
Heliyon 10 (2024) e32688

Available online 11 June 2024
2405-8440/© 2024 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Review article 

From inflammatory signaling to neuronal damage: Exploring NLR 
inflammasomes in ageing neurological disorders 

Jingwen Zhang a,1, Dong Xie b,1, Danli Jiao a, Shuang Zhou a, Shimin Liu a,d, 
Ziyong Ju a, Li Hu a, Li Qi e, Chongjie Yao a,c,**, Chen Zhao a,* 

a School of Acupuncture-moxibustion and Tuina, Shanghai University of Traditional Chinese Medicine, Shanghai, 201203, China 
b Innovation Research Institute of Traditional Chinese Medicine, Shanghai University of Traditional Chinese Medicine, Shanghai, 201203, China 
c Shuguang Hospital, Shanghai University of Traditional Chinese Medicine, Shanghai, 201203, China 
d Shanghai Research Institute of Acupuncture and Meridian, Shanghai, 200030, China 
e Institute of Interdisciplinary Integrative Medicine Research, Shanghai University of Traditional Chinese Medicine, Shanghai, 201203, China   

A R T I C L E  I N F O   

Keywords: 
Ageing 
NLR inflammasomes 
Neurological disorders 
Treatment 

A B S T R A C T   

The persistence of neuronal degeneration and damage is a major obstacle in ageing medicine. 
Nucleotide-binding oligomerization domain (NOD)-like receptors detect environmental stressors 
and trigger the maturation and secretion of pro-inflammatory cytokines that can cause neuronal 
damage and accelerate cell death. NLR (NOD-like receptors) inflammasomes are protein com-
plexes that contain NOD-like receptors. Studying the role of NLR inflammasomes in ageing- 
related neurological disorders can provide valuable insights into the mechanisms of neuro-
degeneration. This includes investigating their activation of inflammasomes, transcription, and 
capacity to promote or inhibit inflammatory signaling, as well as exploring strategies to regulate 
NLR inflammasomes levels. This review summarizes the use of NLR inflammasomes in guiding 
neuronal degeneration and injury during the ageing process, covering several neurological dis-
orders such as Alzheimer’s disease, Parkinson’s disease, amyotrophic lateral sclerosis, stroke, and 
peripheral neuropathies. To improve the quality of life and slow the progression of neurological 
damage, NLR-based treatment strategies, including inhibitor-related therapies and physical 
therapy, are presented. Additionally, important connections between age-related neurological 
disorders and NLR inflammasomes are highlighted to guide future research and facilitate the 
development of new treatment options.   

1. Introduction 

The natural process of aging is an inescapable aspect of human existence. With the current advancements in medical technology, 
the prevalence of age-related illnesses has risen in tandem with the gradual increase in average life expectancy. Consequently, the 
mitigation and amelioration of age-related diseases, as well as the enhancement of quality of life, have become prominent areas of 
research. The ageing process is often accompanied by neuronal degenerative disorders and injuries, including Parkinson’s disease, 

* Corresponding author. School of Acupuncture-moxibustion and Tuina, Shanghai University of Traditional Chinese Medicine, Shanghai, China. 
** Corresponding author. School of Acupuncture-moxibustion and Tuina, Shanghai University of Traditional Chinese Medicine, Shanghai, China. 

E-mail addresses: goodluckyao@shutcm.edu.cn (C. Yao), zhaochen@shutcm.edu.cn (C. Zhao).   
1 These authors contributed equally to this work. 

Contents lists available at ScienceDirect 

Heliyon 

journal homepage: www.cell.com/heliyon 

https://doi.org/10.1016/j.heliyon.2024.e32688 
Received 29 April 2024; Accepted 6 June 2024   

mailto:goodluckyao@shutcm.edu.cn
mailto:zhaochen@shutcm.edu.cn
www.sciencedirect.com/science/journal/24058440
https://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2024.e32688
https://doi.org/10.1016/j.heliyon.2024.e32688
https://doi.org/10.1016/j.heliyon.2024.e32688
http://creativecommons.org/licenses/by-nc-nd/4.0/


Heliyon 10 (2024) e32688

2

Fig. 1. A model of cell signaling and its activation using NLRP1 and NLRP3 as examples. 
The ASC, PYD and CARD, are recruited by NLRP3 upon activation by a risk-associated molecular pattern to form helical fibers. Pro-caspase-1 is then 
recruited and activated to generate mature caspase-1. Pro-IL-1β and pro-IL-18 are then converted by caspase-1 to mature forms of IL-1β and IL-18; 
NLRP1 has an N-terminal PYD, a structural domain and LRR. Unlike other NLRPs, NLRP1 has a C-terminal extension containing a FIIND and a 
CARD. Thus, the steps in NLRP1 inflammasome activation of IL-1β and IL-18 are roughly as follows: the PYD or CARD that activates the PRR is 
bridged to the CARD of pro-caspase-1. Next, pro-CASP1 undergoes near-sensing autoprotein hydrolysis to produce an active enzyme (CASP1) that 
cleaves and activates inflammatory cytokines (i.e., IL-1β and IL-18). ASC, apoptosis-associated speckle-like protein; PYD, pyrin domain; NACHT, 
nucleotide-binding oligomerization domain; NF-κB, nuclear factor kappa B; CARD, caspase activation and recruitment domain; LRR, leucine-rich 
repeat; FIIND, function-to-investigation domain; CASP1, caspase-1; IL, interleukin; NLRP, nucleotide-binding oligomerization domain, leucine- 
rich repeat and pyrin domain-containing; NLRC, nucleotide-binding oligomerization domain, leucine-rich repeat and caspase recruitment 
domain-containing. 
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Alzheimer’s disease, amyotrophic lateral sclerosis, stroke, and peripheral neuropathy, which tend to progress over time. Neurode-
generative diseases associated with ageing are typified by the gradual and irreversible decline of neuronal cells or their functions, 
resulting in compromised motor skills, cognitive abilities, and memory. The activation of inflammasomes represents a significant 
contributor to the onset of neuroinflammation, neurodegeneration, and ultimately, neurodegenerative pathologies. 

The inflammasome plays a significant role in the ageing process, where it assembles and becomes activated, contributing to 
accelerated biological ageing and the development of various age-related neurodegenerative diseases. The inflammasome associated 
with neurodegenerative diseases consists of the NLR protein complex, which includes an NLR inflammatory monomer, an effector 
protein (pro-caspase-1), and an adapter protein (apoptosis associated speck like protein, ASC). The adapter protein ASC comprises an 
N-terminal pyrin domain (PYD) and a caspase recruitment domain (CARD). Notably, NLR inflammatory monomers are structured with 
an amino-terminal (N-terminal) domain, an intermediate nucleotide-binding oligomerization domain (NACHT), and NOD-like re-
ceptors [1]. 

The innate immune system serves as the first line of defense against pathogens and tissue injuries. Key players in innate immune 
responses are innate immune cells like macrophages, monocytes, and neutrophils, which express pattern recognition receptors (PRRs). 
The engagement of PRRs triggers various inflammatory signaling pathways to combat infections and facilitate tissue repair. NOD-like 
receptors represent a class of intracellular PRRs that recognize pathogen-associated molecular patterns (PAMPs) and host-derived 
damage-associated molecular patterns (DAMPs). They play a significant role in the assembly and activation of NLR inflammasomes 
[2]. Recognition of PAMPs or DAMPs by NOD-like receptors initiates the assembly and activation of cytoplasmic protein complexes, 
known as NLR inflammasomes. This, in turn, activates pro-caspase-1. The activated pro-caspase-1 serves two main roles. First, it leads 
to the maturation and release of the proinflammatory cytokines interleukin (IL)-1β and IL-18 [3]. For example, activation of the 
NLRP3, which full name is NOD, leucine-rich repeat and pyrin domain-containing 3,is inflammasome usually requires an initiation 
signal and an activation signal. The initiation signal activates nuclear factor Kappa B (NF-κB) to induce transcriptional expression of 
NLRP3 and pro-IL in response to NLR ligands and cytokines. Typical inducers include microbial components such as TLR ligands such 
as lipopolysaccharide (LPS), and cytokines such as tumor necrosis factor (TNF)-α and IL-1β. 

Fig. 2. The pattern of NLR inflammasomes involvement in the activation of pro-inflammatory cytokines. 
NLR inflammasomes are linked with several diseases related to neurodegeneration and nerve damage such as Alzheimer’s disease, Parkinson’s 
disease, amyotrophic lateral sclerosis, stroke, and peripheral neuropathy. Certain NLR inflammasomes including NLRP1/2/3/10 and NLRC4 can 
trigger the conversion of pro-IL-1β or pro-IL-18 to mature forms of pro-inflammatory cytokine IL-1β or IL-18. In contrast, NLRP10, NLRP6 and 
NLRC5 exhibit inhibitory effects on the above processes. Aβ, Amyloid β; α-syn, α-synuclein; ROS, reactive oxygen species; mtDNA, mitochondrial 
DNA; SOD1, superoxide dismutase 1; TDP-43, transactive response DNA-binding protein-43; VCP, valosin-containing protein; TXNIP, thioredoxin- 
interacting protein; ICH: intracerebral hemorrhage; I/R, ischemia-reperfusion; Nrf2: Nuclear factor erythroid 2-related factor 2; HO-1, heme 
oxygenase-1; CASP1, caspase-1; IL, interleukin; NLRP, nucleotide-binding oligomerization domain, leucine-rich repeat and pyrin domain- 
containing; NLRC, nucleotide-binding oligomerization domain, leucine-rich repeat and caspase recruitment domain-containing. 
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It should be noted that except for NLRP3, other NLR inflammasomes do not require an initiation signal to induce inflammasome 
activation and cytokine release; an activation signal is sufficient. The activation signal is triggered by PAMP and DAMP, and upon 
activation of NLRP3. NLRP3 recruits ASC and forms helical fibers, which subsequently recruit and activate pro-caspase-1, forming an 
activated inflammatory complex that produces mature caspase-1. Caspase-1 then cleaves Pro-IL-1β or pro-IL-18 to convert into the 
mature of IL-1β or IL-18 and secreted. In addition, another role of activating pro-caspase-1 is to generate caspase-1 to cleave gasdermin 
D (GSDMD) and release its N-terminal fragment. This fragment translocates to the cell membrane and induces pore formation 
eventually leading to cell swelling and death, called cell pyroptosis. Thus, activation of the NLR inflammasome can lead to maturation 
and release of the pro-inflammatory cytokines IL-18 and IL-1β as well as induction of cellular pyroptosis [4] (Fig. 1). 

The inflammasome activation is highly visible in cells of the nervous system in response to the accumulation of large amounts of 
ageing-related DAMP (e.g., extracellular ATP, urate, misfolded amyloid β (Aβ), mitochondrial damage, oxidative stress, α-synuclein 
(α-syn) and ceramide) [4]. In the central nervous system (CNS), NLR inflammasome activation is mainly observed in microglia and is 
also shown in other cells such as astrocytes, neurons and endothelial cells; while in the peripheral nervous system, it is Schwann cells 
that are closely associated with inflammasome activation [5,6]. Current studies on neurological NLR inflammasomes are mainly 
focused in the CNS, especially on microglia. During ageing, microglia become overactive, as evidenced by increased numbers of 
microglia and production of cytokines and cell surface receptors. The active microglia exert pro-inflammatory cytokines produced by 
inflammasome activation to recruit phagocytes, such as macrophages, to the site of damage to phagocytize the accumulated DAMP. 
However, as some of the DAMP is difficult to degrade resulting in lysosomal instability, which leads to the release of various enzymes 
into the cell membrane, as well as the reduced ability of macrophages to phagocytose necrotic cells during ageing, it is difficult to 
remove DAMP, ultimately leading to the continuous activation of NLR inflammasomes in the nervous system, allowing neuropathy to 
progress continuously [7]. Therefore, studying the activation mechanisms of inflammasomes in nervous system cells is particularly 
important to slow down the acceleration of the neuropathy during ageing (Fig. 2). 

Inflammasome activation and pro-inflammatory factor release contribute to the chronic low-level inflammation of the biological 
ageing process, which also leads to the development of many chronic and neurodegenerative diseases. Therefore, ageing is considered 
a major risk factor for neurodegenerative diseases. Overall, inflammasome signaling is critical for neuroinflammation and neuro-
degeneration during ageing. Silencing and knockdown of inflammasome signaling components have been shown to attenuate the 
adverse effects of some neurodegenerative diseases, while activation of inflammasomes directly or indirectly exacerbates the symp-
toms of some neurodegenerative diseases through positive feedback inflammatory cascades. This article reviews the mechanisms of 
ageing-related neurodegenerative lesions and the potential mechanisms of NLR inflammasomes in them to provide strategies for future 
amelioration of such diseases. 

2. The role of NLR inflammasomes in ageing-related diseases 

2.1. Parkinson’s disease 

2.1.1. Parkinson’s disease and senescence 
PD is a slow-progressing neurodegenerative disorder, to which ageing is the greatest risk factor for PD. The prevalence of PD is very 

high among the elderly, affecting approximately 1 % of the population over the age of 60. The pathological features include deposition 
of α-synuclein (α-syn) or Lewy vesicles, leading to progressive loss of dopaminergic (DA) neurons in the substantia nigra (SN) of the 
basal ganglia and striatal axon terminals [8]. 

PD is associated with the degeneration of dopamine cells in ageing. Dopaminergic neurons (DAn) in the SN of the human brain are 
susceptible to damage, and their number decreases with ageing. Initial studies indicated SN neurodegeneration and a decrease in SN 
neurons (SNn) in PD patients because SN areas in the PD brain lost their characteristic dark gray color [9], a characteristic color 
produced by the accumulation of melanin in a subpopulation of SNn, suggesting that selective degeneration of SNn may be a feature of 
PD. Further studies showed that melanin accumulation in the SNn is a result of DA oxidation, and the reduction of DA in the SN 
striatum of PD patients and the presence of DAn loss in the SN of healthy elderly participants suggest that degeneration of DAn in the 
SN during ageing is the basis of PD [10,11]. The loss of DAn in the SN leads to a significant decrease in striatal synaptic terminal 
dopamine levels, which ultimately results in the loss of the SN striatal pathway [12]. A number of motor symptoms, such as brady-
kinesia, rigidity, postural abnormalities, and uncontrollable tremor at rest, are brought on by a decrease in striatal dopamine. These 
symptoms are all typical motor impairments in PD [13]. 

Notably, oxidative stress and mitochondrial malfunction may particularly affect the DAn with age. The SN striatum DAn has a very 
high density of synaptic terminals (up to 1 million per cell in humans) and an unmyelinated axon, which require local mitochondria to 
support their activity and consume a lot of energy. As a result, the DAn mitochondria must produce a lot of reactive oxygen species 
(ROS), but it remains difficult to prevent the toxic effects of ROS effects. Additionally, there is proof that DAn degeneration in PD is 
directly linked to age-related oxidative stress. Enzymatic and non-enzymatic oxidation of dopamine generates ROS, which can induce 
apoptosis of dopamine neurons. For example, DAn can be disrupted by enzymatic oxidation of endogenous 1-methyl-4-phenyl 1,2,3,6- 
tetrahydropyridine (MPTP)-like toxin 1(R), 2(N)-dimethyl-6,7-dihydroxy-1,2,3,4-tetrahy-droisoquinoline or non-enzymatic oxida-
tion-generated ROS, initiating cell death program [14]. In contrast, mitochondrial dysfunction in ageing damages DAn due to the 
proximity of mitochondrial DNA (mtDNA) to the electron transport chain (the main source of ROS), which produces ROS that induce 
mutations in mtDNA [15], leading to mitochondrial dysfunction and reduced energy production, thereby failing to repair the damaged 
mitochondria in a vicious cycle. Also, with ageing, mutant mtDNA accumulates in DAn and affects its function [16]. Therefore, both 
oxidative stress and mitochondrial damage during ageing can lead to the degeneration of DAn and promote the development of PD 
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disease. 
The accumulation of α-syn is one of the factors that impair DAn and is a significant pathological alteration in PD. α-synuclein is a 

naturally occurring, small intracellular protein primarily found at presynaptic sites in various neurotransmitter systems. In addition to 
its role in influencing neurotransmitter uptake by regulating membrane transporters, such as the dopamine transporter (DAT), it also 
impacts presynaptic sites by affecting synaptic vesicle trafficking and recycling [17]. Under certain conditions, α-syn monomers 
interact to form cytotoxic protofibrils or oligomers whose overexpression is associated with neurotoxicity in PD mouse models, while 
deposition of misfolded α-syn to form Lewy vesicles has also been shown to be increased in the brains of PD patients [18]. Even while 
α-syn is present in presynaptic terminals and is expressed throughout the brain, DAn is more vulnerable to the toxic consequences of 
excessive or malfunctioning α-syn., which may be related to the fact that α-syn can regulate dopamine levels. By interacting with the 
rate-limiting enzymes TH and L-amino acid decarboxylase (AADC), α-syn can restrict dopamine production in one way. For another, 
α-syn can disrupt the activity of vesicular monoamine transporter 2 (VMAT2) and DAT and their function in regulating dopamine 
levels at synaptic terminals, which in turn contributes to the formation of toxic α-syn oligomers [19]. The above α-syn-DA interactions 
may be one of the reasons driving synaptic dysfunction and impaired communication in PD neurons. It is important to discuss the 
connection between ageing and α-syn. In plasma, α-syn levels declined with ageing, demonstrating a definite relationship between 
ageing and α-syn [20,21]. In addition, elevated levels of α-syn protein were detected in ageing human SN, with an increase of up to 600 
% compared to young adults [22]. Thus, α-syn can be used as a biochemical marker of PD associated with ageing. 

Neuroinflammation and degeneration of DAn is common during progressive loss of DAn triggered by α-syn accumulation, which is 
closely associated with abnormal microglia activity and NLR inflammasome activation. Although neuroglial cell dysfunction in PD is 
usually considered to be disease-specific, most have also been observed in the elderly brain. Microglia are normally in a quiescent state, 
and in PD α-syn has been observed to activate microglia [23], which in turn express pro-inflammatory factors from macrophages, 
activate the NLR inflammasome, and promote the release of cytokines, chemokines, and ROS. It also activates the migration and 
phagocytosis of macrophages and promotes the degradation of α-syn [24,25]. Although microglia activation may initially be aimed at 
preventing the accumulation of α-syn in the Lewy bodies of DAn, their chronic activation instead promotes DAn degeneration and 
neuroinflammation in PD. Similar chronic activation of microglia, as well as elevated levels of pro-inflammatory factors IL-6, TNF-α 
and IL-1β, can be observed in the ageing brain [26]. Thus, α-syn-activated microglia and subsequent activation of the NLR inflam-
masome have an effect on neuronal cells in PD and ageing brains. And the activation of NLR inflammasome as one of the key steps is 
involved in the mechanism of neuroinflammation and degeneration that eventually leads to DAn due to α-syn deposition. 

2.1.2. Parkinson’s disease and NLR inflammasomes 
Inflammatory activity plays a crucial role in PD. Both central and peripheral inflammation occur in the prodromal phase of Par-

kinson’s disease and persist throughout disease progression. Fibrillar α-syn is not only important for the progressive loss of DAn, but 
can also act as an endogenous DAMP triggering the microglia around it and mediating cellular scorching through the secretion of pro- 
inflammatory cytokines and ROS. The production of those cytokines is mainly regulated by the assembly and activation process of two 
multi-protein inflammatory complexes, known as NLRP1 and NLRP3. 

In the pathological process of PD, α-syn mediates the activation of the NLRP3 inflammasome, which stimulates the release of 
inflammatory cytokines, thereby exacerbating neuroinflammation leading to DAn neurodegeneration and progressive loss. It was 
found that compared with the normal healthy population, PD patients had higher IL-1β expression levels and α-syn levels in the pe-
ripheral blood. This experiment also found that the expression levels of NLRP3, caspase-1 and IL-1β were suppressed by adding an 
oligomeric α-synuclein autophagy inhibitor to glial cells, suggesting that oligomeric α-synuclein can activate the NLRP3 inflammatory 
pathway through autophagy [27].In addition, in BV2 cells, a type of microglia, α-syn was observed to activate the NLRP3 inflam-
masome followed by the release of caspase-1 and IL-1β [28]. Ac-YVAD-CMK, a caspase-1 inhibitor, was demonstrated to improve the 
amount of DAn in rat models of 6-hydroxydopamine- and LPS-induced Parkinson’s disease in vivo by decreasing the production of the 
NLRP3 inflammasome signaling protein and decreasing NLRP3 expression [29]. Consistently, NLRP3 knockout mice were resistant to 
loss of nigrostriatal DAn induced by treatment with the neurotoxin MPTP, which was associated with activated caspase-1 and reduced 
secretion of IL-1β and IL-18. Thus, increased levels of caspase-1 and IL-1β lead to neuroinflammation and subsequent damage to DAn 
leading to PD. Regarding the mechanism by which α-syn mediates NLRP3 activation, BV2 cells phagocytose α-syn, increase ROS 
accumulation by inhibiting AMPK phosphorylation, induce lysosomal swelling and damage, and increase lysosomal histone B 
expression in the cytoplasm ultimately activating NLRP3 inflammasome [28]. In addition, increased α-syn in PD can induce NLRP3 
inflammasome activation and pro-IL transcriptional expression by promoting activation of NF-κB. It was demonstrated that due to 
α-syn deposition, the expression of toll-like receptor (TLR) − 2 and TLR4, which can activate NF-κB, was elevated in the brain and blood 
samples of PD patients, which in turn can upregulate NLRP3 activation [30–32]. Thus, NLRP3 inflammasome can be activated by α-syn 
and thus promote DAn neurodegeneration in PD patients. 

In addition to α-syn mediated, studies have confirmed the synergistic relationship between mitochondrial dysfunction and NLRP3 
activation in the pathogenesis of PD. On the one hand, mitochondrial dysfunction may increase NLRP3 inflammasome activity [33]; on 
the other hand, NLRP3 causes mitochondrial damage, promotes the release of mtDNA and cytochrome c in the cytoplasm, and pro-
motes the production of mitochondrial reactive oxygen species (mtROS) [34]. In contrast, NLRP3 activation in microglia in a PD model 
was suppressed by mitochondrial autophagy, which decreased inflammation and improved neuronal loss [35]. A further investigation 
found that cardiolipin, which is found behind the inner mitochondrial membrane, might trigger NLRP3 assembly after moving to the 
outer membrane, which could establish a connection between mitochondrial damage and NLRP3 in PD [36]. Thus, mitochondrial 
dysfunction and oxidative stress in the pathological development of PD are involved in the NLRP3 activation step, which exacerbates 
the damage to DAn. 
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NLRP3 inflammasomes have other ways to influence PD development besides releasing caspase-1 and IL-1β upon activation to 
cause neuroinflammation. For example, NLRP3 inflammasome downstream activation of caspase-1 has been shown to produce a 
neuronotoxic aggregation-prone protein in vitro by cleavage of α-syn, which may impair DAn [37]. Mutations in Parkin (PARK), 
PARK2, PARK6, and PINK1 (PTEN induced putative kinase 1) have also been found in patients with autosomal recessive early-onset 
PD. Microglia and macrophages from PARK2 and PINK1 knockout mice and patients with PARK2 mutations have been shown to show 
heightened NLRP3 inflammasome responses, possibly due to impaired expression of the anti-inflammatory protein A20, which 
negatively regulates NLRP3 inflammasome activation [38]. 

In addition to the NLRP3 inflammasome, the NLRP1 inflammasome may also be one of the inflammasomes that are activated by 
α-syn and thus contribute to neuroinflammation in PD. In animal models, continuous IL-1β expression has been found to have toxic 
effects on the substantia nigra, which may make PD symptoms more serious. The findings imply that mature IL-1β can be released by 
α-syn-stimulated activated BV-2 cells, which are either generated by neurons in the NLRP1-caspase 1 pathway. The enhanced 
expression of α-syn enhanced the expression of NLRP1 and IL-1β in SH-SY5Y cells, and this upregulation was further accentuated by the 
increase in α-syn. Furthermore, some studies claim that α-syn fibers may stimulate inflammasomes or develop ROS to activate NLRP1, 
ASC, caspase 1, and IL-1β, increasing α-syn aggregates and neurotoxicity. While all these alterations can be alleviated by anti- 
inflammatory antioxidant compounds such as glycyrrhetinic acid and Chinese herbal medicines (CHM) that protect neurons from 

(caption on next page) 
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tau oligomer/aggregate-induced inflammatory damage [39]. However, generally there is a lack of sufficient direct evidence for α-syn 
as an NLRP1 inflammasome stimulator. It is still mainly the NLRP3 among NLR inflammasomes that has the clearest association with 
PD progression (Fig. 3A). 

2.2. Alzheimer’s disease 

2.2.1. Alzheimer’s disease and senescence 
A neurodegenerative disorder called Alzheimer’s disease (AD) causes memory loss and cognitive deterioration. The most signifi-

cant risk factor for the onset and progression of AD is ageing. The incidence of AD has been shown to increase with age and cellular 
senescence [40]. According to recent studies, AD is significantly linked to progressive atrophy and widespread neuronal death in the 
temporal lobe, hippocampus, frontal cortex, and other brain regions [41]. This is caused by phosphorylated neurofibrillary tangles 
(NFTs) formed by Aβ and tau proteins in aged plaques, which are also more common with ageing [42]. 

Aβ accumulation in the brain is a pathological feature of AD [43], promoting neuronal degeneration and memory loss in AD, while 
Aβ is also a potent inducer of cellular senescence [44,45]. The cellular senescence marker p16 is significantly higher expressed in 
neurons that overexpress the human amyloid precursor protein 695 (APP), according to relevant research in vivo. In turn oligomeric 
Aβ can also stimulate p16 protein in neurons and increasing levels of Aβ may induce upregulation of p16 in neurons as well as cognitive 
impairment in AD models [46]. Thus, the AD pathological marker Aβ can accelerate neuronal ageing, and ageing neurons can in turn 
promote Aβ expression. In addition, brain Aβ load and memory impairment are significantly increased in the brains of mouse AD 
models with increased numbers of multiple senescent cells, suggesting that increased Aβ can cause neuronal and other cellular 
senescence in the brain [47]. Studies conducted in vitro have demonstrated that Aβ oligomers cause senescence in endothelial or 
neuronal cells in culture. For instance, Aβ oligomers promote senescence in brain endothelial cells by upregulating vascular endothelial 
growth factor (VEGF)-1 [47]. Neuroinflammation plays a key role in AD pathology, and the inflammatory factor IL-1β is increased in 
AD brain and leads to cellular senescence [44], which may be related to Aβ through activation of the NLR inflammasome. In general, 
Aβ deposition and senescence in the AD brain can be mutually reinforcing. 

Tau is a microtubule (MT) binding protein. tau protein hyperphosphorylation leads to the separation of tau protein from MT and 
the formation of NFTs leading to neuronal degeneration [48,49]. In the brains of AD patients and animal models, tau pathology has 
been demonstrated to be connected to senescence in a variety of cell types, including astrocytes, microglia, and neurons [50,51]. 
Studies have shown that neurons containing NFTs in the brains of AD patients express elevated levels of the senescence marker p16 
[52], and that tau-containing NFTs trigger a series of events that are highly correlated with cellular senescence in neuron-containing 
NFTs in human and mice brains [51]. In addition to neurons, glial cell senescence has also been linked to tau pathology in AD patients’ 
brains. Tau oligomer-containing astrocytes with a senescent phenotype have been seen in the brains of AD patients, and tau-positive, 

Fig. 3. A) Cellular patterns of NLR inflammasomes in Alzheimer’s disease and Parkinson’s disease. α-syn can induce IL-1β synthesis through 
interaction with Toll-like receptor 2 (TLR2) and inflammasomes; endocytosis of α-syn, which increases ROS accumulation by inhibiting AMPK 
phosphorylation, induces lysosomal swelling and damage, increases lysosomal protease expression in the cytoplasm, and ultimately activates 
NLRP3; mitochondrial dysfunction may increase NLRP3 inflammasome activity, and NLRP3 causes mitochondrial damage, promotes the release of 
mtDNA in the cytoplasm, as well as promotes the production of mitochondrial reactive oxygen species; Aβ triggers the formation of TLR4 heter-
odimers, which in turn leads to the activation of the transcription factor NF-κB, thus promoting NLRP3 activation and pro-IL-1β transcription; P2X7R 
is activated by signals released from dying neurons, inducing K+ efflux and Ca2+ influx, promoting NLRP3 activation; NLRC4 is activated in AD and 
releases IL-1β; NLRP1 can reactivate caspase-6, and tau is further catabolized by caspase-6, thus further inducing negative neurological effects of Aβ; 
NLRP10 inhibits caspase 1 activation and IL-1β release, negatively regulating the disease. B) Cellular patterns of NLR inflammasomes in amyo-
trophic lateral sclerosis. SOD1 exhibits neurotoxic effects in motor neuron-microglia cultures, where it interacts with CD14 and activates NLRP3, 
caspase-1, as evidenced by increased production of pro-inflammatory cytokines (including IL-1β and IL-18) and the transcription factor NF-κB; in 
brain tissue from mutant SOD1 rats, NLRC4 and caspase- 1 activation was shown to be expressed; chronic inflammation caused by NF-κβ signaling 
stimulation mediates TDP-43 proteinopathy, and TDP-43 activates NLRP3 inflammasomes, leading to increased IL-1β production; VCP mutations are 
an etiology of ALS and are associated with NLRP3 inflammasome activation. C) Cellular patterns of NLR inflammasomes in Stroke. In I/R, NLRP1/3/ 
10 exacerbate the symptoms of cerebral ischemia by activating the release of IL-1β and IL-18; in I/R, NLRC5 reduces the expression of Bcl2- 
associated X protein (Bax) and ROS through the Nrf2/HO-1 pathway, as well as NLRC5 reduces inflammation, oxidative damage, and amelio-
rates cerebral ischemia by preventing the activation of the NF-κB pathway; in ICH, NLRP6 inflammasome inhibits inflammatory signaling by 
negatively regulating the NF-κB activation pathway. D) Cellular patterns of NLR inflammasomes in Peripheral neuropathy. In diabetes mellitus, the 
TRX system and TXNIP interact, and when ROS produced by cells during hyperglycemia cause TXNIP to separate from TRX, enabling it to attach to 
NLRP3, which activates the NLRP3 inflammasome in Schwann cells, causing them to release IL-1β and induce neuroinflammatory injury to Schwann 
cells; in RA, the inflammatory response in the synovial fluid leads to peripheral nerve injury, and the release of damaged nerve ATP and PG activate 
P2X4R. Subsequently, high Ca2+ influx into macrophages may activate p38 MAPK, leading to the release of BDNF and PGE2 into synovial fluid and 
peripheral nerves as well as activating the NLRP1 inflammasome; in RA, Ca2+ influx stimulates P2X7R, inducing the production of pro- 
inflammatory factors and stimulating the NLRP1 inflammasome. 
TLR, toll-like receptor; α-syn, α-synuclein; IL, interleukin; AMPK, adenosine monophosphate-activated protein kinase; ROS, reactive oxygen species; 
NF-κB, nuclear factor kappa B; SOD1, superoxide dismutase 1; TDP-43, transactive response DNA-binding protein-43; VCP, valosin-containing 
protein; ICH: intracerebral hemorrhage; Nrf2: Nuclear factor erythroid 2-related factor 2; HO-1, heme oxygenase-1; TXNIP, thioredoxin- 
interacting protein; Bax, Bcl2-associated X protein; TRX, thioredoxin; PG, prostaglandins; p38 MAPK, p38 mitogen-activated protein kinase; 
BDNF, brain-derived neurotrophic factor; PGE2, prostaglandin E2; NLRP, nucleotide-binding oligomerization domain, leucine-rich repeat and pyrin 
domain-containing; NLRC, nucleotide-binding oligomerization domain, leucine-rich repeat and caspase recruitment domain-containing. 
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deteriorating neurons have also been found there [50,53]. These findings imply that tau protein-induced pathological changes in 
neurons may also cause senescence in peripheral glial cells. Thus, tau proteins in AD and the NFTs formed by their hyper-
phosphorylation are closely associated with senescence. 

The pathogenesis of AD involves the actions of Aβ and tau proteins on mitochondria, astrocytes, and microglia, in addition to their 
direct neurotoxic effects, which damage neurons. the induction and reduction of axonal transport in hippocampal neurons affects 
altering the distribution of mitochondria, along with an increased accumulation of mtDNA mutations leading to increased ROS pro-
duction [54,55], causing extensive oxidative damage and amyloid lesions. Moreover, this can disrupt nerve terminal activity, leading 
to dysfunction and synaptic loss, which is associated with memory loss. Phosphorylated tau accumulates in mitochondria during 
normal ageing and occurs preferentially in synaptic mitochondria. Studies have shown that phosphorylated forms of tau are located in 
hippocampal synaptic mitochondria in both young and aged mice, with higher accumulation in aged mice [56]. Further during ageing, 
the imbalance between tau phosphorylation and degradation leads to dissociation of tau from MT and its accumulation in cytoplasmic 
and cytoplasmic structures including mitochondria. This all may contribute to synaptic failure and cognitive impairment in AD in the 
elderly. In addition, tau is a substrate for mitochondrial caspase-3, and expression of caspase-cleaved tau fragments in neurons affects 
mitochondrial function alongside causes mitochondrial calcium levels to be dysregulated [57]. Ca2+ dysregulation directly affects tau 
phosphorylation, APP processing and lysosomal function. In turn, Aβ stimulation of neurons causes a large Ca2+ influx that damages 
mitochondria, impairing neuronal productivity and leading to apoptosis and cognitive impairment [58]. Thus, the deleterious effects 
of Aβ and tau on mitochondria during ageing ultimately exacerbate AD. 

Astrocytes are thought to be activated in the preclinical phase of AD [59], and Aβ deposition and NFTs may promote astrocyte 
activation. Astrocytes accumulate at sites of Aβ deposition in early AD, and activated astrocytes in late AD surround amyloid plaques 
and NFTs. Activated astrocytes release pro-inflammatory and cytotoxic factors in neuroinflammation, exacerbating the pathology of 
AD [60]. Also, The phagocytosis-related genes that are expressed by astrocytes permit the absorption of Aβ and its transportation to 
lysosomes for destruction. With ageing, impairment of lysosomal function in astrocytes leads to the accumulation of Aβ and phago-
cytosed amyloid material in astrocytes, which may be critical in promoting the progression of amyloid plaques [61]. Furthermore, it 
has been shown that senescent astrocytes can upregulate senescence-related secretory phenotype-related genes via the NF-κB pathway, 
producing low levels of chronic inflammation and enhancing the senescence state and enhancing age-related neurodegenerative 
diseases [62]. Thus, astrocytes activated by the senescent phenotype or Aβ and NFTs can exacerbate AD progression. 

Aβ and NFTs indirectly activate microglia and lead to the release of various pro-inflammatory factors and neurotoxic mediators. 
These pro-inflammatory factors and mediators not only attenuate Aβ phagocytosis, but also increase tau phosphorylation and 
accelerate the formation of NFTs, thus inducing neurotoxicity. In addition, they can promote Aβ production and exacerbate Aβ for-
mation of protofibrils and deposition [63]. Toxic Aβ oligomers and protofibrils can be recognized by some receptors expressed by 
microglia, triggering microglia activation via NF-κB or mitogen-activated protein kinases (MAPKs), initiating the activation of 
inflammasomes and ultimately leading to neuronal death and the onset of AD [62]. Thus, Aβ and tau-containing NFTs can be involved 
in the progression of AD by damaging mitochondria, activating microglia and releasing pro-inflammatory factors, damaging astrocytes 
and reducing clearance, while ageing exacerbates the above pathological processes. It is also possible to find that AD is closely 
associated with neuroinflammation and pro-inflammatory factors because of the pathological changes and products of progression, 
including the above-mentioned dysregulation associated with Aβ accumulation and tau-containing NFTs, many of which can act as 
DAMPs that activate the NLR inflammasomes. 

2.2.2. Alzheimer’s disease and NLR inflammasomes 
There is substantial evidence confirming that Aβ can induce NLRP3 inflammasome activation. In vitro primary microglia stimu-

lation of fibrillar Aβ activates NLRP3 inflammasome (caspase-1) production, leading to increased IL-1β secretion in animal models of 
AD [64]. In Aβ-induced BV-2 cells and APP/PS1 (Aβ precursor protein/presenilin-1) mice, autophagy regulates Aβ through the 
LRP1/adenosine monophosphate-activated protein kinase (AMPK) pathway, thereby inducing activation of the NLRP3 inflammasome 
[65]. In turn, intraperitoneal injection of NLRP3 inflammasome inhibitor (JC-124) significantly improved Aβ load in the mouse brain 
and suppressed neuroinflammation [66]. Mechanistically, Aβ is thought to be a DAMP recognized primarily by PRRs in microglia, 
astrocytes, and oligodendrocytes, which further initiate and activate the NLRP3 inflammatory complex. As an initiating signal, Aβ 
binds to CD36 surface receptors, triggering the formation of TLR4 heterodimers, which in turn leads to the activation of the tran-
scription factor NF-κB, thereby promoting the transcription of the NLRP3 structural domain and pro-IL-1β and inducing neuro-
inflammation [67]. Aβ acts as an activating signal through two different processes. Aβ is known to cause synaptic dysfunction and 
neuronal damage, and P2X7R is triggered by ATP produced from dying neurons and attracts Pannexin-1 channels, which enable 
NLRP3 agonists to enter the cell [68,69]. In addition, ATP binds to purinoceptors and induces K+ efflux and Ca2+ influx, and K+/Ca2+

imbalance promotes NLRP3 activation. On the other hand, Aβ plaques can also be incorporated into lysosomes, promoting lysosomal 
instability and releasing the lysosomal protein hydrolase cathepsin B, which promotes NLRP3 assembly through an unidentified 
mechanism [70]. In addition, soluble oligomer Aβ induces pore formation in the cell membrane, generates ROS, promotes K+ efflux 
through oxidized K+ channels, promotes NLRP3 activation, and ultimately leads to the production and release of the inflammatory 
cytokines IL-1β and IL-18 [71]. 

Less research has been done on the relationship between NLRP3 and tau, but it has also been shown that tau can induce NLRP3 
inflammasome activation. Recently, it was shown that synthesis of pre-aggregated tau fragments consisting of the microtubule-binding 
domain of tau induces IL-1β secretion by primary microglia, the process that can be abolished by NLRP3 inhibitors, demonstrating the 
dependence of tau on the NLRP3 inflammasome [72]. These findings were confirmed in TauP301S transgenic mice, providing ample 
evidence for the occurrence of tau-mediated NLRP3 activation. These authors also demonstrated that the activation of NLRP3 by tau 
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fragment uptake in microglia is mediated through lysosomal instability and subsequent release of cathepsin B. In addition, a recent 
study showed that NLRP3 is the link between Aβ plaques and NFT formation. This study suggested that injection of APP/PS1 brain 
homogenate containing Aβ induced tau hyperphosphorylation in Tau22 mice, whereas it did not occur in mice lacking NLRP3 or ASC, 
demonstrating that NLRP3 is an important mediator of Aβ-induced tau pathology [73]. Overall, both Aβ and tau are involved in the 
activation of NLRP3, causing a neuroinflammatory response. 

NLRP1 is also activated by Aβ in AD. It has been demonstrated that Nlrp1 inflammasome is activated by Aβ produced in the brain of 
AD transgenic mice, leading to neuronal death, probably due to cellular scorching [74]. Since oligodendrocytes and pyramidal neurons 
(mainly found in the cerebral cortex, hippocampus and amygdala) express NLRP1, Aβ-induced NLRP1-mediated neurotoxicity may 
damage these brain regions, which then leads to memory loss and cognitive impairment in AD patients [75]. It was shown that 
P2X7/pannexin-1 interaction is associated with Aβ-induced neuronal death and that increased extracellular ATP activates 
P2X7/pannexin-1 signaling. In addition to promoting NLRP1 activation through the same NLRP3 due to K+/Ca2+ imbalance, this 
signaling can activate NLRP1 through the AMPK signaling pathway, which induces neuroinflammation [76]. Unlike other NLR 
inflammasomes, after activation of caspase-1, NLRP1 can then activate caspase-6, which further induces the negative neurological 
effects of Aβ. It has been demonstrated that caspase-1 activation in human primary CNS neurons activates caspase-6 in an 
NLRP1-dependent manner [77]. the N-terminal end of tau is cleaved by caspase-6 and plays an integral role in the maturation of NFTs 
in AD [78]. Active caspase-6 itself causes primary human neuronal apoptosis, and activation of caspase-6 has been shown to cause 
age-dependent neurodegeneration and memory impairment in transgenic mice lacking plaques and NFTs [79]. In summary, Aβ ac-
tivates NLRP1 leading to neuronal death, and further activation of caspase-6 by activated NLRP1 causes reinjury to nerves and pro-
motes AD progression. 

While NLRP1 and NLRP3 positively regulate Alzheimer’s disease, the interaction of NLRP10 with ASC in glial cells has the opposite 
effect. NLRP10 reduces the availability of ASC and prevents it from oligomerizing with the NLRP3 structural domains, thereby 
inhibiting the NLRP3 inflammatory pathway and acting as a negative regulator of AD. 

Aβ accumulates around ASC fibers, forming ASC-Aβ complexes. These complexes stimulate the activation of NLRP3 in nearby 
microglia while diminishing the microglia’s ability to clear Aβ. Consequently, this leads to pyroptosis and the release of significant 
amounts of ASC, cycling the formation of ASC-Aβ complexes [80]. As Aβ accumulates, the microglia’s capacity to clear Aβ gradually 
declines, potentially contributing to the progression of AD [81]. It was shown that Aβ1-40/1–42 cocktail (protease inhibitor) signif-
icantly increased activated caspase 1 and NLRP3 in rat cortex and hippocampus, but significantly decreased NLRP10. In contrast, 
NLRP10 activation inhibited Aβ-induced development of NLRP3 inflammasome and IL-1β release. Structurally, NLRP10 does not 
contain a leucine-rich repeat sequence (LRR) structural domain, whereas NLRP3 does. This is thought to prevent ASC from binding to 
NLRP10 and activating caspase 1. Thus, NLRP10 in AD decreases caspase 1 activity, IL-1β release, and sustained neuroinflammation 
[82]. 

In addition, NLRC4 (NOD, leucine-rich repeat and caspase recruitment domain-containing 4) inflammasome levels were found to 
be elevated in the brains of AD patients [83]. Astrocytes and microglia are thought to produce more cytokines upon exposure to 
saturated fatty acids [84]. NLRC4 in astrocytes has been shown to be activated and release IL-1β in response to fatty acid stimulation, 
but the specific inflammasome that allows microglia to release IL-1β upon stimulation has not been identified. In conclusion, NLRC4 
may also play a role in AD progression. In summary, NLRP1/3 determined to be influenced by Aβ and tau promotes AD progression, 
whereas NLRP10 activation negatively regulates neuroinflammation and NLRC4 activation may exacerbate AD through the release of 
IL-1β (Fig. 3A). 

2.3. Amyotrophic lateral sclerosis 

2.3.1. Amyotrophic lateral sclerosis and senescence 
Amyotrophic lateral sclerosis (ALS) is a rare progressive neurological disease that primarily affects nerve cells in the cerebral 

cortex, brainstem and spinal cord that are involved in the control of voluntary muscle movements. Age-related musculoskeletal dis-
orders and degenerative changes are prevalent, and neurological changes can develop and contribute to these conditions. Many people 
believe that younger people are more likely to develop the disease ALS. However, based on studies of relevant population data, the age 
profile of ALS onset is comparable to that of other age-related neurodegenerative diseases, such as Parkinson’s disease. It peaks around 
80 years of age, and ALS patients over 80 years of age survive on average 6 months less than younger patients [85]. The neuromuscular 
junction (NMJ), a synapse critical for motor neuron and skeletal muscle function, is a feature of ageing and amyotrophic amyotrophic 
lateral sclerosis. The NMJ has negative structural and functional changes with ageing or ALS, including synaptic vesicle loss and 
dysregulated neurotransmitter release, which result in the degeneration of motor axon nerve ends [86]. Recent studies have shown 
that ageing is associated with many ALS-related pathogenic mechanisms, including oxidative stress, metabolic problems, protein 
aggregation, decreased mitochondrial and microglia function, and inflammation [87], and researchers have used RNA-seq to inves-
tigate the transcriptional changes that occur in the spinal cord during ageing and the etiology of ALS in mice, ultimately demonstrating 
a significant overlap between ageing and amyotrophic lateral sclerosis [88]. Therefore, ALS can be seen as an extreme form of ALS in 
the spinal cord ageing of motor neurons. Thus, we can assume that ALS is a disease associated with ageing [89]. 

Patients with ALS also exhibit varying degrees of cognitive impairment and have been reported to have neurodegeneration outside 
of motor areas, although the disease primarily affects the motor system [90]. Whole-brain functional connectivity can be investigated 
with resting-state functional magnetic resonance imageing (RS-fMRI) [91]: the frontoparietal network (FPN) includes cognitively 
relevant frontoparietal, suprafrontal, and midfrontal regions [92], while the default mode network (DMN) includes brain regions such 
as the posterior cingulate cortex (PCC) and medial prefrontal cortex (MPFC). It was shown that fluctuations in RS-fMRI signals were 
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selectively reduced in both networks when ALS patients were compared to healthy controls. Furthermore, considerable age-related 
modulatory effects were seen in RS-fMRI fluctuations, especially in the DMN [93]. Thus, cognitively connected brain regions are 
affected by ALS neurodegeneration, which is closely associated with ageing. 

2.3.2. Amyotrophic lateral sclerosis and NLR inflammasomes 
ALS is considered to be a multifactorial disease, and more than 20 genes have been identified in association with the pathogenesis of 

ALS, including homodimeric enzyme superoxide dismutase 1 (SOD1), transactive response DNA-binding protein (TDP-43),Valosin- 
Containing Protein (VCP), fused in sarcoma/translocated in liposarcoma protein (FUS/TLS), and C9orf72 [94], any of which mutations 
in any of these genes may cause ALS. 

Mutations in the SOD1 gene are significant in dependent familial ALS, which may lead to alterations in motor neurons and their 
function through activation of the NLR inflammasome [95]. SOD1 exhibits neurotoxic effects in motor neuron-microglia cultures, 
where it interacts with CD14 and, together with TLR2 and TLR4, activates pro-inflammatory microglia and releases pro-inflammatory 
cytokines. In SOD1G93A transgenic rats, the production of NLRP3, caspase-1, pro-inflammatory cytokines (including IL-1β and IL-18) 
and the transcription factor NF-κB is increased, with NLRP3 predominating [96]. In the brain tissue of mutant SOD1 transgenic rats, 
NLRP3, NLRC4, absent in melanoma 2 (AIM2, an inflammatory vesicle) and caspase-1 have been shown to be expressed [97]. In 
another experiment, mutant SOD1 activated caspase-1 and IL-1β in microglia and was proved to be associated with NLRP3 [98]. Thus, 
it was basically confirmed that producing SOD1 mutations leads to NLRP3 inflammasome activation expression, resulting in neuro-
inflammation in ALS. Furthermore, a study explored the gene expression, protein concentration of NLRP1, NLRC4 and AIM2 
inflammasome in spinal cord samples from SOD1 mice and ALS patients. The results showed elevated transcript levels of NLRP1 and 
NLRC4 in symptomatic SOD1 animals, and immunoblotting revealed significantly elevated protein levels of NLRC4, suggesting with 
the exception of NLRP3, NLRC4 may be very closely related to the pathogenesis of SOD1 ALS [99]. However, in human ALS, only the 
concentration of NLRC4 protein changed dramatically, and NLRP1 protein only decreased slightly. Therefore, we hypothesized that in 
human ALS patients, NLRP1 expression is affected by different causes than in mice. In conclusion, NLRP1/3, NLRC4 expression may 
promote ALS disease progression in SOD1 mutations. 

The C-terminal fragment of TDP-43 is another pathological protein associated with ALS, with the vast majority of ALS cases 
characterized by the deposition of TDP-43 protein in affected neurons. Leaving aside the complex pathology of TDP-43 in relation to 
the presence of mutant SOD1, when the expression of the gene for this protein is upregulated, it may lead to neurodegeneration 
through activation of the NLRP3 inflammasome. Chronic brain inflammation caused by NF-κβ activation signals, such as LPS, stim-
ulation was found to mediate TDP-43 protein disease [100]. TDP-43 has been shown to activate NLRP3 inflammasomes in primary 
microglia cultures leading to increased IL-1β production and increased NLRP3 expression has been observed in postmortem tissues 
from ALS patients [101].TDP-43 protein binds to CD14 receptors in microglia, macrophages and monocytes, leading to NF-κB acti-
vation. This stimulates NLRP3 inflammasomes. TDP-43 protein binding also activates inflammasomes by upregulating NADPH oxidase 
(NOX)-2 and enhancing ROS production. NLRP3 activation has been shown to play a specific role in the upregulation of nuclear 
TDP-43 as well as in its induced neurotoxicity. In addition, Parkin has been shown to be closely associated with inflammation, 
mitochondrial stress and neurodegeneration [102]. It promotes the translocation of TDP-43 from the nucleus to the cytoplasm and 
plays an important role in TDP-43 subcellular localization and toxicity [103]. In sporadic spinal cord samples from ALS patients, 
TDP-43-containing neurons decrease parkin levels [104]. Since NLRP3 can mediate activation of caspase-1, which has been shown to 
mediate parkin cleavage [105], it can be assumed that NLRP3 activation may affect TDP-43 toxicity in ALS patients by altering parkin 
levels. Both FUS/TLS and C9orf72 have been associated with inflammation. For example, activation of the NLRP3 inflammasome can 
be mediated by C9orf72 through a number of pathophysiological pathways including lysosomal dysfunction, mitochondrial 
dysfunction, intracellular metabolic imbalance, and intracellular protein aggregation, but it remains to be explored how FUS/TLS, 
C9orf72, and the NLR inflammasome are linked and thus affect ALS. Overall, it can be determined that ALS with TDP-43 mutation 
induces NLRP3 inflammasome activation through NF-κB activation leading to neuroinflammation, while activated NLRP3 may in turn 
affect TDP-43 toxicity through cleavage of parkin. 

VCP is one of the genes involved in ALS related to protein metabolism, and one of its main responsibilities is to promote protea-
somal degradation of damaged or misfolded proteins, including RNA proteoglycans containing TDP-43 and other ALS-associated 
proteins [106]. Initially VCP mutations were thought to be the origin of clinical symptoms defined by tendinopathy, bone Peget’s 
disease and frontotemporal dementia (IBMFTD) [107], and eventually VCP was found to be one of the causes of ALS. According to 
Al-Obeidi et al. VCP mutations are found in approximately 9 % of ALS, 4 % of PD and 2 % of AD patients, although there is no 
conclusive link between the incidence of ALS and VCP mutations to date [108].A 2017 study using a mouse model of VCP showed a link 
between VCP protein myopathy and activation of the NLRP3 inflammasome. According to this study, significantly elevated expression 
of NLRP3, caspase 1, IL-1β and IL-18 was observed in the quadriceps muscle of 2- and 24-month-old VCPR155H/+ heterozygous mice. 
Furthermore, a significant rise in IL-1(+) F4/80(+) Ly6C (+) macrophages was found in the quadriceps and skeleton of the same mice, 
which positively correlated with the high expression levels of TDP-43 and p62/SQSTM1 markers in VCP pathology and progressive 
muscle atrophy [109]. Therefore, we propose that NLRP3 contributes to the link between VCP and ALS (Fig. 3B). 

2.4. Stroke 

2.4.1. Stroke and senescence 
The incidence of stroke is gradually increasing as the elderly population grows. One of the constant risks of stroke is age, which 

doubles every 10 years after age 55 and accounts for nearly three quarters of all stroke cases [110]. The chances of death and 
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self-recovery from stroke are also closely related to age. After stroke, the ageing brain experiences a significant inflammatory response 
that may impair recovery processes such as axonal development. At the most basic level, strokes are classified as ischemic strokes 
triggered by arterial embolism or cerebral thromboembolism and hemorrhagic strokes caused by cerebrovascular rupture [111]. The 
focus of this review is on ischemic strokes, which have a much higher incidence. 

Approximately 70 %–80 % of stroke cases are ischemic in nature [112]. Ischemic stroke is usually followed by secondary neu-
roinflammation, both pathological processes that promote further damage and lead to cell death, but in turn can stimulate beneficial 
effects to promote recovery. In general, ischemia-elicited pro-inflammatory signals rapidly activate microglia, astrocytes, and neu-
trophils, affect endothelial cells and the blood-brain barrier (BBB), and promote the infiltration of various inflammatory cells into the 
ischemic zone, exacerbating neuronal death and brain damage. With ageing, the outcome and recovery after ischemic stroke changes 
with changes in the number, structure and function of the aforementioned cells. It has been shown that aged mouse models of middle 
cerebral artery occlusion display larger infarct size and higher levels of pro-inflammatory cytokine expression than younger mice 
[113], confirming the detrimental effects of ageing on ischemic stroke and the exacerbation of inflammation. 

Microglia are resident immune cells of the CNS that are activated after ischemic stroke, undergo morphological and phenotypic 
changes [114], and accumulate at the lesion site and within the surrounding penumbra. Studies in rats using a transient middle ce-
rebral artery occlusion (MCAO) model have shown that microglia change from an M2 phenotype to an M1 phenotype [115]. Normally 
the M1 phenotype of microglia is usually considered destructive because they activate inflammasomes such as NLR inflammasomes, 
which in turn release pro-inflammatory cytokines such as TNF-α, IL-1β, IL-12 and IL-6, and the production of ROS and NO, all of which 
exacerbate brain tissue damage [116]. In contrast, the M2 phenotype of microglia is often thought to prevent inflammation and 
promote tissue repair. Various experimental studies have shown enhanced expression of M2 microglia after stroke, reduced infarct 
volume, increased angiogenesis and neurogenesis, and reduced cognitive impairment [117,118]. Ageing may affect the number and 
translation of M1 and M2 phenotypes. Aged mice have reduced numbers of M2 microglia compared to young mice, and aged brains 
exhibit long-term M2 response deficits and M1 polarization after ischemic injury, which may contribute to long-term dysfunction and 
chronic neuroinflammation after stroke in old age. 

This phenotypic change in aged microglia can be attributed to multiple complex mechanisms. It is relatively clear so far that the 
microglia phenotype can be regulated by interactions with neurons and astrocytes. Healthy neurons are regulated by CD200 (ligand for 
CD200R), CX3CL1 (fractalkine, ligand for CX3CR1 on microglia), neurotransmitters (e.g., GABA) and neurotrophins [119]. Astrocytes 
are regulated through the secretion of soluble factors such as nuclear factor erythroid 2-related factor 2 (Nrf2) and transforming 
growth factor (TGF)-β. It is the reduction of these regulatory factors and the increase of various pro-inflammatory factors during ageing 
that may trigger the shift of microglia to the M1 phenotype [120]. 

In addition, there is a prolonged hypostimulated inflammatory response after acute stroke, and this prolonged increase in 
inflammation is also associated with microglial cell senescence. A study examining microglial activation after permanent MCAO in rats 
showed that despite the cessation of inflammation at the primary infarct site, an increased inflammatory response with a secondary 
peak of inflammation was observed in the ipsilateral thalamus 7 months after stroke [121]. This secondary peak may be exacerbated by 
the increased inflammatory environment caused by ageing. Overall, therefore, phenotypic transformation and activation of microglia 
are closely linked to acute and chronic inflammation in ischemic stroke, and these pathological processes are exacerbated by ageing. 

Astrocytes are also key cells in the pathological process of ischemic stroke. It has a similar secretory profile to microglia and also 
converts to a pro-inflammatory phenotype during ageing or in the event of ischemic stroke, activating NLR inflammasomes and 
releasing pro-inflammatory factors to induce neuroinflammation, but unlike microglia, astrocyte numbers do not change significantly 
in the elderly compared to the young [122]. Notably, glutamate transporters in astrocytes, such as glutamate transporter (GLT)-1 and 
glutamate-aspartate transporter (GLAST), decline with ageing, limiting their regulation of inter-synaptic glutamate concentrations, 
which can have implications for ischemic stroke and inflammation. Since excessive glutamate input is a key mechanism of neuronal 
excitotoxicity, loss of glutamate regulation in astrocytes may exacerbate neuronal damage during ageing. Similarly, the regulatory 
capacity of astrocytes during ischemic stroke is dramatically reduced by glutamate transporter levels shortly after ischemia [123], 
suggesting that both cerebral ischemia and ageing this further exacerbates glutamate-mediated excitotoxicity via astrocytes in aged 
cerebral ischemia and induces neuroinflammation. 

In addition to glial cells, neutrophils are also involved in ischemic stroke as well as in secondary injury. After stroke, neutrophils 
undergo structural change and migrate through the endothelial vessel wall and are subsequently attracted to the ischemic zone by 
chemokines. Neutrophils cause secondary injury in ischemic stroke by releasing pro-inflammatory factors, ROS and matrix metal-
loproteinases (MMP). These factors damage the endothelial cell membrane and basal lamina, leading to BBB permeability and post- 
ischemic edema. It has been indicated that the percentage of circulating neutrophils in the blood of aged mice after stroke is signif-
icantly higher compared to young mice, and they show more production of reactive oxygen species and MMP in the ischemic brain, 
which is closely associated with poor neurological prognosis in aged mice after stroke, implying that ageing is a driver of neutrophil- 
induced neuroinflammation after stroke [124]. 

In addition to inducing neuroinflammation and brain damage during ischemic stroke, the aforementioned microglia, astrocytes and 
neutrophils can also produce inflammatory factors that damage the endothelial cell membrane and basal lamina. This can lead to 
increased BBB permeability and post-ischemic edema, as well as recruitment of peripheral immune cells, including T cells, neutrophils 
and macrophages, to the site of injury to release more cytokines, which can have further beneficial or detrimental effects on the 
neurovascular system. Studies have shown that BBB infiltration increases with age and is associated with severe cognitive decline and 
poor function in elderly stroke patients [125]. Thus, age-related changes in BBB permeability are also a factor in the regression of 
ischemic stroke. In conclusion, ischemic stroke induces changes in microglia, astrocytes, neutrophils and BBB permeability that 
activate inflammasomes that drive the development of neuroinflammation and brain damage, and ageing exacerbates the deleterious 
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effects of these factors and adversely affects ischemic stroke. 
Intracerebral hemorrhage (ICH) accounts for approximately 20 % of all strokes. The pathological mechanisms occurring after ICH 

are broadly based on the immediate compression of adjacent brain tissue by the action and trauma produced during haematoma 
formation at the moment of ICH onset, i.e., the primary brain injury of ICH. Subsequently, secondary brain damage such as excito-
toxicity, oxidative stress and neuroinflammation produced by the stroke exacerbates the white matter damage and leads to neuro-
logical deterioration [126]. In the same way as in ischemic stroke, microglia, astrocytes, leucocytes and glutamate are all involved in 
these pathological changes [127]. In addition, microcirculatory changes are both a cause and a resultant manifestation of cerebral 
hemorrhage. Such changes can be mediated by endothelial dysfunction, brain self-regulation, and impaired neurovascular coupling, 
which in turn can promote neuroinflammation and microvascular injury [110]. The microcirculation itself is known to change with 
age, suggesting that brain state under cerebral hemorrhage stroke is also closely associated with ageing. 

2.4.2. Stroke and NLR inflammasomes 
The poor prognosis and brain damage in stroke mentioned above is associated with the activation of microglia, astrocytes, neu-

trophils and altered BBB permeability leading to the release and spread of pro-inflammatory factors, ultimately causing neuro-
inflammation. The production of pro-inflammatory factors is closely linked to the activation of inflammasomes, and some of the NLR 
inflammasomes have been found to be activated during stroke and involved in the pathological process of the disease. 

The NLRP3 has been shown to be a key mediator of inflammation following ischemic stroke. The NLRP3 is first activated in 
microglia following brain I/R (ischemia-reperfusion) injury and subsequently expressed in microvascular endothelial cells [128], 
particularly in neurons. Under ischemic conditions in vitro and in vivo, NLRP3 inflammasomes were activated in mouse primary 
cortical neurons with increased levels of NLRP3, ASC, caspase-1, and IL-1β and IL-18. In addition, the NLRP3 inflammasome 
component and the pro-inflammatory factors IL-1β and IL-18 which it can release were also found to be elevated in post-mortem brain 
tissue samples from stroke patients [129]. In turn, some experiments have confirmed that downregulation of NLRP3 expression after 
ischemia helps to reduce neuroinflammation and brain injury by inhibiting NLRP3 activation. Caspase-1 inhibitor treatment and 
intravenous immunoglobulin (IVIg) treatment can protect neurons in experimental stroke models by inhibiting NLRP3 inflammasome 
activity [130]. Moreover, the NLRP3 inhibitor MCC950 has been shown to reduce infarct volume in MCAO mice by downregulating 
different pro-inflammatory factors and NLRP3-expressing inflammasome components [131]. Another study showed that NLRP3− /−
mice reduced infarct volume, edema formation and preserved BBB permeability in an MCAO mouse model [132]. These studies all 
support that NLRP3 inflammasome activity is increased in ischemic stroke, suggesting that NLRP3 may be a potential target in 
ischemic stroke and play an essential role in mediating neuronal cell death. 

Regarding the mechanisms that induce NLRP3 inflammasome assembly activation in the ischemic brain, the current study con-
cludes that potassium efflux, ROS release and lysosomal damage are the main factors. During cerebral ischemia, some Na+/K+-ATPase 
pumps are impaired due to reduced ATP production, leading to increased Na+ influx and K+ efflux, which activates NLRP3 [133]. In 
parallel, the electron transport chain in mitochondria is affected and ROS levels are greatly increased, activating the brain inflam-
matory response and the NLRP3 inflammasome, while inducing oxidative stress and stimulating Ca2+ ion release. This leads to 
endoplasmic reticulum (ER) stress damaging organelles and ultimately leading to apoptosis. In addition, cholesterol crystals from 
atherosclerotic plaques at the site of occlusion fuse with lysosomes, which induces lysosomal membrane rupture and release of 
cytosolic tryptic proteins into the cytoplasm, which can also activate NLRP3 [134]. Thus, these aforementioned may collectively 
activate NLRP3 receptors and lead to a cascade of inflammatory responses and brain cell damage. 

In addition to NLRP3 activation that positively advances the development of neuroinflammation in ischemic stroke, NLRP1, NLRP2 
and NLRP10 inflammasomes have been found to be activated in ischemic stroke and by similar mechanisms. Studies have shown that 
microglia in the normal brain express the adapter protein ASC, but not NLRP1 or caspase-1, whereas cerebral ischemia due to em-
bolism promotes the expression of caspase-1, NLRP1 and ASC, as well as the pro-inflammatory cytokines IL-1β and IL-18, by the 
relevant cells [135], suggesting that upregulation of the NLRP1 inflammasome in cerebral ischemia promotes the release of 
pro-inflammatory factors. Other study data found that NLRP2 protein is expressed in the central nervous system, mainly in astrocytes, 
and that expression is elevated when the brain is ischemic. Oxygen-glucose deprivation (OGD) is one of the conditions that can cause 
cerebral ischemia and can be used to construct ischemia/reperfusion models, and studies have confirmed that silencing the NLRP2 
gene reduces apoptosis in the brain after oxygen-glucose deprivation treatment, suggesting that high expression of NLRP2 in the CNS 
may also have an important role in the pathophysiology of ischemic stroke [136]. Regarding NLRP10, Li et al. demonstrated a sig-
nificant reduction in brain infarct volume in NLRP10 knockout mice in response to acute ischemic stroke inflammation by inducing 
MCAO injury. Moreover, activation of the TLR-4/NF-κB signaling pathway associated with NLR activation was inhibited, and in-
flammatory complex components ASC and caspase-1 were significantly impaired by the loss of NLRP10 [137]. Thus, the 
NLRP1/2/3/10 inflammasome complexes are all expressed in the ischemic brain and contribute to ischemic brain injury. 

All of the above NLR inflammasomes activations promote neuroinflammation and brain injury in ischemic stroke, in contrast to 
NLRC5, whose expression suppresses the inflammatory response and whose expression is normally suppressed in cerebral ischemia. 
NLRC5 has a very long C-terminal region with 27 LRRs and is the largest member of the NLR protein family. During cerebral ischemia/ 
perfusion (I/R), mRNA and protein levels of NLRC5 are greatly reduced within oxygen and glucose deprivation (OGD)/reoxygenation 
(R)-induced neurons. In contrast, when NLRC5 was overexpressed, it inhibited TNF-α, IL-6, IL-1β, ROS, and reduced oxidative damage, 
apoptosis and inflammatory responses by suppressing the TLR4/MyD88/NF-κB pathway in cerebral ischemia-reperfusion injury 
[138]. In addition to NLRC5 inhibiting inflammation-related pathways, another study showed that overexpression of NLRC5 increased 
the expression of B-cell lymphoma-2 (Bcl2), nuclear factor Nrf2, heme oxygenase-1 (HO-1) and genes downstream of the Nrf2/HO-1 
pathway [139], resulting in a significant increase in cell viability, suggesting that the promoted Nrf2/HO-1 pathway mediates the 
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protective effects of NLRC5. Therefore, NLRC5 has also been suggested as a potentially useful therapeutic target in the management of 
brain I/R injury. Overall, NLRC5 has been shown to be neuroprotective in cerebral ischemic injury and promises to be an effective 
target for treatment. 

ICH is another cause of stroke, and the main mechanism of brain damage caused by it is aseptic neuroinflammation [140]. after 
ICH, glial cells produce large amounts of pro-inflammatory cytokines, which are activated by innate immune sensors. Extracellular 
sensors are TLRs, etc., and inhibition of TLR4 has been shown to reduce neuroinflammation and brain damage caused by ICH [141]; 
intracellular sensors are NLR inflammasomes, etc., and activated NLR inflammasomes can process and release the mature proin-
flammatory factors IL-1β and IL-18 [142]. NLR inflammasomes involved in cerebral hemorrhage are NLRP3 and NLRP6. In contrast to 
cerebral ischemia in which the NLRP3 inflammasome activation promotes neuroinflammation similarly, by inhibiting the NLRP3 
inflammasome the ICH-induced brain injury can be similarly attenuated [143]. Conversely, NLRP6 deficiency exacerbates 
ICH-induced brain injury. The NLRP6 inflammasome is generally thought to contribute to the promotion of peripheral nerve healing 
and control of immune responses. the NLRP6 inflammasome inhibits inflammatory signaling by negatively regulating the typical 
NF-κB activation pathway and may also promote recovery from peripheral nerve injury by inhibiting inflammatory responses unre-
lated to the inflammasome as well as IL-1β [144]. These findings imply that the NLRP6 inflammasome has a function in preventing 
brain injury. Furthermore, regarding the enhanced TLR4 signaling after ICH, some experiments have demonstrated that the NLRP6 
inflammasome is lost in TLR4 knockout ICH mice, and thus activated TLR signaling may be responsible for the increased expression of 
the NLRP6 inflammasome. Overall, upregulation of NLRP6 inflammasome expression may protect the brain from ICH-induced brain 
injury, whereas NLRP3 is upregulated in cerebral haemorrhagic stroke and exhibits pro-inflammatory effects (Fig. 3C). 

2.5. Peripheral neuropathy 

2.5.1. Peripheral neuropathy and senescence 
Peripheral neuropathy is a common neurological disorder with multiple causes. Diabetes, exposure to toxins such as alcohol and 

chemotherapy, immune-mediated diseases and genetic abnormalities are the most common causes. The prevalence of has been 
investigated to be between 1 % and 12 % in all age groups, with the prevalence of as high as 30 % in older adults [145]. Many of the 
peripheral neuropathies currently associated with the elderly are dominated by diabetic complications and immune-related disorders, 
so we focus on diabetes and immune-mediated-related rheumatoid arthritis (RA) as examples. 

Diabetic peripheral neuropathy (DPN) is a classic diabetic complication, and DPN is a chronic, symmetrical, length-dependent 
sensorimotor polyneuropathy [146]. Diabetic complications are most commonly seen in people aged 65 years and older. Specif-
ically, 19.9 % of people aged 65–79 years will develop diabetes. In addition, up to 50 % of people with diabetes will develop neu-
ropathy associated with increased age and duration of diabetes [147]. Age is therefore strongly associated with the prevalence of DPN 
in diabetic patients, and increasing age is the most frequently assessed non-modifiable risk factor in most epidemiological studies of 
DPN [148]. Inflammation, oxidative stress and mitochondrial dysfunction are the three main changes affecting pathological alterations 
in DPN, and they are mainly thought to be associated with the ageing process [149]. These pathological changes affect 
thioredoxin-interacting protein (TXNIP), which plays an important role in peripheral neuropathy causing neuropathic pain. TXNIP, 
also known as thioredoxin-binding protein-2 or vitamin D3 upregulated protein 1, is a multifunctional protein. TXNIP plays a crucial 
role in controlling glucose and lipid metabolism as well as proliferation and death. It has a WW structural domain which can binds 
NLRP3 and an SH-3 structural domain. Increased TXNIP/NLRP3 complexes have been observed in studies to boost IL-1 production and 
inflammation [150]. Thus, TXNIP action may be a factor contributing to neuropathy in diabetic patients during ageing. 

RA is a prime example of an immune-mediated disease and there is a link between its onset and advancing age. Rheumatoid 
arthritis is a chronic, synovial-focused autoimmune disease that can damage joints and impair mobility. An ageing population, 
increased life expectancy and the growing prevalence of RA in older people are the main reasons for the increase in the elderly 
population with RA [151]. Both the innate and adaptive immune systems are affected by ageing. Ageing-related non-specific activation 
of the innate immune system increases the incidence of chronic inflammation and complications [152], while ageing-induced 
phenotypic changes and functional deficits in the adaptive immune system lead to disruption of immune tolerance and increased 
prevalence of autoimmune diseases [153]. According to relevant studies, peripheral neuropathy is a well-known extra-articular 
symptom caused by rheumatoid arthritis, affecting 75.28 % of patients. The functional impairment caused by peripheral neuropathy in 
patients with rheumatoid arthritis can worsen and manifest itself in a variety of signs and symptoms, including pain, numbness, pins 
and needles, and muscle weakness [154]. peripheral neuropathy in RA leading to nerve damage can cause nerve inflammation and 
worsen the pain experienced by patients. Therefore, studying the pathological mechanisms of peripheral neuropathy can help to 
alleviate patients’ suffering in the future. 

2.5.2. Peripheral neuropathy and NLR inflammasomes 
There is a role for the NLRP3 inflammasome in the pathology of DPN, which is associated with TXNIP in Schwann cells. The main 

clinical manifestations of DPN are axonal degeneration and peripheral nerve demyelination, and among peripheral nerve cells 
Schwann cells are the most numerous glial cells, which maintain peripheral nerve shape and function by wrapping unmyelinated 
axons, myelinated axons and secreting neurotrophic factors to maintain the shape and function of peripheral nerves [155]. Schwann 
cells are closely associated with the pathophysiology of DPN and are highly sensitive to glucose and insulin levels. As DPN progresses, 
they undergo apoptosis, which is closely linked to the neurological TXNIP/NLRP3 axis. TXNIP is contained within the thioredoxin 
(TRX) system, a key regulator of cell proliferation, apoptosis and glycolipid metabolism, as well as a key factor in intracellular defence 
against oxidative stress. In high glucose Schwann cells, ROS are released from mitochondria under oxidative conditions, promoting the 

J. Zhang et al.                                                                                                                                                                                                          



Heliyon 10 (2024) e32688

14

separation of TXNIP from the TRX system and its attachment to NLRP3. TXNIP subsequently activates the NLRP3 inflammasome in 
Schwann cells, causing them to release the pro-inflammatory factor IL-1β, which induces neuroinflammation and damages Schwann 
cells, while participating in the pathological progression of type 2 diabetes [156]. Therefore, it is expected that the symptoms of DNP 
can be alleviated by inhibiting the ROS/TXNIP/NLRP3 pathway. 

In addition, with respect to Schwann cells only, CXCL12 (C-X-C motif chemokine ligand 12) -CXCR4 (CXC-chemokine receptor 4) 
signaling regulation may be present in Schwann cells, whose mediated inflammatory injury of peripheral nerves is also associated with 
NLRP3. In the unilateral sciatic nerve chronic constriction injury (CCI) model-induced neuropathic pain, expression of CXCR4, CXCL12 
and NLRP3 was significantly elevated, and it was hypothesized that CXCL12-CXCR4 mediates activation of the NLRP3 inflammasome 
to increase mechanical pain [157]. Studies have further shown that the CXCL12-CXCR4 axis in nerve sheath cells may be involved in 
sciatic nerve injury by affecting [Ca2+] i, which can activate NLRP3 inflammasome-related activating stimuli. For example, excessive 
mitochondrial uptake of Ca2+ can lead to mitochondrial damage, and the released ROS and mtDNA can act as NLRP3 inflammasome 

Table 1 
Role of NLR inflammasomes-related inhibitors in the therapy of neurological disorders.SN, substantia nigra; ASC, apoptosis associated speck like 
protein; TLR, toll-like receptor; α-syn, α-synuclein; IL-1β, interleukin-1 beta; IL-18, interleukin-18; AMPK, adenosine monophosphate-activated 
protein kinase; ROS, reactive oxygen species; mtDNA, mitochondrial DNA; NF-κB, nuclear factor kappa B; Nrf2: Nuclear factor erythroid 2-related 
factor 2; HO-1, heme oxygenase-1; TXNIP, thioredoxin-interacting protein; PD, Parkinson’s disease; AD, Alzheimer’s disease; RA, rheumatoid 
arthritis; ALS, Amyotrophic Lateral Sclerosis; DPN: diabetic peripheral neuropathy; NLRP, nucleotide-binding oligomerization domain, leucine-rich 
repeat and pyrin domain-containing.  

Mechanism Candidate Target Disease/ 
Model 

Effects/pathways References 

Inhibiting NLR 
inflammasomes 
constituents 

MCC950 NLRP3, ASC AD, PD, 
Stroke, RA 

Inhibiting ASC oligomerization and secretion and 
release of Il-1β and IL-18 

[163] 

17 β-estradio NLRP3, ASC Stroke, ALS Inhibiting the formation of NLRP3-ASC complex [162] 
Glyburide/JCC124 NLRP3, ASC AD, Stroke Suppressing K-ATP channels and inhibiting ASC 

agglomeration 
[169] 

Ac-YVAD-CMK Caspase-1 PD, Stroke Inhibiting caspase-1 to reduce the ability to process pro- 
IL-1β into IL-1β 

[29] 

MNS NLRP3, ASC AD, Stroke Inhibiting ASC speck formation and oligomerization [165] 
VX740/VX-765 Caspase-1 AD,Stroke, 

RA 
Covalent modification of the catalytic cysteine residue 
in the active site of caspase-1 resulting in caspase-1 
blocking and resultant cleavage of pro-IL-1β/18 

[167] 

Bay 11-7082 NLRP3, 
Caspase-1 

AD, Stroke Inhibiting ATPase activity of NLRP3 [166] 

Inhibiting NLR 
inflammasomes 
priming pathway 

Calycosin TLR/NF-κB PD, Stroke Inhibiting the TLR/NF-κB and MAPK pathways [170,171] 
Ginkgo diterpene 
lactones 

TLR4/NF- 
κB 

Stroke Downregulating of TLR4/NF-κB signaling [172] 

Cordycepin TLR2 PD Decreasing TLR2 mRNA expression [176,177] 
Procyanidins TLR4/NF- 

κB 
Stroke, 
DPN 

Inhibiting TLR4-NF-κB-NLRP3 signaling pathways [170] 

Astragaloside IV TLR4,ROS Stroke Inhibiting TLR4 pathway; reducing ROS production [171] 
Ibudilast (MN-166) 
(MediciNova) 

TLR4 RA Inhibiting TLR4 pathway [180] 

Papaverine NF-κB PD inhibiting NF-κB in SN of PD mice to inhibit the 
activation of NLRP3 inflammatory bodies 

[179] 

Isoliquiritigenin (ILG) NF-κB Stroke, 
DPN 

Inhibiting NLRP3 inflammasome activation mediated by 
NF-κB 

[175] 

Parthenolide Caspase-1/ 
NF-κB 

AD, Stroke, 
RA 

Inhibiting NLRP3/NLRC4 inflammasome activation 
mediated by NF-κB (Inhibiting both the protease activity 
of caspase-1 and ATPase activity of NLRP3) 

[172,173] 

Atorvastatin Caspase-1/ 
NF-κB 

AD, DPN Inhibiting NLRP3 activation and release of IL-1β. 
Reducing caspase-1 and NF-κB expression and ROS 
scavenging 

[174] 

Inhibiting NLR 
inflammasomes 
activation pathway 

Fingolimod (FTY720) ROS PD, Stroke, 
ALS 

Inhibiting MPTP-induced microglial activation in the 
SNpc, suppressed the production of IL-6, IL-1β, and 
tumor necrosis factor-α 

[190,191] 

Cyclo (His-Pro) ROS ALS Decreasing protein nitration through downregulating 
expressions of nitric oxide and ROS 

[181] 

Minocycline ROS AD, PD, 
Stroke, ALS 

Stoping microglial activation; inhibiting maturation and 
release of proinflammatory cytokines IL-1β/IL-18 

[182] 

Idebenone ROS AD, PD, 
Stroke 

Decreasing ROS and cytosolic oxidized mt-DNA, 
suppressing uncontrolled NLRP3 activation. 

[183] 

NSAIDs (Mefenamic 
acid, Flufenamic acid …) 

Cl- channel AD, PD, RA Block Cl- channel to inhibit NLRP3 inflammasome 
activation 

[185] 

CA074Me Cathepsin B AD Abrogating the increase in ROS treatment with α-syn 
aggregates 

[186] 

Sinomenine AMPK Stroke, RA Inhibiting the NLRP3 inflammasome mediated by AMPK 
pathway 

[184]  
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activators and trigger inflammatory responses [158]. Thus, a CXCL12-CXCR4-[Ca2+] i-NLRP3 inflammasome axis may exist in 
Schwann cells and be associated with inflammatory damage in peripheral nerves. 

There may be a link between chronic pain and inflammation caused by nerve injury in RA and NLR inflammasomes. Regarding the 
NLRP3 inflammasome, which plays a role in many diseases, several studies have shown that NLRP3 mRNA and NLRP3 inflammasome- 
associated protein are upregulated in monocytes, macrophages in RA patients [159], presumably linking NLRP3 to nerve damage due 
to inflammation during RA. It is relatively clear from current studies that the NLRP1 inflammasome is an important factor in peripheral 
neuropathy in RA and is associated with P2X4 and P2X7 receptors. In the pathological process of RA, after the inflammatory response 
in the synovial fluid leads to peripheral nerve injury, the release of ATP and prostaglandins (PG) from the damaged nerve activates 
P2X4R and P2X7R expressed on macrophages. Subsequently, the activated P2X4R regulates high Ca2+ influx into macrophages 
possibly activating p38 MAPK, leading to central pain mediators brain-derived neurotrophic factor (BDNF) and prostaglandin E2 
(PGE2) release into synovial fluid and peripheral nerves, exacerbating pain perception in RA patients [160]. Significant leukocyte 
infiltration, synovial hyperplasia and significant cartilage damage have been reported to be attenuated following administration of 
P2X4R antisense nucleotides (P2X4R gene inhibitors), and NLRP1 inflammasome inhibition has been found, revealing the importance 
of NRLP1 involvement in inflammasome signaling pathways in the pathogenesis of RA following P2X4R activation [161]. Further-
more, activated expression of P2X7R causes macrophages to produce pro-inflammatory factors that further stimulate the release of 
IL-1β and IL-18 from NLRP1 inflammasomes on macrophages. In addition, RA-induced P2X4R/P2X7R/NLRP1-mediated neuro-
inflammation may be involved in pain propagation in the central nervous system. In turn, chronic inflammation generated in the 
peripheral nervous system may lead to bone erosion, generating injury signals that can likewise be transmitted to the centre and 
develop into thermal pain and mechanical hypersensitivity. Therefore, inhibition of P2X4R/P2X7R/NLRP1 expression may be a po-
tential pathway to improve RA symptoms (Fig. 3D). 

3. Treatment strategies for delaying age-related diseases based on NLR inflammasomes 

3.1. Therapeutic strategies using NLR inflammasomes inhibitors 

According to the various studies available, inhibition of the NLR inflammasomes has great potential for the prevention and 
treatment of neurodegenerative diseases. Depending on the way in which the inhibitors act, they can usually be divided into inhibition 
of the components of the NLR inflammasomes and inhibition of their activation signals. However, as previously described NLRP3 
activation also requires an initiation signal and degenerative neuropathies commonly involve NLRP3 inflammasomes, so inhibitors are 
broadly classified as (1) inhibiting NLR inflammasomes components, (2) inhibiting NLRP3 initiation signals, (3) inhibiting NLRP3 
activation signals, and (4) inhibiting by other means. The table summarizes some of the NLR inflammasomes inhibitors currently being 
used experimentally or clinically (Table 1). 

With regard to inhibition of the NLR inflammasome components, the currently relevant inhibitors aim to inhibit inflammatory 
complex assembly by targeting the component proteins, mainly NLR inflammasomes monomers such as NLRP3 and NLRC4, ASC 
adapter proteins, effector proteins such as caspase-1, and IL-1β and IL-18 [29,162]. MCC950, a dimeric sulfonylurea compound, is the 
most studied and effective inhibitor of the NLRP3 inflammasome. It can inhibit NLRP3 activation by acting on NLRP3 monomers and 
ASC [163]. It has been shown to reduce the secretion of IL-1β and IL-18 by abrogating ASC oligomerization in human and mouse 
macrophages [164]. Also, MCC950 can block ATP hydrolysis and inhibit NLRP3 inflammasome formation and activation by directly 
interacting with the Walker B motif of the NLRP3 NACHT structural domain. The development status of its clinical drug application in 
RA is currently clinical phase 2. Alternatively, 3,4-methylenedioxy-β-nitroso styrene (MNS) has been shown to specifically block 
NLRP3-induced ASC spot formation and oligomerization as well as inhibit NLRP3 ATPase activity [165]. In addition to targeting NLR 
monomeric and adapter proteins ASC, for caspase1, Parthenolide and Bay 11–7082 were shown to directly inhibit activation of the 
protease caspase-1 to suppress various inflammasomes in macrophages [166].Caspase-1 inhibitor VX-765 in animal models of AD 
showed neuro protective effects and attenuated neuropathic and cognitive deficits [167], while another inhibitor, VX-740, was un-
dergoing phase II trials in RA but was discontinued due to hepatotoxicity in long-term treatment [168]. In addition, although glyburide 
is a commonly used drug for the treatment of type 2 diabetes, it has also been found to act on compounds upstream of NLRP3 to inhibit 
caspase-1 activation and IL-1β secretion, and its intravenous formulation RP-1127 for ischemic stroke and cerebral edema has been 
entered into clinical phase 2 trials (NCT01454154, NCT01268683) [169]. Finally, although it is possible to inhibit the inflammasome 
effector proteins IL-1β and IL-18 alone, i.e., by applying IL-1β antibodies or IL-1 receptor antagonists to inhibit the NLR inflammasomes 
for the treatment of related diseases, their targeting efficacy is controversial and thus it is currently difficult to progress towards clinical 
application. 

The initiation signals for NLRP3 are usually TLR and NF-κB, so by inhibiting this initiation signal an inhibitory effect on the in-
flammatory response generated by NLRP3 can also be achieved [170–175]. Both of the phytochemicals, calycosin and cordycepin, 
show neuroprotective effects in the MPTP model of PD via inhibition of the TLR/NF-κB signaling pathway [176,177]. Another natural 
compound, Ginkgo diterpene lactones (GDLs), inhibits platelet aggregation, astrocyte activation and pro-inflammatory cytokine 
release, which may be associated with downregulation of the TLR4/NF-κB signaling pathway [178]. Papaverine, a non-addictive 
opiate alkaloid, is clinically used for the treatment of disorders associated with gastrointestinal spasm and disorders associated 
with movement disorders. It has also been shown to inhibit NF-κB in the SN of PD mice to suppress NLRP3 inflammasome activation, 
thereby reducing microglial activation and neuronal cell death. Thus, it is also a potential drug candidate for PD and other neuro-
degenerative diseases associated with microglial phase initiation and activation. In addition to a number of natural compounds, a small 
molecule NPT520-34 (Neuropore) (NCT03954600) that has completed phase I clinical trials reduced TLR2 mRNA expression in PD 
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transgenic mice, resulting in improved neuropathology and motor deficits in these animals [179]. Ibudilast (MN-166) (MediciNova) 
from the phase II clinical trial in amyotrophic lateral sclerosis (NCT02714036) is also another potential TLR4 antagonist [180]. 

In degenerative neuropathies, the activation signal of NLR inflammasomes usually involves ion fluxes, release of Cathepsin B in 
ruptured lysosomes, and ROS. Therefore, by interfering with these mediators the activation of NLR inflammasomes can be blocked and 
related inhibitors may be potential therapeutic agents for related neuropathies [181–184]. The NSAID flufenamic acid is a 
well-established ion channel modulator that has been shown to inhibit NLRP3 inflammasomes by a mechanism of action through 
inhibition of Cl− channels [185]. Cathepsin B released from lysosomes can also be targeted to inhibit NLRP3 activation. Experi-
mentally, it was demonstrated that after treatment of AD models with CA074Me, it could be observed that CA074Me inhibited the 
conversion of Cathepsin B to the active form, had an ameliorative effect on memory dysfunction and reduced Aβ plaques [186]. Later, 
this inhibitor was found to inhibit ROS release in neuronal cells intervened with polymerised α-syn [187]. Alternatively, preventing 
ROS release from damaged mitochondria and ruptured lysosomes may also be a potential treatment for neurodegenerative diseases. In 
a 6-OHDA/MPTP-induced PD model, the natural compounds Antrodia camphorata polysaccharide and tenuigenin inhibited 
ROS-NLRP3 activation [188,189]. In addition, Dl-3-n-butylphthalide and fingolimod (FTY720), a sphingosine-1-phosphate receptor 
antagonist, inhibited mtROS, which inhibited NLRP3 inflammasome activation in PD models [190,191]. Of these, the application of 
FTY720 to ALS and ischemic stroke (IRCT20220423054619N1, NCT04629872) has been entered into clinical phase 2 trials. 

In addition to inhibiting structural proteins of the inflammatory complex and inhibiting initiation and activation signals, there are a 
number of inhibitors that inhibit inflammasome activation by other means. For example, melatonin can reduce neuroinflammation in 
animal models of PD by reducing NLRP3 inflammasome activation, which is regulated by histone deacetylase silencing information 
regulator 1 (SIRT1); edaravone (MT-1186) has been shown to switch the M1/M2 phenotype and modulate NLRP3 inflammasome 
activation, with clinical trials applied to ALS into phase III (NCT04577404) [192,193]. However, how SIRT1 and MT-1186 target 
NLRP3 is unknown. The novel compound, 5-(3,4-difluorophenyl)-3-(6-methylpyridin-3-yl)-1,2,4-oxadiazole (DDO-7263), can reduce 
neuroinflammation in vivo by activating the transcription factor Nrf2, the definitive mechanism of which remains to be determined 
[194]. 

In addition, in addition to the usual synthetic drugs and natural compounds, stem cell-related biological products can also act as 
inhibitors of NLR inflammasomes. Mesenchymal stem cells (MSCs) can differentiate into a variety of cell types including neurons and 
have the ability to self-renew. The neurotrophic factors secreted by stem cells have neuroprotective and neuroregenerative effects. 
When human mesenchymal stem cells were transplanted into animal models of PD, they reduced the loss of dopaminergic neurons and 
increased dopamine levels [195]. Additional studies on AD have shown that glia-like cells from human MSCs reduces a β-induced 
activation of NLRP3 in neural stem cells, increases the viability and proliferation of neural stem cells, and repairs damaged nerves. 
Furthermore, intra-arterial infusion of MSCs after stroke reduces infarct size and enhances motor function and behavior, and a decrease 
in TNF-α, NF-κB, NLRP1, NLRP3 and the apoptotic marker caspase-3 can be observed [196]. Moreover, transplantation of human 
umbilical cord blood-derived pluripotent stem cells (HCB–SCs) co-cultured with lymphocytes in ischemic brain tissue reduced the 
expression of NLRP3 and related factors, inhibited NF-κB and extracellular signal-regulated kinase (ERK) activity and reduced ischemic 
brain injury [197]. The above suggests that some stem cell bioproducts can inhibit the associated inflammatory response and may be a 
therapeutic product for neurological disorders, while there are also many inhibitors of NLR inflammasomes-related compounds with 
unclear mechanisms that are potential therapeutic agents for neurodegenerative diseases. 

Overall, very few inhibitors of NLR inflammasomes are currently being used in the clinical setting for the treatment of neurode-
generative diseases. Although a number of drugs are in clinical trials, as mentioned earlier some inhibitors have been discontinued due 
to toxic side effects. It is clear that more in-depth research is needed to bring NLR inflammasomes-related inhibitors into clinical use, 
and the discovery of effective and specific NLRP3 inflammasome inhibitors with fewer side effects should be a major goal of future 
research. However, there are other research strategies for NLR inflammasomes besides drug development, so we focus on physical 
therapy, which is more commonly used and generally applicable in the clinic. 

3.2. Treatment strategies using physical therapy 

In addition to pharmacological interventions, physical therapy is one of the medical treatments that can help improve age-related 
degenerative neuropathy. It has been shown that lack of adequate exercise training may increase the risk of stroke, AD and PD, while 
physiotherapy can reduce the risk of developing them [198]. The physiotherapy mentioned here includes patient-initiated physical 
exercise as well as passive manipulative therapy. It has been suggested from various studies that the improvement of neuropathy by 
these modalities may involve the modulation of NLR inflammasomes. 

As a form of physiotherapy, regular exercise training can improve the symptoms of neurodegenerative diseases. In older adults, for 
example, aerobic exercise has shown an improvement in cognitive function [199]; moderate aerobic exercise helps maintain pe-
ripheral nerve function and is helpful in counteracting the health behaviors associated with DPN in type 2 diabetics [200]. Chronic 
pain is also a common manifestation of neurological disorders associated with ageing, and the mechanism is broadly based on the 
immune and nervous systems working in concert to activate pain pathways through interactions between immune cells, glial cells and 
neurons. Among the numerous interactions are the synthesis and release of neurotransmitters and inflammatory mediators [201], and 
it is thought that long-term exercise is beneficial in reducing disease-associated inflammatory signaling and may reduce the chronic 
pain associated with neurological disease [202]. Overall, therefore, exercise has been used as a form of intervention to activate this 
natural anti-inflammatory mechanism, prompting cells to produce anti-inflammatory cytokines or inhibiting pain from 
pro-inflammatory cytokines [203]. Cytokines such as IL-1α, IL-1β, IL-2, IL-4, IL-6, IL-10, TGF-β and TNF-α become active during 
neuropathic pain in the spinal cord and DRG [204]. Regular exercise in older adults has been shown to reduce inflammation-related 
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markers [205]. Many of these markers have been shown to be closely associated with NLR activation. Thus, it is reasonable to hy-
pothesize that NLR inflammasomes are involved in the regulation of inflammation-related markers by exercise and that symptoms of 
neurodegenerative diseases may be improved by exercise. 

The regulation of NLR inflammasomes by exercise in certain neurological disorders has now been demonstrated. Existing studies 
have shown that exercise can attenuate the pathogenesis of AD and PD by downregulating the expression of pro-inflammatory cy-
tokines and inhibiting NLR inflammasomes-mediated microglia activation in patients or animal models [206]. For example, NLRP3 
and NLRP1 can be significantly reduced by exercise and supplementation, which can help combat Alzheimer’s disease [207]. In PD 
models, neurotrophins associated with regular physical activity were found to stabilise intracellular calcium concentrations, induce 
the expression of antioxidant enzymes and inhibit the release of pro-inflammatory cytokines [208]. Notably, moderate-intensity 
treadmill exercise has typically been shown to significantly inhibit NLRP3 inflammasome activation in the hippocampus, prefrontal 
cortex and substantia nigra in both mice and rats. These are usually associated with metabolic disorders, hypoxia, ageing, Alzheimer’s 
disease, depression, and cerebral ischemia [209]. In addition, mitochondria are involved in regulating NLRP3 inflammasome acti-
vation and it has been hypothesized that mitochondrial adaptations to exercise may influence NLRP3 inflammasome activity. Studies 
have shown that chronic moderate intensity exercise promotes mitochondrial biosynthesis, enhances antioxidant capacity and inhibits 
NLRP3 inflammasome hyperactivation [210,211]. Chronic moderate-intensity exercise may reduce mtROS production by modulating 
mitochondrial mass (mitochondrial proliferation and activation of mitophagy) to improve mitochondrial function and enhance 
clearance of damaged mitochondria, thereby inhibiting the NLRP3 inflammasome pathway and alleviating excessive inflammatory 
responses. In addition, physical exercise may also interfere with the NLRP3 initiation signal TLR/NF-κB to delay the onset or pro-
gression of neurodegenerative disease. Physical exercise preconditioning has been shown to ameliorate acute ischemic brain injury in 
rodents, including suppression of TLR4 signaling, which inhibits immune processes. Similarly, significantly lower levels of α-syn were 
found in PD mice subjected to resistance exercise, along with reduced expression of TLR2 and NF-κB [212]. Taken together, it is 
reasonable to suggest that physical exercise could mediate the inhibition of neurodegenerative disease by NLRP3 by affecting 
pro-inflammatory factors, mitochondrial function and the initiation signals associated with it. 

Notably, the effects on the status of NLR inflammasomes differed for different exercise intensities. Chronic moderate-intensity 
running significantly reduced NLRP3 inflammasome activation in peripheral blood mononuclear cells (PBMCs) in healthy men, 
whereas chronic high-intensity running activated NLRP3 inflammasomes [213]. Meanwhile, chronic moderate intensity exercise 
significantly reduced the expression of the metabolic disorder-induced inflammatory cytokines TNF-α and IL-6 and increased the 
expression of mitochondrial proteins, whereas high intensity exercise resulted in mitochondrial dysfunction and increased secretion of 
pro-inflammatory factors [214,215]. Therefore, the effect of exercise on NLRP3 inflammatory activity depends mainly on the intensity 
of exercise, and only scientifically appropriate exercise can achieve inhibition of inflammasome activation. 

In addition to the common running exercise in experiments, Tai-Chi has been shown to play a role in improving neurodegenerative 
diseases as an aerobic exercise. Tai-Chi is a cognitive exercise that is usually performed at light to moderate motor intensity. Deep 
breathing, relaxation, and mental focus are typically synchronized with graceful, slow, and fluid movements as part of the choreo-
graphed program. According to research on people with Alzheimer’s disease and moderate cognitive impairment (MCI). The discovery 
that sustained Tai-Chi training has a positive effect on white matter brain networks and cognitive performance seems to support the 
theory that physical intervention utilizing Tai-Chi training may be a potential strategy for preventing AD [216]. According to a sys-
tematic study, Tai-Chi exercise can help people with neurodegenerative diseases reduce their risk of falling and improve their motor 
function and general cognitive function [217]. 

Another systematic review reported that many experiments confirmed that Tai-Chi produces anti-inflammatory effects, leading to a 
reduction in neuroinflammation and neurodegenerative lesions by decreasing pro-inflammatory cytokines (IL-1, 2, 8, 12, interferon-γ, 
NF-κβ) [218]. In the elderly, tai chi has been shown to have the ability to alter psychological stress levels and attenuate the rate of 
increase of the stress-related transcription factor NF-κB [219]. Additionally, enhancing the Berg Balance Scale (BBS) and stride length 
with Tai Chi training for a year was more effective for Parkinson’s patients than brisk walking, and this was connected to IL-1β 
downregulation [220]. There is a definite connection between IL-1, NF-κB, and NLR inflammasomes; for instance, in glial cells, NF-κB 
can be decreased by lowering circulating levels of IL-1 and IL-6, and the activation of the NLRP3 inflammasome can depend on NF-κB. 
As a result, it is reasonable to assume that NLR inflammasomes play a role in the Tai-Chi suppression of neuroinflammatory processes 
such as brain neuropathology (such as ischemia) and neurodegeneration (such as AD). 

In addition to active exercise training, massage techniques used in physiotherapy can help address neurological problems asso-
ciated with ageing [221]. Meridian massage is known to stimulate recovery of brain and motor function after cerebral infarction, 
reduce neurological damage and repair damaged brain tissue [222]. Studies have demonstrated that Tuina can promote recovery from 
cerebral ischemia by upregulating the neurotrophic factor BDNF. SIRT-1/BDNF/NF-κB signaling associated with NLRP inflammasome 
activation is present in ischaemic stroke, and low levels of SIRT-1 and BDNF in the brain are associated with increased expression of 
TNF-α, NF-κB and interleukins [223]. It is therefore reasonable to suppose that the mechanism of massage to promote recovery from 
stroke is linked to NLR inflammasomes. In addition, traditional Japanese massage (Anma), Thai massage, reflexology, neuromuscular 
therapy (NMT) and Tui Na in Chinese medicine have been shown to be effective in treating depression, muscle stiffness and tremor in 
PD patients [224]. In rats suffering from neuropathic pain, massage inhibits the TLR4 signalling pathway and reduces inflammatory 
factors [225]. Manipulations such as Gua Sha [226] and Thai foot massage [227] are helpful in diabetic peripheral neuropathy. 
Although the mechanisms by which these manipulative therapies improve neuropathy are less certain, we hypothesize that NLR 
inflammasomes contribute to this. 

Acupuncture, a commonly used alternative therapy internationally, has also shown significant efficacy in the treatment of 
neurodegenerative pathologies. In terms of how acupuncture affects the inflammatory body in disease development, more current 
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research suggests that acupuncture therapy can reduce neuroinflammation in patients with AD and PD by modulating NLRP3 and 
NLRP1. The NLRP3 inflammasome is a molecular target for neuroprotective and therapeutic interventions in AD, and meta-analyses 
not only confirm the high safety profile of acupuncture but also suggest that this technique is superior to medication in improving daily 
living abilities in AD patients and may even enhance the effects of medication therapy [228]. Acupuncture improves hippocampal 
connectivity, modifies default mode network activity, and activates certain cognitively-related areas in AD patients, according to 
functional magnetic resonance imaging(fMRI) studies. Manual acupuncture (MA) improved spatial learning and memory in 
senescence-accelerated prone mouse/8 (SAMP8) after 15 days, and immunohistochemical staining revealed that NLRP3, ASC, 
caspase-1, and IL-1 positive staining cells became more abundant in the AD group [229]. It is possible that MA can exert its 
anti-inflammatory effects by inhibiting the NLRP3 inflammasome-induced neuroinflammatory response, negatively regulating the 
NLRP3/caspase-1 pathway, and reducing IL-1β maturation and secretion in the hippocampus, protecting the nervous system and 
alleviating the disease in AD patients. In PD, acupuncture has also been shown to increase DA fibre and neuronal levels in the SN, 
down-regulate glial fibrillary acidic protein, NF-κB and TNF-α, thereby reducing neuroinflammation to protect DAn, which may be 
associated with the inhibition of NLRP3 initiation signaling [230]. 

NLRP1 can also be regulated by acupuncture. A study, which similarly used the SAMP8 mouse AD model verified by Western blot, 
confirmed that NLRP1, ASC, cleaved-caspase-1, IL-1β, and IL-18 may be inhibited in the hippocampus of AD mice by acupuncture at 
the "Baihui(DU20)", "Shenshu(BL23)", "Xuehai(SP10)," and "Geshu(BL17)" acupoints [231]. As previously indicated, activation of 
P2X7/pannexin 1 leads to Aβ-induced neuronal death, which in turn activates the NLRP1 inflammasome through the AMPK signaling 
pathway. Electroacupuncture has been shown to suppress P2X7 receptor-mediated microglial activation and to reduce neuropathic 
pain [232]. It is inferred that NLRP1 inhibition is a mechanism by which manual acupuncture and electroacupuncture can reduce 
Aβ-induced neuronal death in AD. 

In addition, other neurodegenerative diseases such as ischemic stroke and ALS can be improved by acupuncture-related treatments. 
For example, acupuncture interventions can significantly reduce the size of infarcted areas in stroke patients, improve cerebral blood 
circulation to promote regional energy metabolism, inhibit cerebral cortical apoptosis, reduce neurogenic toxicity, alleviate cere-
brovascular immune inflammatory responses, and upregulate the expression of anti-apoptotic genes and neurotrophic factors, etc., 
thereby promoting the proliferation and differentiation of neural stem cells in the focal cerebral cortex and hippocampus [233]; 
electroacupuncture can reduce the neuroinflammatory response, etc [234]. Modulation of pro-inflammatory factors has been 
addressed in these studies, but direct evidence for the association of NLR inflammasomes with acupuncture intervention in these 
neurodegenerative diseases is lacking. Overall, exercise training, manual massage and acupuncture in physical therapy are all viable 
treatments for neurological related disorders, but more research is needed to explain their association with NLR inflammasomes in the 
mechanisms by which they exert their efficacy. 

4. Conclusions 

The development and progression of numerous neurological disorders associated with ageing involve the participation of NLR 
inflammasomes. The pathogenesis of the ageing process and the inflammatory conditions leads to an increase in various pro- 
inflammatory cytokines, metabolites, aggregates and chemical reactions. All of these have been shown to activate various NLR 
inflammasomes in different neurological diseases through different mechanisms, further driving neuroinflammation and disease 
progression. This review identifies age-related neurological diseases that are specifically related to NLRP1/3/6/10 and NLRC4/5. 
Among these, with the exception of NLRP6 and NLRC5, which can negatively regulate inflammation onset, the remaining NLR 
inflammasomes have been found to exhibit pro-inflammatory effects in various neurological diseases, with NLRP3 being the most 
studied mechanism. 

Therapeutic strategies involving the modulation of NLR inflammasomes for neurological related diseases in the elderly have also 
received attention. Despite the emergence of several experimental inflammasome-targeting inhibitors, only a handful have success-
fully passed clinical trials, indicating a need for further research and drug development. In recent years, physiotherapy, such as ex-
ercise training, Tui Na massage techniques and acupuncture, which have received more attention, have also been shown to improve 
neurological symptoms by modulating factors related to the inflammasome, although the precise mechanisms of action remain to be 
explored further. One of the major clinical limitations of inhibitors is their side effects, suggesting that combination therapies may be 
used to reduce the adverse effects of drugs and increase their efficacy. 

In conclusion, this review provides an overview of the links and pathological mechanisms of ageing with neurodegenerative 
diseases and neurological injury, examines the role of NLR inflammasomes in disease progression, and the therapeutic approaches and 
applications based on NLR inflammasomes. As neurological disorders are strongly linked to human quality of life and lifespan, further 
research is required to gain a deeper understanding of the mechanisms underlying the potential therapeutic benefits of NLR inflam-
masomes in the context of ageing. 

List of abbreviations 

NOD Nucleotide-Binding Oligomerization Domain 
PYD Pyrin Domain 
CARD Caspase Recruitment Domain 
PRRs Pattern Recognition Receptors 
NLRP Nucleotide- Binding Oligomerization Domain, Leucine- Rich Repeat and Pyrin Domain- Containing 

J. Zhang et al.                                                                                                                                                                                                          



Heliyon 10 (2024) e32688

19

NLRC Nucleotide-Binding Oligomerization Domain, Leucine-Rich Repeat and Caspase Recruitment Domain- Containing 
NF-κB Nuclear Factor Kappa B 
IL Interleukin 
ASC Apoptosis-Associated Speckle-Like Protein 
TNF Tumor Necrosis Factor 
PAMPs Pathogen-Associated Molecular Patterns 
DAMPs Damage-Associated Molecular Patterns 
Aβ Amyloid β 
PD Parkinson’s Disease 
AD Alzheimer’s Disease 
α-syn α-Synuclein 
DA Dopaminergic 
DAn Dopaminergic Neurons 
SN Substantia Nigra 
ROS Reactive Oxygen Species 
mtDNA Mitochondrial DNA 
TLR Toll-like Receptor 
CHM Chinese Herbal Medicines 
NFTs Neurofibrillary Tangles 
VEGF-1 Vascular Endothelial Growth Factor 1 
AMPK Adenosine Monophosphate-activated Protein Kinase 
ALS Amyotrophic Lateral Sclerosis 
NMJ Neuromuscular Junction 
SOD1 Superoxide Dismutase 1 
TDP-43 Transactive Response DNA-binding Protein-43 
VCP Valosin-Containing Protein 
BBB Blood-Brain Barrier 
CNS Central Nervous System 
ICH Intracerebral Hemorrhage 
MCAO Middle Cerebral Artery Occlusion 
Nrf2 Nuclear factor erythroid 2-related factor 2 
OGD Oxygen-Glucose Deprivation 
RA Rheumatoid Arthritis 
DPN Diabetic Peripheral Neuropathy 
TXNIP Thioredoxin-Interacting Protein 
TRX Thioredoxin 
MSCs Mesenchymal Stem Cells 
TGF Transforming Growth Factor 

Funding 

This work was supported by National Natural Science Foundation of China (82305423), Shanghai Science and Technology 
Innovation Action Plan Natural Science Foundation (23ZR1463400), China Postdoctoral Science Foundation (2023M732338), 
Research Project of Shanghai Health Commission (202140348), Yangfan Special Project of Shanghai Science and Technology Inno-
vation Action Plan (23YF1447600) and Project of Shanghai University of TCM (2021LK100). 

Ethics approval and consent to participate 

Not Applicable. 

Consent for publication 

All authors read and approved the final manuscript. 

Availability of data and materials 

This is a review which don’t involve databases and materials. 

CRediT authorship contribution statement 

Jingwen Zhang: Writing – original draft. Dong Xie: Writing – original draft. Danli Jiao: Resources. Shuang Zhou: 

J. Zhang et al.                                                                                                                                                                                                          



Heliyon 10 (2024) e32688

20

Conceptualization. Shimin Liu: Funding acquisition. Ziyong Ju: Funding acquisition. Li Hu: Writing – review & editing. Li Qi: 
Visualization. Chongjie Yao: Funding acquisition, Writing – review & editing. Chen Zhao: Writing – review & editing. 

Declaration of competing interest 

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to 
influence the work reported in this paper. 

Acknowledgments 

We thank all participants involved in these reviews. 

References 

[1] Y. Shen, L. Qian, H. Luo, X. Li, Y. Ruan, R. Fan, et al., The significance of NLRP inflammasome in Neuropsychiatric disorders, Brain Sci. 12 (2022) 1057. 
[2] Y. Xue, D.E. Tuipulotu, W.H. Tan, C. Kay, S.M. Man, Emerging activators and regulators of inflammasomes and pyroptosis, Trends Immunol. 40 (2019) 

1035–1052. 
[3] N.M. Luheshi, J.A. Giles, G. Lopez-Castejon, D. Brough, Sphingosine regulates the NLRP3-inflammasome and IL-1β release from macrophages, Eur. J. Immunol. 

42 (2012) 716–725. 
[4] K.V. Swanson, M. Deng, J.P. Ting, The NLRP3 inflammasome: molecular activation and regulation to therapeutics, Nat. Rev. Immunol. 19 (2019) 477–489. 
[5] S. Voet, S. Srinivasan, M. Lamkanfi, G. van Loo, Inflammasomes in neuroinflammatory and neurodegenerative diseases, EMBO Mol. Med. 11 (2019) e10248. 
[6] W. Li, J. Liang, S. Li, L. Wang, S. Xu, S. Jiang, et al., Research progress of targeting NLRP3 inflammasome in peripheral nerve injury and pain, Int. 

Immunopharm. 110 (2022) 109026. 
[7] R. Von Bernhardi, L. Eugenín-von Bernhardi, J. Eugenín, Microglial cell dysregulation in brain aging and neurodegeneration, Front. Aging Neurosci. 7 (2015) 

124. 
[8] R.L. Blaylock, Parkinson’s disease: microglial/macrophage-induced immunoexcitotoxicity as a central mechanism of neurodegeneration, Surg. Neurol. Int. 8 

(2017) 65. 
[9] E.C. Hirsch, A.M. Graybiel, Y. Agid, Selective vulnerability of pigmented dopaminergic neurons in Parkinson’s disease, Acta Neurol. Scand. Suppl. 126 (1989) 

19–22. 
[10] J.W. Haycock, L. Becker, L. Ang, Y. Furukawa, O. Hornykiewicz, S.J. Kish, Marked disparity between age-related changes in dopamine and other presynaptic 

dopaminergic markers in human striatum, J. Neurochem. 87 (2003) 574–585. 
[11] M. Rodriguez, C. Rodriguez-Sabate, I. Morales, A. Sanchez, M. Sabate, Parkinson’s disease as a result of aging, Aging Cell 14 (2015) 293–308. 
[12] N.Z. Gcwensa, D.L. Russell, R.M. Cowell, L.A. Volpicelli-Daley, Molecular mechanisms underlying synaptic and axon degeneration in Parkinson’s disease, 

Front. Cell. Neurosci. 15 (2021) 626128. 
[13] E. Kip, L.C. Parr-Brownlie, Reducing neuroinflammation via therapeutic compounds and lifestyle to prevent or delay progression of Parkinson’s disease, 

Ageing Res. Rev. 78 (2022) 101618. 
[14] A. Schapira, J. Cooper, D. Dexter, J. Clark, P. Jenner, C. Marsden, Mitochondrial complex I deficiency in Parkinson’s disease, J. Neurochem. 54 (1990) 

823–827. 
[15] O. Buneeva, V. Fedchenko, A. Kopylov, A. Medvedev, Mitochondrial dysfunction in Parkinson’s disease: focus on mitochondrial DNA, Biomedicines 8 (2020) 

591. 
[16] A. Bose, M.F. Beal, Mitochondrial dysfunction in Parkinson’s disease, J. Neurochem. 139 (2016) 216–231. 
[17] A. Sidhu, C. Wersinger, P. Vernier, α-Synuclein regulation of the dopaminergic transporter: a possible role in the pathogenesis of Parkinson’s disease, FEBS 

(Fed. Eur. Biochem. Soc.) Lett. 565 (2004) 1–5. 
[18] N.Y. Zhang, Z. Tang, C.W. Liu, alpha-Synuclein protofibrils inhibit 26 S proteasome-mediated protein degradation: understanding the cytotoxicity of protein 

protofibrils in neurodegenerative disease pathogenesis, J. Biol. Chem. 283 (2008) 20288–20298. 
[19] J.C. Bridi, F. Hirth, Mechanisms of α-synuclein induced synaptopathy in Parkinson’s disease, Front. Neurosci. 12 (2018) 80. 
[20] N.K. Koehler, E. Stransky, M. Meyer, S. Gaertner, M. Shing, M. Schnaidt, et al., Alpha-synuclein levels in blood plasma decline with healthy aging, PLoS One 10 

(2015) e0123444. 
[21] S. Daniele, D. Frosini, D. Pietrobono, L. Petrozzi, A. Lo Gerfo, F. Baldacci, et al., α-Synuclein heterocomplexes with β-amyloid are increased in red blood cells of 

Parkinson’s disease patients and correlate with disease severity, Front. Mol. Neurosci. 11 (2018) 53. 
[22] Y. Chu, J.H. Kordower, Age-associated increases of alpha-synuclein in monkeys and humans are associated with nigrostriatal dopamine depletion: is this the 

target for Parkinson’s disease? Neurobiol. Dis. 25 (2007) 134–149. 
[23] C.F. Orr, D.B. Rowe, Y. Mizuno, H. Mori, G.M. Halliday, A possible role for humoral immunity in the pathogenesis of Parkinson’s disease, Brain 128 (2005) 

2665–2674. 
[24] M.Y. Wendimu, S.B. Hooks, Microglia phenotypes in aging and neurodegenerative diseases, Cells 11 (2022) 2091. 
[25] D. Trudler, K.L. Nazor, Y.S. Eisele, T. Grabauskas, N. Dolatabadi, J. Parker, et al., Soluble α-synuclein–antibody Complexes Activate the NLRP3 Inflammasome 

in hiPSC-Derived Microglia, vol. 118, Proceedings of the National Academy of Sciences, 2021 e2025847118. 
[26] H.Y. Chung, M. Cesari, S. Anton, E. Marzetti, S. Giovannini, A.Y. Seo, et al., Molecular inflammation: underpinnings of aging and age-related diseases, Ageing 

Res. Rev. 8 (2009) 18–30. 
[27] X. Wang, J. Chi, D. Huang, L. Ding, X. Zhao, L. Jiang, et al., α-synuclein promotes progression of Parkinson’s disease by upregulating autophagy signaling 

pathway to activate NLRP3 inflammasome, Exp. Ther. Med. 19 (2020) 931–938. 
[28] Y. Zhou, M. Lu, R.-H. Du, C. Qiao, C.-Y. Jiang, K.-Z. Zhang, et al., MicroRNA-7 targets Nod-like receptor protein 3 inflammasome to modulate 

neuroinflammation in the pathogenesis of Parkinson’s disease, Mol. Neurodegener. 11 (2016) 28. 
[29] Z. Mao, C. Liu, S. Ji, Q. Yang, H. Ye, H. Han, et al., The NLRP3 inflammasome is involved in the pathogenesis of Parkinson’s disease in rats, Neurochem. Res. 42 

(2017) 1104–1115. 
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[57] U. Sengupta, M.J. Guerrero-Muñoz, D.L. Castillo-Carranza, C.A. Lasagna-Reeves, J.E. Gerson, A.A. Paulucci-Holthauzen, et al., Pathological interface between 

oligomeric alpha-synuclein and tau in synucleinopathies, Biol Psychiatry 78 (2015) 672–683. 
[58] M. Müller, U. Ahumada-Castro, M. Sanhueza, C. Gonzalez-Billault, F.A. Court, C. Cárdenas, Mitochondria and calcium regulation as basis of neurodegeneration 

associated with aging, Front. Neurosci. 12 (2018) 470. 
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mellitus: inflammation, oxidative stress, and mitochondrial function, J. Diabetes Res. 2016 (2016) 3425617. 
[150] Q. Sun, C. Wang, B. Yan, X. Shi, Y. Shi, L. Qu, et al., Jinmaitong ameliorates diabetic peripheral neuropathy through suppressing TXNIP/NLRP3 inflammasome 

activation in the streptozotocin-induced diabetic rat model, Diabetes Metab Syndr Obes 12 (2019) 2145–2155. 
[151] S. Safiri, A.A. Kolahi, D. Hoy, E. Smith, D. Bettampadi, M.A. Mansournia, et al., Global, regional and national burden of rheumatoid arthritis 1990–2017: a 

systematic analysis of the Global Burden of Disease study 2017, Annals of the rheumatic diseases 78 (2019) 1463–1471. 
[152] P. Chalan, A. van den Berg, B.-J. Kroesen, L. Brouwer, A. Boots, Rheumatoid arthritis, immunosenescence and the hallmarks of aging, Curr. Aging Sci. 8 (2015) 

131–146. 
[153] C.M. Weyand, J.J. Goronzy, Aging of the immune system. Mechanisms and therapeutic targets, Annals of the American Thoracic Society 13 (2016) S422–S428. 
[154] N. Kaeley, S. Ahmad, M. Pathania, R. Kakkar, Prevalence and patterns of peripheral neuropathy in patients of rheumatoid arthritis, J. Fam. Med. Prim. Care 8 

(2019) 22. 
[155] K. Naruse, Schwann cells as crucial players in diabetic neuropathy, Myelin (2019) 345–356. 
[156] R. Zhou, A. Tardivel, B. Thorens, I. Choi, J. Tschopp, Thioredoxin-interacting protein links oxidative stress to inflammasome activation, Nat. Immunol. 11 

(2010) 136–140. 
[157] K.I. Cheng, S.L. Chen, J.H. Hsu, Y.C. Cheng, Y.C. Chang, C.H. Lee, et al., Loganin prevents CXCL12/CXCR4-regulated neuropathic pain via the NLRP3 

inflammasome axis in nerve-injured rats, Phytomedicine 92 (2021) 153734. 
[158] T. Murakami, J. Ockinger, J. Yu, V. Byles, A. McColl, A.M. Hofer, et al., Critical role for calcium mobilization in activation of the NLRP3 inflammasome, Proc 

Natl Acad Sci U S A 109 (2012) 11282–11287. 
[159] C. Guo, R. Fu, S. Wang, Y. Huang, X. Li, M. Zhou, et al., NLRP3 inflammasome activation contributes to the pathogenesis of rheumatoid arthritis, Clin. Exp. 

Immunol. 194 (2018) 231–243. 
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[165] Y. He, S. Varadarajan, R. Muñoz-Planillo, A. Burberry, Y. Nakamura, G. Núñez, 3,4-methylenedioxy-β-nitrostyrene inhibits NLRP3 inflammasome activation by 
blocking assembly of the inflammasome, J. Biol. Chem. 289 (2014) 1142–1150. 

[166] C. Juliana, T. Fernandes-Alnemri, J. Wu, P. Datta, L. Solorzano, J.W. Yu, et al., Anti-inflammatory compounds parthenolide and Bay 11-7082 are direct 
inhibitors of the inflammasome, J. Biol. Chem. 285 (2010) 9792–9802. 

[167] J. Flores, A. Noel, B. Foveau, J. Lynham, C. Lecrux, A.C. LeBlanc, Caspase-1 inhibition alleviates cognitive impairment and neuropathology in an Alzheimer’s 
disease mouse model, Nat. Commun. 9 (2018) 3916. 

[168] S.H. MacKenzie, J.L. Schipper, A.C. Clark, The potential for caspases in drug discovery, Curr Opin Drug Discov Devel 13 (2010) 568–576. 
[169] M.K. Mamik, C. Power, Inflammasomes in neurological diseases: emerging pathogenic and therapeutic concepts, Brain 140 (2017) 2273–2285. 
[170] B. Yang, Y. Sun, C. Lv, W. Zhang, Y. Chen, Procyanidins exhibits neuroprotective activities against cerebral ischemia reperfusion injury by inhibiting TLR4- 

NLRP3 inflammasome signal pathway, Psychopharmacology 237 (2020) 3283–3293. 
[171] C. Yang, Y. Mo, E. Xu, H. Wen, R. Wei, S. Li, et al., Astragaloside IV ameliorates motor deficits and dopaminergic neuron degeneration via inhibiting 

neuroinflammation and oxidative stress in a Parkinson’s disease mouse model, Int. Immunopharm. 75 (2019) 105651. 
[172] W. Ding, C. Cai, X. Zhu, J. Wang, Q. Jiang, Parthenolide ameliorates neurological deficits and neuroinflammation in mice with traumatic brain injury by 

suppressing STAT3/NF-κB and inflammasome activation, Int. Immunopharm. 108 (2022) 108913. 
[173] A.A. Robertson, Inhibiting inflammasomes with small molecules, Inflammasomes: Clinical and Therapeutic Implications (2018) 343–400. 
[174] B. Sharma, G. Satija, A. Madan, M. Garg, M.M. Alam, M. Shaquiquzzaman, et al., Role of NLRP3 inflammasome and its inhibitors as emerging therapeutic drug 

candidate for Alzheimer’s disease: a review of mechanism of activation, regulation, and inhibition, Inflammation 46 (2023) 56–87. 
[175] H. Honda, Y. Nagai, T. Matsunaga, S-i Saitoh, S. Akashi-Takamura, H. Hayashi, et al., Glycyrrhizin and isoliquiritigenin suppress the LPS sensor toll-like 

receptor 4/MD-2 complex signaling in a different manner, J. Leukoc. Biol. 91 (2012) 967–976. 
[176] J. Yang, M. Jia, X. Zhang, P. Wang, Calycosin attenuates MPTP-induced Parkinson’s disease by suppressing the activation of TLR/NF-kappaB and MAPK 

pathways, Phytother Res. 33 (2019) 309–318. 
[177] C. Cheng, X. Zhu, Cordycepin mitigates MPTP-induced Parkinson’s disease through inhibiting TLR/NF-κB signaling pathway, Life Sci. 223 (2019) 120–127. 
[178] X. Li, L. Huang, G. Liu, W. Fan, B. Li, R. Liu, et al., Ginkgo diterpene lactones inhibit cerebral ischemia/reperfusion induced inflammatory response in 

astrocytes via TLR4/NF-κB pathway in rats, J. Ethnopharmacol. 249 (2020) 112365. 
[179] A. Khan, R. Johnson, C. Wittmer, M. Maile, K. Tatsukawa, J.L. Wong, et al., NPT520-34 improves neuropathology and motor deficits in a transgenic mouse 

model of Parkinson’s disease, Brain 144 (2021) 3692–3709. 
[180] B. Oskarsson, N. Maragakis, R.S. Bedlack, N. Goyal, J.A. Meyer, A. Genge, et al., MN-166 (ibudilast) in amyotrophic lateral sclerosis in a Phase IIb/III study: 

COMBAT-ALS study design, Neurodegener. Dis. Manag. 11 (2021) 431–443. 
[181] S. Grottelli, L. Mezzasoma, P. Scarpelli, I. Cacciatore, B. Cellini, I. Bellezza, Cyclo (His-Pro) inhibits NLRP3 inflammasome cascade in ALS microglial cells, Mol. 

Cell. Neurosci. 94 (2019) 23–31. 
[182] H.-S. Kim, Y.-H. Suh, Minocycline and neurodegenerative diseases, Behav. Brain Res. 196 (2009) 168–179. 
[183] X. Zhang, W. Zeng, Y. Zhang, Q. Yu, M. Zeng, J. Gan, et al., Focus on the role of mitochondria in NLRP3 inflammasome activation: a prospective target for the 

treatment of ischemic stroke, Int. J. Mol. Med. 49 (2022) 1–16. 
[184] J. Qiu, M. Wang, J. Zhang, Q. Cai, D. Lu, Y. Li, et al., The neuroprotection of Sinomenine against ischemic stroke in mice by suppressing NLRP3 inflammasome 

via AMPK signaling, Int Immunopharmacol 40 (2016) 492–500. 
[185] M.J. Daniels, J. Rivers-Auty, T. Schilling, N.G. Spencer, W. Watremez, V. Fasolino, et al., Fenamate NSAIDs inhibit the NLRP3 inflammasome and protect 

against Alzheimer’s disease in rodent models, Nat. Commun. 7 (2016) 12504. 
[186] V.Y. Hook, M. Kindy, G. Hook, Inhibitors of cathepsin B improve memory and reduce beta-amyloid in transgenic Alzheimer disease mice expressing the wild- 

type, but not the Swedish mutant, beta-secretase site of the amyloid precursor protein, J. Biol. Chem. 283 (2008) 7745–7753. 
[187] D. Freeman, R. Cedillos, S. Choyke, Z. Lukic, K. McGuire, S. Marvin, et al., Alpha-synuclein induces lysosomal rupture and cathepsin dependent reactive oxygen 

species following endocytosis, PLoS One 8 (2013) e62143. 
[188] Y. Mo, E. Xu, R. Wei, B. Le, L. Song, D. Li, et al., Bushen-yizhi formula alleviates neuroinflammation via inhibiting NLRP3 inflammasome activation in a mouse 

model of Parkinson’s disease, Evid. base Compl. Alternative Med. 2018 (2018) 3571604. 
[189] C. Han, H. Shen, Y. Yang, Y. Sheng, J. Wang, W. Li, et al., Antrodia camphorata polysaccharide resists 6-OHDA-induced dopaminergic neuronal damage by 

inhibiting ROS-NLRP3 activation, Brain Behav 10 (2020) e01824. 
[190] R. Que, J. Zheng, Z. Chang, W. Zhang, H. Li, Z. Xie, et al., Dl-3-n-Butylphthalide rescues dopaminergic neurons in Parkinson’s disease models by inhibiting the 

NLRP3 inflammasome and ameliorating mitochondrial impairment, Front. Immunol. 12 (2021) 794770. 
[191] S. Yao, L. Li, X. Sun, J. Hua, K. Zhang, L. Hao, et al., FTY720 inhibits MPP(+)-Induced microglial activation by affecting NLRP3 inflammasome activation, 

J. Neuroimmune Pharmacol. 14 (2019) 478–492. 
[192] J. Li, X. Dai, L. Zhou, X. Li, D. Pan, Edaravone plays protective effects on LPS-induced microglia by switching M1/M2 phenotypes and regulating NLRP3 

inflammasome activation, Front. Pharmacol. 12 (2021) 691773. 
[193] J. Zhu, T. Sun, J. Zhang, Y. Liu, D. Wang, H. Zhu, et al., Drd2 biased agonist prevents neurodegeneration against NLRP3 inflammasome in Parkinson’s disease 

model via a beta-arrestin2-biased mechanism, Brain Behav. Immun. 90 (2020) 259–271. 
[194] L.L. Xu, Y.F. Wu, F. Yan, C.C. Li, Z. Dai, Q.D. You, et al., 5-(3,4-Difluorophenyl)-3-(6-methylpyridin-3-yl)-1,2,4-oxadiazole (DDO-7263), a novel Nrf2 activator 

targeting brain tissue, protects against MPTP-induced subacute Parkinson’s disease in mice by inhibiting the NLRP3 inflammasome and protects PC12 cells 
against oxidative stress, Free Radic. Biol. Med. 134 (2019) 288–303. 

[195] L. Cova, M.-T. Armentero, E. Zennaro, C. Calzarossa, P. Bossolasco, G. Busca, et al., Multiple neurogenic and neurorescue effects of human mesenchymal stem 
cell after transplantation in an experimental model of Parkinson’s disease, Brain Res. 1311 (2010) 12–27. 

[196] D. Sarmah, A. Datta, H. Kaur, K. Kalia, A. Borah, A.M. Rodriguez, et al., Sirtuin-1-mediated NF-κB pathway modulation to mitigate inflammasome signaling 
and cellular apoptosis is one of the neuroprotective effects of intra-arterial mesenchymal stem cell therapy following ischemic stroke, Stem Cell Reviews and 
Reports (2022) 1–18. 

[197] Y. Zhao, T. Zhu, H. Li, J. Zhao, X. Li, Transplantation of lymphocytes Co-cultured with human cord blood-derived multipotent stem cells attenuates 
inflammasome activity in ischemic stroke, Clin. Interv. Aging 14 (2019) 2261–2271. 

[198] M.P. Mattson, Energy intake and exercise as determinants of brain health and vulnerability to injury and disease, Cell Metabol. 16 (2012) 706–722. 
[199] K.I. Erickson, A.G. Gildengers, M.A. Butters, Physical activity and brain plasticity in late adulthood, Dialogues Clin. Neurosci. 15 (2013) 99–108. 
[200] Y. Gu, S.M. Dennis, M.C. Kiernan, A.R. Harmer, Aerobic exercise training may improve nerve function in type 2 diabetes and pre-diabetes: a systematic review, 

Diabetes/metabolism research and reviews 35 (2019) e3099. 
[201] K. Ren, R. Dubner, Interactions between the immune and nervous systems in pain, Nature medicine 16 (2010) 1267–1276. 
[202] H.E. Ploeger, T. Takken, M. De Greef, B.W. Timmons, The effects of acute and chronic exercise on inflammatory markers in children and adults with a chronic 

inflammatory disease: a systematic review, Exerc. Immunol. Rev. 15 (2009) 6–41. 
[203] C.A. Paley, M.I. Johnson, Physical activity to reduce systemic inflammation associated with chronic pain and obesity, Clin. J. Pain 32 (2016) 365–370. 
[204] M.A. Cooper, P.M. Kluding, D.E. Wright, Emerging relationships between exercise, sensory nerves, and neuropathic pain, Front. Neurosci. 10 (2016) 372. 
[205] J.A. Woods, K.R. Wilund, S.A. Martin, B.M. Kistler, Exercise, inflammation and aging, Aging and disease 3 (2012) 130. 
[206] B. Mahalakshmi, N. Maurya, S.-D. Lee, V. Bharath Kumar, Possible neuroprotective mechanisms of physical exercise in neurodegeneration, Int. J. Mol. Sci. 21 

(2020) 5895. 

J. Zhang et al.                                                                                                                                                                                                          

http://refhub.elsevier.com/S2405-8440(24)08719-X/sref163
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref163
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref164
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref164
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref165
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref165
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref166
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref166
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref167
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref167
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref168
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref169
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref170
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref170
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref171
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref171
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref172
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref172
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref173
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref174
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref174
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref175
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref175
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref176
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref176
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref177
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref178
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref178
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref179
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref179
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref180
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref180
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref181
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref181
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref182
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref183
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref183
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref184
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref184
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref185
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref185
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref186
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref186
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref187
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref187
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref188
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref188
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref189
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref189
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref190
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref190
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref191
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref191
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref192
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref192
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref193
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref193
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref194
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref194
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref194
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref195
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref195
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref196
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref196
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref196
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref197
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref197
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref198
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref199
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref200
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref200
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref201
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref202
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref202
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref203
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref204
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref205
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref206
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref206


Heliyon 10 (2024) e32688

25

[207] S. Falahi, Simultaneous effect of interval training and octopamine extract on NLRP-1 and NLRP-3 in brain tissue of Alzheimer’s rats, Jorjani Biomedicine 
Journal 9 (2021) 24–32. 

[208] E. Palasz, W. Niewiadomski, A. Gasiorowska, A. Wysocka, A. Stepniewska, G. Niewiadomska, Exercise-induced neuroprotection and recovery of motor function 
in animal models of Parkinson’s disease, Front. Neurol. 10 (2019) 1143. 

[209] T. Zhang, S. Ding, R. Wang, Research progress of mitochondrial mechanism in NLRP3 inflammasome activation and exercise regulation of NLRP3 
inflammasome, Int. J. Mol. Sci. 22 (2021) 10866. 

[210] Z. Gan, T. Fu, D.P. Kelly, R.B. Vega, Skeletal muscle mitochondrial remodeling in exercise and diseases, Cell Res. 28 (2018) 969–980. 
[211] S.A. Mason, A.J. Trewin, L. Parker, G.D. Wadley, Antioxidant supplements and endurance exercise: current evidence and mechanistic insights, Redox Biol. 35 

(2020) 101471. 
[212] M. Svensson, J. Lexell, T. Deierborg, Effects of physical exercise on neuroinflammation, neuroplasticity, neurodegeneration, and behavior: what we can learn 

from animal models in clinical settings, Neurorehabil Neural Repair 29 (2015) 577–589. 
[213] I. Khakroo Abkenar, F. Rahmani-Nia, G. Lombardi, The effects of acute and chronic aerobic activity on the signaling pathway of the inflammasome NLRP3 

complex in young men, Medicina (Kaunas) 55 (2019) 105. 
[214] W.K. Chen, Y.L. Tsai, M.A. Shibu, C.Y. Shen, S.N. Chang-Lee, R.J. Chen, et al., Exercise training augments Sirt1-signaling and attenuates cardiac inflammation 

in D-galactose induced-aging rats, Aging (Albany NY) 10 (2018) 4166–4174. 
[215] S. Lee, M. Kim, W. Lim, T. Kim, C. Kang, Strenuous exercise induces mitochondrial damage in skeletal muscle of old mice, Biochem. Biophys. Res. Commun. 

461 (2015) 354–360. 
[216] C. Yue, L. Zou, J. Mei, D. Moore, F. Herold, P. Müller, et al., Tai chi training evokes significant changes in brain white matter network in older women, 

Healthcare 8 (2020) 57. 
[217] R. Wang, H. Zhou, Y.-C. Wang, X.-L. Chang, X.-Q. Wang, Benefits of Tai Chi Quan on neurodegenerative diseases: a systematic review, Ageing Res. Rev. 82 

(2022) 101741. 
[218] H. Liu, Y. Salem, S. Aggarwal, Effects of tai chi on biomarkers and their implication to neurorehabilitation–A systemic review, European Journal of Integrative 

Medicine (2021) 101391. 
[219] D.S. Black, M.R. Irwin, R. Olmstead, E. Ji, E.C. Breen, S.J. Motivala, Tai chi meditation effects on nuclear factor-κB signaling in lonely older adults: a 

randomized controlled trial, Psychother. Psychosom. 83 (2014) 315. 
[220] G. Li, P. Huang, S.-S. Cui, Y.-Y. Tan, Y.-C. He, X. Shen, et al., Mechanisms of motor symptom improvement by long-term Tai Chi training in Parkinson’s disease 

patients, Transl. Neurodegener. 11 (2022) 1–10. 
[221] C. Yao, J. Ren, R. Huang, C. Tang, Y. Cheng, Z. Lv, et al., Transcriptome profiling of microRNAs reveals potential mechanisms of manual therapy alleviating 

neuropathic pain through microRNA-547-3p-mediated Map4k4/NF-κb signaling pathway, J. Neuroinflammation 19 (2022) 1–20. 
[222] G. Shi, P. Zeng, Q. Zhao, J. Zhao, Y. Xie, D. Wen, et al., The regulation of miR-206 on BDNF: a motor function restoration mechanism research on cerebral 

ischemia rats by meridian massage, Evid. base Compl. Alternative Med. 2022 (2022) 8172849. 
[223] D. Sarmah, A. Datta, H. Kaur, K. Kalia, A. Borah, A.M. Rodriguez, et al., Sirtuin-1 - mediated NF-κB pathway modulation to mitigate inflammasome signaling 

and cellular apoptosis is one of the neuroprotective effects of intra-arterial mesenchymal stem cell therapy following ischemic stroke, Stem Cell Reviews and 
Reports 18 (2022) 821–838. 

[224] E. Angelopoulou, M. Anagnostouli, G.P. Chrousos, A. Bougea, Massage therapy as a complementary treatment for Parkinson’s disease: a Systematic Literature 
Review, Compl. Ther. Med. 49 (2020) 102340. 

[225] Q. Wang, J. Lin, P. Yang, Y. Liang, D. Lu, K. Wang, et al., Effect of massage on the TLR4 signalling pathway in rats with neuropathic pain, Pain Res. Manag. 
2020 (2020) 8309745. 

[226] X. Xie, L. Lu, X. Zhou, C. Zhong, G. Ge, H. Huang, et al., Effect of Gua Sha therapy on patients with diabetic peripheral neuropathy: a randomized controlled 
trial, Compl. Ther. Clin. Pract. 35 (2019) 348–352. 

[227] U. Chatchawan, W. Eungpinichpong, P. Plandee, J. Yamauchi, Effects of Thai foot massage on balance performance in diabetic patients with peripheral 
neuropathy: a randomized parallel-controlled trial, Med Sci Monit Basic Res 21 (2015) 68–75. 

[228] J. Zhou, W. Peng, M. Xu, W. Li, Z. Liu, The effectiveness and safety of acupuncture for patients with Alzheimer disease: a systematic review and meta-analysis 
of randomized controlled trials, Medicine 94 (2015) e933. 

[229] N. Ding, J. Jiang, M. Lu, J. Hu, Y. Xu, X. Liu, et al., Manual acupuncture suppresses the expression of proinflammatory proteins associated with the NLRP3 
inflammasome in the Hippocampus of SAMP8 mice, Evid. base Compl. Alternative Med. 2017 (2017) 3435891. 

[230] J.H. Jang, M.J. Yeom, S. Ahn, J.Y. Oh, S. Ji, T.H. Kim, et al., Acupuncture inhibits neuroinflammation and gut microbial dysbiosis in a mouse model of 
Parkinson’s disease, Brain Behav. Immun. 89 (2020) 641–655. 

[231] T. Zhang, B. Guan, S. Tan, H. Zhu, D. Ren, R. Li, et al., Bushen huoxue acupuncture inhibits NLRP1 inflammasome-mediated neuronal pyroptosis in SAMP8 
mouse model of Alzheimer’s disease, Neuropsychiatric Dis. Treat. 17 (2021) 339. 

[232] Y. Wu, R. Hu, X. Zhong, A. Zhang, B. Pang, X. Sun, et al., Electric acupuncture treatment promotes angiogenesis in rats with middle cerebral artery occlusion 
through EphB4/EphrinB2 mediated src/PI3K signal pathway, J. Stroke Cerebrovasc. Dis. 30 (2021) 105165. 

[233] Q.-Y. Chang, Y.-W. Lin, C.-L. Hsieh, Acupuncture and neuroregeneration in ischemic stroke, Neural Regeneration Research 13 (2018) 573. 
[234] E.J. Yang, J.H. Jiang, S.M. Lee, H.S. Hwang, M.S. Lee, S.M. Choi, Electroacupuncture reduces neuroinflammatory responses in symptomatic amyotrophic 

lateral sclerosis model, J. Neuroimmunol. 223 (2010) 84–91. 

J. Zhang et al.                                                                                                                                                                                                          

http://refhub.elsevier.com/S2405-8440(24)08719-X/sref207
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref207
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref208
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref208
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref209
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref209
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref210
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref211
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref211
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref212
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref212
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref213
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref213
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref214
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref214
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref215
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref215
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref216
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref216
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref217
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref217
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref218
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref218
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref219
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref219
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref220
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref220
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref221
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref221
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref222
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref222
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref223
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref223
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref223
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref224
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref224
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref225
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref225
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref226
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref226
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref227
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref227
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref228
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref228
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref229
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref229
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref230
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref230
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref231
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref231
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref232
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref232
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref233
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref234
http://refhub.elsevier.com/S2405-8440(24)08719-X/sref234

	From inflammatory signaling to neuronal damage: Exploring NLR inflammasomes in ageing neurological disorders
	1 Introduction
	2 The role of NLR inflammasomes in ageing-related diseases
	2.1 Parkinson’s disease
	2.1.1 Parkinson’s disease and senescence
	2.1.2 Parkinson’s disease and NLR inflammasomes

	2.2 Alzheimer’s disease
	2.2.1 Alzheimer’s disease and senescence
	2.2.2 Alzheimer’s disease and NLR inflammasomes

	2.3 Amyotrophic lateral sclerosis
	2.3.1 Amyotrophic lateral sclerosis and senescence
	2.3.2 Amyotrophic lateral sclerosis and NLR inflammasomes

	2.4 Stroke
	2.4.1 Stroke and senescence
	2.4.2 Stroke and NLR inflammasomes

	2.5 Peripheral neuropathy
	2.5.1 Peripheral neuropathy and senescence
	2.5.2 Peripheral neuropathy and NLR inflammasomes


	3 Treatment strategies for delaying age-related diseases based on NLR inflammasomes
	3.1 Therapeutic strategies using NLR inflammasomes inhibitors
	3.2 Treatment strategies using physical therapy

	4 Conclusions
	List of abbreviations
	Funding
	Ethics approval and consent to participate
	Consent for publication
	Availability of data and materials
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	References


