncontrolled inflam-
mation, often driven by chronic activation of glial cells and the NLRP3 inflammasome, can
lead to neurodegeneration and contribute to the progression of various CNS disorders.
Given the critical importance of this process, it is crucial to understand the intricate mech-
anisms underlying neuroinflammation and the pivotal role of glial cells and the NLRP3
inflammasome in maintaining CNS homeostasis. By comprehending these mechanisms, it
is possible to identify therapeutic strategies aimed at mitigating the detrimental effects of
chronic inflammation and promoting neuroprotection, thereby offering new avenues for
treating neurodegenerative diseases and enhancing overall brain health. The correlation
between NLRP3 levels and the severity of seizures highlights the potential diagnostic and
prognostic value of these markers in clinical settings, shedding light on future therapeutic
strategies aimed at mitigating the detrimental effects of neuroinflammation in epilepsy.
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Abbreviations

AD Alzheimer’s disease

AIM2 absent in melanoma 2

ASC apoptosis-associated speck-like protein containing a caspase recruitment domain (CARD)
BBB blood-brain barrier

BDNF brain-derived neurotrophic factor
CA Ammon’s horn

CARD caspase recruitment domain

CCL chemokine (C-C motif) ligand
Cl~ chloride

CLICs chloride intracellular channel
CNS central nervous system

CXCL chemokine (C-X-C motif) ligand

DAMPs  damage-associated molecular patterns

DG dentate gyrus

EAE experimental autoimmune encephalomyelitis
FADD FAS-associated death domain protein

GENT gentiopicroside

GFAP glial fibrillary acidic protein

GPR 120 G protein-coupled receptor 120
GSDMD  gasdermin-D

hPSC human pluripotent stem cells
HS hippocampal sclerosis

ip. intraperitoneal

ICR Institute of Cancer Research
IFN-y interferon-y

IL-1 interleukin-1

1L-18 interleukin-18

IL-1pB interleukin-1 beta

IL-6 interleukin-6

iPSC induced pluripotent stem cells
K* potassium

KA kainic acid

KO knockout

LPS lypopolisaccharide

LRR leucine-rich repeat

MCU mitochondrial calcium uniporter
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MFS mossy fiber sprouting

mTLE mesial temporal lobe epilepsy

NEK?7 NIMA-related kinase 7

NF-«B nuclear factor-kappa B

NLR nucleotide-binding oligomerization domain (NOD), leucine-rich repeat (LRR)-
containing protein receptor (NLR)

NLRP3 nucleotide-binding oligomerization domain (NOD)-like receptor pyrin domain contain-

ing 3
NO nitric oxide
NOD nucleotide-binding oligomerization domain

OHSC organotypic hippocampal slice cultures
PAMPs  pathogen-associated molecular patterns

PD Parkinson’s disease

PML promyelocytic leukemia protein
PRRs pattern recognition receptors
PTX picrotoxin

PTZ pentylenetetrazole

PYD pyrin domain

RLD repeated low doses

ROS reactive oxygen species

SE status epilepticus

SRSs spontaneous recurrent seizures
Stat3 signal transduction activator of transcription 3
TBI traumatic brain injury

TGEF-3 transforming growth factor-beta
TLRs toll-like receptors

TNF tumor necrosis factor

TRPM2  transient receptor potential melastatin 2
VEGF vasoactive endothelial growth factor
WHO World Health organization

WT wild type
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