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Background: NLRP3 inflammasome has been of great interest in the field of neurological diseases. To visualize the research hotspots and evolutionary trends in this area, we collected the relevant articles in the Web of Science Core Collection database from 2010 to 2022 and analyzed them using CiteSpace software.
Methods: We performed a systematic search of the literature within the Web of Science Core Collection database using the strategy described below: TS = NLRP3 inflammasome AND TS = neurological diseases OR TS = neurological disorder OR TS = brain disorder OR TS = brain injury OR TS = central nervous system disease OR TS = CNS disease OR TS = central nervous system disorder OR TS = CNS disorder AND Language = English from 2010 to 2022. The type of literature was limited to articles and reviews. The data were processed using CiteSpace software (version 5.8. R3).
Results: A total of 1,217 literature from 67 countries/regions and 337 research institutions was retrieved. Publications in this area have increased rapidly since 2013. China presents the highest number of published articles, but the United States has a higher centrality and h-index. The top five most published institutions and authors are from China, Zhejiang University and Li Y ranking first, respectively. Of the ten most cited articles, Prof. Heneka MT and colleagues accounted for three of them. In terms of the co-occurrence keyword diagram, the five most frequent keywords are “nlrp3 inflammasome”, “activation”, “oxidative stress”, “expression”, and “alzheimers disease”.
Conclusion: The research of NLRP3 inflammasome in neurological disorders is overall developing well. Chinese scholars contributed the most significant number of articles, while researchers from developed countries presented more influential papers. The importance of NLRP3 inflammasome in neurological diseases is widely appreciated, and the mechanism is under study. Moreover, NLRP3 inflammasome is emerging as a promising therapeutic target in treating neurological disorders. However, despite decades of research, our understanding of NLRP3 inflammasome in central nervous system diseases is still lacking. More and more profound research is needed in the future.
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1 INTRODUCTION
Inflammation is increasingly recognized as an important factor in neurological diseases. As an innate immune sensor, inflammasome has been of great interest in the field of immune and inflammatory diseases since its identification in 2002 by Jürg Tschopp’s research group (Martinon et al., 2002). The inflammasome is a protein complex containing the sensor protein (receptor), the adaptor apoptosis-associated speck-like protein containing a CARD (ASC), and the downstream effector caspase-1. Activation of receptor proteins by agonists subsequently recruits ASC and caspase-1 to assemble into inflammasomes up to micrometer in diameter, which induces caspase-1 self-cleavage and activation. Activated caspase-1 promotes the maturation and secretion of the pro-inflammatory cytokines interleukin-1β (IL-1β) and -18 (IL-18) on the one hand, and on the other hand, triggers cellular pyroptosis capable of clearing pathogens and damaged cells (Broz and Dixit, 2016). Depending on their receptors, the main inflammasomes include NLRC4 (NOD-like receptor family, CARD domain containing 4), NLRP1 (NOD-like receptor family, pyrin domain containing 1), NLRP3, AIM2 (absent in melanoma 2) and several others. NLRP3 inflammasome was first identified in 2004 by Jürg Tschopp and colleagues (Agostini et al., 2004) and is the best-described inflammasome in the central nervous system (CNS) at present. Its n-terminal protein-protein interaction structural domain is a PYRIN (PYD) and therefore requires the adaptor ASC (Agostini et al., 2004). Mutations of the NLRP3 gene are responsible for the cryptochrome-associated periodic syndrome (CAPS) (Hoffman et al., 2001; Aganna et al., 2002; Aksentijevich et al., 2002).
NLRP3 inflammasome is associated with numerous CNS disorders, from sterile acute brain injuries to chronic neurodegenerative diseases (Walsh et al., 2014). The ability of the NLRP3 inflammasome to mediate various conditions and receive such high interest from researchers is closely related to its agonist properties. Unlike other members of inflammasomes which are activated only by one (or a few) specific agonists, NLRP3 inflammasome responds to many stimuli independent in origin, chemical composition, and structural properties. For CNS diseases, NLRP3 inflammasome is sensitive to endosome injury and aggregated proteins associated with diseases, including triphosphate (ATP) (Fann et al., 2018), amyloid-β (Aβ) (Halle et al., 2008), and α-synuclein (Panicker et al., 2019). It is suggested that the NLRP3 inflammasome may function as a signaling integrator, which recognizes any molecule or condition that would cause pathological states (Liston and Masters, 2017).
It is now well-recognized that the canonical activation of NLRP3 inflammasome is stimulated via two steps: prime (signal 1) and activation (signal 2). Briefly, signal 1 initiates the transcription of NLRP3 and pro-inflammatory genes. Thus their expressions in cells are upregulated. This process implicates pattern recognition receptors (PRRs), such as tumor necrosis factor (TNF) receptors, nucleotide-binding oligomerization domain containing protein 2 (NOD2), and toll-like receptors (TLRs) triggered by various pathogen-associated molecular patterns (PAMPs) or damage-associated molecular patterns (DAMPs) (Franchi et al., 2009; Xing et al., 2017). Nuclear factor-κB (NF-κB) is then further activated and enhances the transcription of inflammasome-related components (Bauernfeind et al., 2009). Signal 2 occurs upon recognizing NLRP3 inflammasome stimuli and subsequently induces the assembly of ASC and caspase 1. However, it remains unclear how NLRP3 inflammasome sense and respond to cellular danger signals. The widely accepted upstream signals include K+ efflux via purinergic 2X7 receptor (P2X7R) (Munoz-planillo et al., 2013; Di et al., 2018), lysosomal disruption and the leakage of cathepsins (Hornung et al., 2008), production of reactive oxygen species (ROS) (Dostert et al., 2008), and mitochondrial dysfunction (Zhou et al., 2011; Iyer et al., 2013). ROS generation was consistently observed in the event of NLRP3 inflammasome activation, while inhibition of ROS production blocked the NLRP3 activation (Zhong et al., 2018). Damage to mitochondria leads to elevated ROS levels. It showed that impaired mitochondria could activate the NLRP3 inflammasome directly (Liu et al., 2018). Further study suggested that mitochondrial dysfunction was associated with high levels of ROS (He et al., 2016; Mills et al., 2018). Specific blockade of mitochondrial ROS production inhibited NLRP3 inflammasome activation (Zhou et al., 2011). Recently, it was revealed that the oxidized mitochondrial DNA (mtDNA) was required to activate the NLRP3 inflammasome, while loss of mtDNA in mice resulted in the inactivation of NLRP3 inflammasome (Zhong et al., 2018). Thus mitochondrial dysfunction and the liberation of mtROS and mtDNA into the cytoplasm is a key event associated with NLRP3 activation. Dysfunctions of other organelles such as the endoplasmic reticulum (Zhou et al., 2020) and Golgi apparatus (Chen and Chen, 2018) are also upstream events in the activation of NLRP3 inflammasome. Notably, these pathways are overlapping and cross-linked, and some studies yielded opposite conclusions. Further investigation is needed. In 2015, the remarkable identification of gasdermin D (GSDMD) linked to cellular pyroptosis was a breakthrough in the research field regarding NLRP3 inflammasome (Kayagaki et al., 2015). In general, when lipopolysaccharide (LPS) produced by Gram-negative bacteria is detected, caspases four and five in humans (Shi et al., 2014) [caspase 11 in mice (Kayagaki et al., 2011)] are activated via toll-like receptor 4 (TLR4), causing the cleavage of GSDMD, subsequently leading to K+ efflux and pyroptosis. This process is known as the non-canonical activation pathway of NLRP3 inflammasome. In the same year, another heavyweight article was published describing a selective NLRP3 inhibitor named MCC950 that further inspired a boom in inflammatory biotechnology (Coll et al., 2015). MCC950 does not inhibit any other recognized inflammasomes, including NLRP1, NLRC4, or AIM2. Meanwhile, MCC950 could inhibit both the canonical and non-canonical activation pathway induced by all currently known irritants of NLRP3 inflammasome (Coll et al., 2015). Because of its high specificity, MCC950 is the most recommended and used compound to investigate NLRP3 inflammasome-associated events in vitro and in vivo. Other small-molecule inhibitors of NLRP3 inflammasome include Bay 11–7082 (Juliana et al., 2010), JC-171 (Guo et al., 2017), etc.
With the increasing research on inhibitors of NLRP3 specificity, NLRP3 inflammasome is also thought to be a potential drug target for treating neurological diseases. In recent years, studies in this direction have grown rapidly. Bibliometric analysis can be applied to explore the developments of a specialty, mapping from its frontier to the knowledge base in a time-varying manner (Chen and Song, 2019). With the use of bibliometric software CiteSpace, our study intends to present realistic and intuitive pictures of the evolutionary trends of research hotspots in the field, and to assist researchers in better understanding of the research dynamics on NLRP3 inflammasome in neurological diseases.
2 MATERIALS AND METHODS
2.1 Data collection
The initial systematic screening of the literature studies was performed within the Web of Science Core Collection (WoSCC) database. The searching strategy was as follows: TS = NLRP3 inflammasome AND TS = neurological diseases OR TS = neurological disorder OR TS = brain disorder OR TS = brain injury OR TS = central nervous system disease OR TS = CNS disease OR TS = central nervous system disorder OR TS = CNS disorder AND Language = English from 2010 to 2022. The type of literature was limited to articles and reviews. To avoid the impact of database updating, all data collection was done on a single day, 12 May 2022. We obtained a total of 1,243 records, and 26 data were excluded, including meeting abstracts, book chapters, proceedings paper, editorial material, corrections, and retracted publications. Data were imported into the CiteSpace software (version 5.8. R3) for further checking and processing. The recruitment strategy is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Schematic diagram of literature screening. Data collection was done on a single day, 12 May 2022. A total of 1,243 records from the Web of Science Core Collection (WoSCC) database was retrieved. Then, 26 data were excluded, including meeting abstracts, book chapters, proceedings papers, editorial material, corrections, and retracted publications. Finally, 1,217 pieces of data were obtained. Data were imported into the CiteSpace software (version 5.8. R3) for further analysis.
2.2 Data analysis
The annual number of publications, publication years, h-index, and subject category were analyzed mainly through the WoSCC database. The h-index obtained from the WoSCC is a more accurate reflection of the academic achievements of an individual or a country/institution. A higher h-index indicates a higher impact of paper/scholar/country. The involved research institutions, countries and authors, keywords, and other indicators in this research field were analyzed by CiteSpace software. Graphs of contributed countries/regions, institutions, and authors were mapped. The co-occurring keywords, keyword cluster timeline, and keyword burst were also illustrated. Nodes in the generated map represent specific items, such as countries, institutions, keywords, and authors. The larger the node, the greater the number of documents. Links between nodes indicate cooperative networks. The thicker the line, the greater the intensity of cooperation. Centrality suggests the importance of the node in the networks. The centrality value >0.1 is generally regarded as a more significant node. The higher the co-occurrence frequency (Count) and centrality, the more influential the node is in the field. Keyword clustering timeline, co-occurrence keywords, and highly cited articles were used to identify the research status and focus. The keyword burst results reflect the dramatic increase in the hotness of a research direction over time and are applied to find current cutting-edge research topics.
3 RESULTS
3.1 The global trend of publication outputs
A total of 1,217 articles were collected, including 897 articles and 320 reviews. 22302 articles were cited after removing self-citations. The total citation frequency excluding self-citation was 31577. The average citation frequency of each article was 31.04 times, and the h-index was 95. The annual number of publications is shown in Figure 2. Before 2013, the yearly literature in this field was in the single digits; it grew rapidly from 2013 onwards, with 287 publications by 2021. The main research areas include Neurosciences neurology (515, 42.32%), Immunology (258, 21.20%), and Pharmacology pharmacy (216, 17.75%), etc. The journals with the most published articles in this field are Journal of Neuroinflammation (70, 5.75%), International Immunopharmacology (38, 3.12%), International Journal of Molecular Sciences (37, 3.04%), Frontiers in Immunology (31, 2.55%), and Brain Behavior and Immunity (27, 2.22%). National Natural Science Foundation of China (NSFC) grants support the highest number of studies (416, 34.18%), followed by the National Institutes of Health (149, 12.24%) and the United States Department of Health Human Services (149, 12.24%) grants (Table 1).
[image: Figure 2]FIGURE 2 | Publications over time (2010–2022).
TABLE 1 | Top five based on the number of documents (2010–2022).
[image: Table 1]3.2 Contributions of countries and institutions
Researchers from 67 countries/regions and 337 institutions were involved in the studies in this field. As shown in Table 2, among the 67 countries/regions, those contributing more literature are China (604, 49.63%), the United States of America (USA) (280, 23.01%), Germany (64, 5.26%), Italy (59, 4.85%), and England (45, 3.70%). Figure 3 visualizes the outputs and connections between different countries. Links among nodes reveal that there was active cooperation among countries. The size of the node indicates the number of publications. The purple outer circle of the node shows that the centrality of the node is more significant than 0.1, which means that this node is critical in the network. Of note, although China ranks first in the number of published articles, the centrality is less than the United States, suggesting that the latter is more important in collaborative networks. Germany has fewer articles but higher centrality, indicating more collaboration. The annual publications for each country are shown in Figure 4. As shown in Table 2 and Figure 5, the top five institutions in terms of the number of articles are all from China, namely Zhejiang University (44, 3.62%), Nanjing Medical University (33, 2.71%), Sun Yat Sen University (28, 2.30%), Nanjing University (25, 2.05%) and Chongqing Medicine University (24, 1.97%). However, the generated map showed 337 nodes and only 445 links (Figure 5), indicating less cooperation between institutions.
TABLE 2 | Top five countries/regions and institutions based on the number of documents (2010–2022).
[image: Table 2][image: Figure 3]FIGURE 3 | Publications over countries. The node size represents the number of articles. The larger the node, the greater the number of articles published by the country. The figure shows the top 20 countries in terms of number of published articles. China ranks first, and the other countries, in clockwise order, are the United States, Germany, Italy, England, Canada, South Korea, Australia, Iran, and Spain. The lines between the nodes represent the cooperation between the different countries.
[image: Figure 4]FIGURE 4 | Annual number of publications over countries. The five countries with the highest number of published articles are China, the United States, Germany, Italy, and England. The annual number of publications from these five countries is illustrated. The different color lines represent different countries.
[image: Figure 5]FIGURE 5 | Publications over institutions. The node size represents the number of articles. The larger the node, the greater the number of articles. The highest number of publications is from Zhejiang University, followed by Nanjing Medical University, Sun Yat Sen University, Nanjing University, and Chongqing Medicine University. Other countries are shown in counterclockwise order in the picture. The lines between the nodes represent the cooperation between the different institutions.
3.3 Authors and co-cited authors
A total of 438 authors have participated in the research on the role of NLRP3 inflammasome in neurological diseases. As shown in Table 3, the five most prolific authors are, in rank order, Li Y (Shanghai Jiao Tong University, count 16), Wang J (Soochow University, count 15), Wang Y (Zhejiang University, count 14), Chen S (Zhejiang University, count 14), and Wang L (Zhejiang University, count 14). Surprisingly, all five authors are from China but have relatively low centrality. More interestingly, most of them conducted their research post 2016.
TABLE 3 | Top five authors and co-cited authors (2010–2022).
[image: Table 3]A single co-citation is considered when two or more authors are cited at the same time in a single paper. These two or more authors are co-cited authors and form a co-citation network. Of 746 co-cited authors, 18 are co-cited more than 100 times. Heneka MT (277) is the most frequently co-cited author, followed by Martinon F (235) (Table 3). Figure 6 presents the top 20 co-cited authors and shows relatively close cooperation between authors.
[image: Figure 6]FIGURE 6 | Co-cited authors’ network. Nodes represent co-cited authors. The size of the node represents the number of citations. The line between nodes represents the collaboration between authors.
3.4 Research topic and frontiers
3.4.1 Top 10 highly cited references
Highly cited literature refers to publications of high citation frequency and impact, reflecting the hot spots and depth of research in the area. Table 4 lists the top ten most cited articles on NLRP3 inflammasome in CNS disease research from 2010 to 2022. Interestingly, half of these ten articles were released in 2013. Among these ten papers, the article published in Nature by Heneka MT and colleagues ranks top, with a remarkable 1,385 citations times. This article, along with the second-, fifth-, sixth-, and seventh-ranked literature, discussed the specific mechanisms of NLRP3 inflammasome signaling axis in the pathogenesis of Alzheimer’s disease (AD) and other neurodegenerative diseases. The ninth- and tenth-ranked articles addressed the involvement of NLRP3 inflammasome in stroke, suggesting the potential clinical value of therapeutic interventions targeting inflammasome assemblies and activities. The third and fourth-ranked articles summarized the understanding of NLRP3 inflammasome in the genesis of neurological disorders. These findings demonstrate the intense interest of researchers over the past decade regarding the role of NLRP3 inflammasome in the pathogenesis of neurological diseases and potential therapeutic targets.
TABLE 4 | Top 10 high-cited references related to NLRP3 inflammasome in neurological diseases.
[image: Table 4]3.4.2 Keyword co-occurrence
The keyword co-occurrence map is based on the frequency of keyword co-occurrence in the cited literature, namely, two or more keywords appearing in the same literature are considered as one co-occurrence. Keyword co-occurrence analysis assists in identifying research hotspots and predicting research trends in certain areas. The keywords with high co-occurrence frequency have been illustrated in Table 5. The top ten co-occurrence keywords are “nlrp3 inflammasome” (595), “activation” (306), “oxidative stress” (190), “expression” (181), “alzheimers disease” (181), “nf kappa b” (171), “mechanism” (149), “brain” (140), and “cell death” (134). To facilitate understanding, we have drawn a keyword co-occurrence network map (Figure 7). The right panel of the chart illustrates the major diseases associated with NLRP3 inflammasome, in addition to “alzheimers disease”, including “ischemic stroke”, “traumatic brain injury”, “multiple sclerosis”, “parkinsons disease”, “intracerebral hemorrhage” and “subarachnoid hemorrhage”. The keywords associated with NLRP3 inflammasome activation pathways are represented in the lower-left corner of the map, such as “nf kappa b” and “il-1 beta”. Keywords related to the mechanism of NLRP3 inflammasome are indicated in the upper-left corner of the figure, including “oxidative stress”, “apoptosis”, “neuroinflammation”, and “blood brain barrier”.
TABLE 5 | Keywords co-occurrence frequency (Top 25 in count order, 2010–2022).
[image: Table 5][image: Figure 7]FIGURE 7 | Keywords co-occurrence network. The size of the node represents the count of keywords. The top ten co-occurrence keywords are “nlrp3 inflammasome”, “activation”, “oxidative stress”, “expression”, “alzheimers disease”, “nf kappa b”, “mechanism”, “brain”, and “cell death”. The right part of the figure illustrates the major diseases associated with NLRP3 inflammasome, including “alzheimers disease”, “ischemic stroke”, “traumatic brain injury”, and “multiple sclerosis”. The keywords related to the NLRP3 inflammasome activation pathways are shown in the lower-left corner of the figure, such as “nf kappa b” and “il-1 beta”. Keywords related to the mechanism of NLRP3 inflammasome activation are indicated in the upper-left corner of the figure, including “oxidative stress”, “apoptosis”, and “neuroinflammation”.
3.4.3 Keyword cluster timeline and keyword burst
Keyword cluster refers to the network group based on keyword co-occurrence with similar research topics. A total of eight clusters are generated: “subarachnoid hemorrhage”, “depression”, “alzheimers disease”, “intracerebral hemorrhage”, “oxidative stress”, “multiple sclerosis”, “caps”, and “ischemic stroke”. In addition, in CiteSpace, clusters are numbered starting from zero. That is, cluster #0 is the largest cluster, while cluster #1 is the second-largest, and onwards. The keyword timeline after clustering is drawn using TimeLine View (Figure 8). In the TimeLine View, these keywords are spread out in their respective clusters according to the years they emerged. The keyword color is consistent with the label color of the cluster to which it belongs. The length of the horizontal solid line for each cluster represents its timeframe. The TimeLine View visually reveals the historical span of the literature and is used to follow the evolution of research trends. We further drew the graph of keyword citation burst using CiteSpace (Figure 8), with the blue line indicating the period and the red line indicating the duration of the citation burst, showing the progress of the hot topics. As shown in Figure 9, “il-1 beta” (12.13) has the highest strength, followed by “innate immune response” (8.14) and “caspase 1” (5.72). Keywords with a long duration of citation burst include “central nervous system” (2010–2017), “il-1 beta” (2011–2017), “caspase 1” (2011–2017), “innate immune response” (2011–2015), “innate immunity” (2013–2018), and “necrosis factor alpha” (2014–2019), indicating that studies in these directions received a lot of attention from researchers. The latest burst keywords include “functional recovery” (2020–2022) and “cognitive impairment” (2020–2022).
[image: Figure 8]FIGURE 8 | Keyword cluster timeline analysis (2010–2022). There are eight clusters in total and distinguished by different colors. Cluster #0 is the largest cluster, followed by cluster #1, and so on. This timeline chart spreads out the keywords included in the clusters by the time they emerged. The keyword color is the same as the label color of the cluster to which it belongs.
4 DISCUSSION
4.1 Research trends
As shown in Figure 2, it is clear that the number of studies in this field has shown a continuous increase since 2013. It is also apparent from Table 4 that there were many heavyweight papers released in 2013, as represented by the article published in Nature by Prof. Heneka MT’s team (Heneka et al., 2013). In addition, most of the highly cited papers were published in top journals, such as Nature and Cell, demonstrating the significant interest and recognition of researchers. These impressive findings have certainly stimulated the interest of other scholars in the NLRP3 inflammasome. Thus not surprisingly, the number of articles has grown since then. As presented in Table 2, China, the United States, Germany, Italy, and England are the top five contributing countries in terms of the number of publications. Of note, China has contributed almost half of the papers published in this field. The top five institutions with the highest number of releases, all from Chinese universities, are Zhejiang University, Nanjing Medical University, Sun Yat Sen University, Nanjing University, and Chongqing Medicine University. The top five contributing authors are also from China: Li Y, Wang J, Wang Y, Chen S, and Wang L. Among these five authors, the last three authors are based at Zhejiang University. Interestingly, three of these five authors launched their studies in 2016. The fund that supports the most research is NSFC. Thus, our data illustrate the consistency among productive authors, leading countries and institutions, and investing funds. Because of the ample financial support, the intense academic atmosphere in excellent institutions, and the high productivity of authors, China surpassed the United States in terms of publications in 2016 and has continued its leadership position (Figure 4).
It is worth noting that although the United States ranks second in overall publications, it outperforms China to rank first in terms of h-index. Meanwhile, we also recognize that Chinese authors accounted for only one of the highly cited articles and ranked ninth, which is relatively backward. There are many reasons for the insufficient impact of Chinese scholars’ articles, probably related to the later start of Chinese academics’ studies. Chinese researchers should keep deepening their investigation in the field to enhance their influence later on. In addition, there is less collaboration between China and other countries (Figure 3). It is expected that cooperation between countries and institutions can be strengthened in the future to promote progress together. In contrast, Germany publishes fewer articles, but its collaboration with other countries remains intense. Among the top ten highly cited literature, Prof. Heneka MT and colleagues contributed three papers. As the Head of the Department of Neurodegenerative Diseases and Geriatric Psychiatry at the University Hospital Bonn, and the Head of the Research Group of the German Center for Neurodegenerative Diseases (DZNE), from 2013 till today, he has continued to focus and conduct research on NLRP3 inflammasome in AD, with several high-quality publications and a significant influence in the field. Therefore it is reasonable for him to be a highly co-cited author.
4.2 Research focuses and frontiers
Summarized from the keywords burst chart (Figure 9), research on NLRP3 inflammasome in CNS diseases can be roughly divided into three stages. The first phase from 2010 focused on the expression and activation of the NLRP3 inflammasome signaling pathway in CNS disease. Therefore, downstream potency factors in the signaling pathway, such as “caspase1” and “il-1 β”, were hot spots for keywords. This was followed by a second phase from 2013 onwards, in which the specific mechanisms of NLRP3 inflammasome involved in certain CNS diseases were the focus of researchers’ attention. Thus, both related mechanisms and diseases showed explosive growth in this period, including “disorder”, “focal cerebral ischemia”, “intracerebral hemorrhage, and “er stress”. Immediately following the third phase in 2020, more attention was paid to the feasibility of NLRP3 inflammasome as a therapeutic target, so keywords regarding the evaluation of the efficacy to treat diseases became popular, such as “functional recovery” and “cognitive impairment”. Of note, as shown in TimeLine View (Figure 8), these three stages are not developed separately but are intertwined and share mutual progress. Currently, NLRP3 inflammasome activation is under investigation in a wide range of neurological disorders. In particular, disorders including neurodegenerative diseases, hemorrhagic/ischemic stroke, and related mechanisms such as oxidative stress, receive long-standing concerns. Similar conclusions can be drawn from the keyword co-occurrence graph (Figure 7). As presented in Table 1, the research directions of NLRP3 inflammasome include not only Neurosciences neurology but also Immunology and Pharmacology, which also reflect the focus and interest of researchers.
[image: Figure 9]FIGURE 9 | Top 35 keywords with the strongest citation burst. The burst results suggest a spike in citations for a specific keyword during a certain period. In other words, relevant research has attracted a high degree of attention in the field. It is an indicator of the research frontier within a specific time. The blue line indicates the period, and the red line indicates the duration of the citation burst. The number in parentheses represents the intensity of the burst. The larger the number, the higher the intensity of the burst.
As discussed in the previous section, the canonical activation of NLRP3 requires two steps: priming (signal 1) and activation (signal 2). At present, the primary mechanism of signal 1 is relatively well established. However, the mechanism of signal 2 is still not elucidated. Therefore, as shown in Figure 7, related studies are the hot spot in this field. Besides K+ efflux, Ca2+ release from the endoplasmic reticulum (ER) promoted by K+ is also thought to be an upstream signal in NLRP3 inflammasome activation (Murakami et al., 2012). More specifically, ER stress leading to Ca2+ release from the ER lumen amplifies the activation of NLRP3 inflammasome. This may partly contribute to why ER stress has recently become popular (Figure 9). In addition, mitochondrial impairment, and the release of mtROS and mtDNA into the cytoplasm are critical upstream events associated with NLRP3 inflammasome activation (Shimada et al., 2012). MtROS levels are significantly elevated in response to cellular stress. Considering the essential role of oxidative stress in the activation of NLRP3 inflammasome and in mediating the pathogenesis process of neurological diseases such as stroke, not surprisingly, it has become a hot topic of research.
Ischemic stroke is the second leading cause of death worldwide (Campbell et al., 2019). Cognitive impairment and depression are major complications of strokes, resulting in heavy social and medical burdens (Pendlebury and Rothwell, 2009). The ninth and tenth most highly cited literature, and several other studies, highlighted the importance of NLRP3 inflammasome in the inflammatory response in aseptic tissue involved in acute brain injury after stroke (Fann et al., 2013a; Fann et al., 2013b; Xiong et al., 2016). NLRP3 inflammasome and pro-inflammatory cytokines such as IL-1 β and caspase-1 were highly expressed in cellular and animal models of stroke, as well as in stroke patients (Fann et al., 2013a; Barrington et al., 2017). The production of mtROS induced by ischemia/reperfusion (I/R) could activate the NLRP3 inflammasome and lead to neural damage (Minutoli et al., 2016). Other danger signals in I/R that activate NLRP3 inflammasome include mitochondrial DNA oxidation, mitochondrial dysfunction, intracellular Ca2+ overloading, cell swelling, and thioredoxin-interacting protein (TXNIP) (Gong et al., 2018; Feng et al., 2020). TXNIP is dissociated from the thioredoxin 1 (Trx1)/TXNIP complex in oxidative stress conditions. It was further suggested that during rats’ I/R injury, the Trx1/TXNIP complex was modulated by nuclear factor erythroid 2-related factor 2 (Nrf2), an important transcription factor involved in the antioxidant stress system (Hou et al., 2018). Nrf2 scavenges ROS and then inhibits NLRP3 expression (Liu et al., 2017). After upregulation of Nrf2, the expression of cytoplasmic TXNIP, NLRP3 inflammasome, and downstream elements caspase-1, IL-18, and IL-1β were remarkably decreased while knockdown of Nrf2 resulted in the opposite (Hou et al., 2018). Therefore, Nrf2 could function as a protective mediator of NLRP3 inflammasome activation, which may represent an innovative therapeutic insight for ischemia treatment. Currently, it is well recognized that the inflammatory cascade mediated by NLRP3 inflammasome can lead to brain edema, hemorrhage, blood-brain barrier injury, and more neuronal death (Wang et al., 2007). The possible mechanisms involved include promoting the maturation and release of pro-inflammatory factors and mediating apoptosis (Fann et al., 2013b). In line with this, further studies have shown that the blockade of NLRP3 inflammasome activation serves a neuroprotective function (Fann et al., 2013a) (Yang et al., 2014). Treatments with P2X7R antagonist blue brilliant G (BBG) or MCC950 to inhibit the activation of NLRP3 inflammasome decreased infarct volume and neurovascular complications in the mouse model of middle cerebral artery occlusion (MCAO) and suppressed neuronal cell apoptosis in vitro and in vivo (Ye et al., 2017). Furthermore, treatment of MCC950 could alleviate cognitive impairment, blood-brain barrier integrity, and neurovascular remodeling in rats after ischemia (Ward et al., 2019; Bellut et al., 2021).
NLRP3 inflammasome can also be activated after hemorrhagic stroke, such as intracerebral hemorrhage (ICH) and subarachnoid hemorrhage (SAH), leading to an inflammatory response cascade that further exacerbates brain injury (Luo et al., 2019b). A previous study showed that P2X7R/cryopyrin inflammatory axis contributed to the activation of caspase-1 and the subsequent production of IL-1 β/IL-18 after SAH, thus promoting neuroinflammation (Chen et al., 2013). In a mouse model of SAH caused by endovascular perforation, the pro-inflammatory mediator triggering receptor expressed on myeloid cells 1 (TREM-1) was identified to induce microglia NLRP3 inflammasome activation and the following pyroptosis (Xu et al., 2021). In contrast, TREM-1 inhibition ameliorated neurological deficits. Intraperitoneal injection of MCC950 in rats attenuated neuroinflammatory response, reduced early brain injury, and improved SAH-induced neurological dysfunction (Dodd et al., 2021; Luo et al., 2019a). MCC950 treatment in ICH murine models could also preserve the integrity of the blood-brain barrier, reduce the generation of pro-inflammatory cytokines by microglia, and decrease neuronal cell death (Ren et al., 2018). BBG treatment attenuated neuroinflammation after ICH in rats by inhibiting the P2X7R/NLRP3 inflammasome pathway (Feng et al., 2015). Nrf2 also plays a protective role by attenuating early brain injury in ICH (Luo et al., 2019b). Silymarin upregulated the Nrf2-mediated signaling pathway that led to the inactivation of NLRP3 inflammasome, exerting neuroprotective effects in rats with collagenase-induced ICH (Yuan et al., 2017).
Multiple sclerosis (MS) is a progressive inflammatory demyelinating and incurable disease that affects more than 2.3 million people worldwide, causing motor, sensory, vision, cognitive, autonomic, and mood disorders (Thompson et al., 2018). To date, the cause of MS is unknown. Experimental autoimmune encephalomyelitis (EAE), featured by CD4+ T cell-mediated inflammation and demyelination, is an ideal model for human MS. Several studies demonstrated that NLRP3 inflammasomes were required in the development of EAE (Inoue et al., 2012a; Lalor et al., 2011). Loss of NLRP3 inflammasome and the downstream effector IL-1β and IL-18 ameliorated the course of EAE by reducing T-cell initiation and later T-cell trafficking to the central nervous system (Inoue et al., 2012a; Lalor et al., 2011). Jenny P.-Y. Ting and colleagues demonstrated that, for the first time, mice lacking the Nlrp3 gene (Nlrp3 −/−) exhibited reduced demyelination in EAE models (Jha et al., 2010). Similar results were also observed in caspase 1−/− and IL-18−/− mice, suggesting that NLRP3 inflammasome was involved in the pathological process of MS via caspase 1 and IL-18 (Jha et al., 2010). Notably, IL-18−/− mice presented enhanced myelin regeneration. Thus intervention to inhibit IL-18 may be a future target for demyelinating diseases. With these articles, a landmark explosion of research regarding NLRP3 inflammasome on MS occurred afterward (Figure 8). Interventional inhibition of NLRP3 inflammasome did show therapeutic effects on MS in animal models. As a specific inhibitor of the NLRP3 inflammasome, MCC950 was first used in the study of EAE after its development. MCC950 treatments reduced IL-1β production, postponed the onset, and mitigated the severity of EAE in mice (Coll et al., 2015). These results were verified by Malhotra S and colleagues recently. EAE models of mice treated with MCC950 exhibited reduced disease severity and decreased LPS-induced axonal damage (Malhotra et al., 2020). In both in vitro and in vivo EAE models, JC-171, another small-molecule inhibitor of the NLRP3 inflammasome, proved to reduce NLRP3-mediated IL-1β secretion in a dose-dependent manner by disrupting NLRP3-ASC interactions (Guo et al., 2017). A recent study showed that treatment with another small-molecule inhibitor, VX-765, could reduce the expression of IL-1β, caspase 1, and GSDMD in EAE models, and yielded superior outcomes, including prevention of axonal injury and improved neurobehavioral function (Mckenzie et al., 2018). This finding further suggested that GSDMD-mediated pyroptosis was involved in the mechanism of the inflammatory demyelination process in MS, which was previously unsuspected. Manoalide is a newly discovered selective NLRP3 inhibitor that acts mainly by blocking the NEK7-NLRP3 interaction. Manoalide intervention mitigated the progression of EAE and disease severity by alleviating the neuroinflammatory response in EAE mice (Li et al., 2022). Moreover, recent studies also suggested that NLRP3 gene polymorphism could predict the interferon beta (IFN-β) efficacy in MS patients’ treatment (Malhotra et al., 2015; Imani et al., 2018; Inoue et al., 2012b). After IFN-β administration, increased expression of NLRP3 and IL-1β was observed in responders while no changes in non-responders (Malhotra et al., 2015). However, this proposition is still controversial. In contrast, a meta-analysis conducted by Sunny Malhotra and colleagues suggested that NLRP3 polymorphisms were not associated with the response to IFN-β treatment in MS (Malhotra et al., 2018). Research on this subject is still ongoing, which may partially explain why the keyword “gene” has been prevalent in recent years.
AD is a specific neurodegenerative disease that affects up to 6.5 million Americans (Alzheimer’s Disease International, 2022). About two decades ago, Halle A and colleagues demonstrated that, for the first time, Aβ could directly activate the NLRP3 inflammasome and lead to the release of IL-1β (Halle et al., 2008). The probable mechanisms included lysosomal damage and the following cathepsin B release (Halle et al., 2008). Prof. Halle A also ranked the fifth most highly co-cited author (Table 3). Subsequently, extensive research was conducted. The outstanding representative of this area is the article published by Prof. Heneka MT and colleagues, which tops the citation list (Table 4). It demonstrated that Nlrp3 (−/−) or Casp1 (−/−) mice were largely free of spatial memory loss and other sequelae related to AD, and exhibited decreased cerebral caspase-1 and IL-1β activation, along with increased Aβ clearing (Heneka et al., 2013). In the amyloid precursor protein/presenilin 1 (APP/PS1) AD model, NLRP3 inflammasome defects would shift microglia toward the M2 phenotype, leading to reduced Aβ deposition (Heneka et al., 2013). This research team further revealed that NLRP3 inflammasome activation was related to ASC-speck cross-seeding of Aβ pathology in AD mice models, suggesting the essential role of NLRP3 inflammasome in the genesis and development of Aβ pathology (Venegas et al., 2017). The latest study showed that in addition to fibrillar Aβ aggregates, NLRP3 inflammasome could be activated by lower molecular weight Aβ oligomers and protofibrils (Luciunaite et al., 2020). This finding highlighted the probability that microglia activation by these Aβ species might trigger the innate immune response ahead of the onset of Aβ deposition. Recently, Prof. Heneka MT and colleagues further confirmed that activation of microglia NLPR3 inflammasome could promote tau hyperphosphorylation and aggregation and facilitate the onset of AD (Ising et al., 2019). Meanwhile, NLRP3 inflammasome can be directly activated by microglia tau oligomers, monomers (Ising et al., 2019), and aggregates (Stancu et al., 2019), mediating Aβ-induced tau cascade pathology (Ising et al., 2019). Moreover, NLRP3-deficient mice exhibited reduced tau pathology, and improved cognitive function (Ising et al., 2019). These discoveries suggest the significant role of NLRP3 inflammasome in the pathogenesis of AD and, more importantly, indicate that patients with AD may benefit from therapeutic strategies targeting NLRP3 inflammasome. Extensive studies have shown that MCC950 treatment could decrease Aβ-induced pathological events and improve cognitive functions. MCC950 could suppress the NLRP3 inflammasome-mediated immune response induced by Aβ aggregates (Luciunaite et al., 2020) and the tau-induced pathological changes (Stancu et al., 2019). The inhibition of NLRP3 inflammasome by MCC950 improved synaptic plasticity deficits in vivo (Qi et al., 2018), and ameliorated memory impairment in murine models (Fekete et al., 2019). Other inhibitors of NLRP3 inflammasome also exhibited neuroprotective effects, with the ability to improve neuronal damage and cognitive impairment, including Bay 11–7082 (Ruan et al., 2019) and VX-765 (Flores et al., 2018).
As shown in Figure 7 and Table 5, traumatic brain injury (TBI) has also gained popularity among researchers in recent years. TBI induces an inflammatory cascade that includes potassium efflux, altered calcium signaling, mitochondrial damage, and ROS release, all of which ultimately trigger NLRP3 inflammasome activation (O’brien et al., 2020). In the acute phase of the TBI animal model, MCC950 intervention preserved the integrity of the blood-brain barrier, attenuated NLRP3-mediated neuroinflammatory response, and improved disease outcome (Ismael et al., 2018; Xu et al., 2018). Bay 11–7082 also significantly reduced inflammatory infiltration and damage in mouse cortex and hippocampus within 24 h after TBI (Irrera et al., 2017). The study further showed that NLRP3-deficient mice exhibited retained cognitive function and less severe brain damage when compared to wild-type mice.
4.3 Research in the future
With so much evidence from animal studies, NLRP3 inflammasome is emerging as a new target for treating CNS diseases. However, no drugs directly targeting NLRP3 inflammasome are available for clinical use in neurological disorders at present. Anakinra is one of three IL-1 inhibiting biologics approved by the U.S. Food and Drug Administration (FDA) for therapeutic use in multiple inflammatory diseases. As a reconstituted IL-1 receptor antagonist, anakinra was the first to be developed and effective in the treatment of CAPS (Jesus and Goldbach-mansky, 2014) and rheumatoid arthritis (Calabrese, 2002). Although anakinra therapy showed benefits in preclinical models of neurological disorders, several issues limit its practical clinical application. Anakinas requires subcutaneous injection daily due to their short plasma half-life (Granowitz et al., 1992). However, it causes inflammation at the injection site, making daily administration very painful (Rossi-semerano et al., 2015). More importantly, blocking IL-1β signaling of all sources would increase the risk of infection, which has long been noted in anakinra’s application for rheumatoid arthritis (Galloway et al., 2011; Ramirez and Canete, 2018). Subsequently, the emergence of selective small-molecule inhibitors of NLRP3 inflammasome offers new possibilities. Regrettably, a phase II clinical trial of MCC950 for rheumatoid arthritis was halted due to hepatotoxicity (Mackenzie et al., 2010). Meanwhile, the clinical trial of VX-765 was also suspended owing to its immunosuppression and hepatic toxicity (Mackenzie et al., 2010). Therefore, there is still considerable interest in identifying a small molecule NLRP3 inhibitor that has the potential of increasing efficacy, reducing side effects, and could be used to manage NLRP3-related neuroinflammatory and CNS disorders. Other NLRP3 inflammasome-specific inhibitors, including inzomelid (Inflazome/Roche) and NT-0167 (NodThera/Roche), are currently undergoing clinical trials. The ultimate trial data are highly anticipated.
More encouraging findings come from fenamate non-steroidal anti-inflammatory drugs (NSAIDs). These compounds have been approved by the FDA for other diseases’ treatments and also act as selective inhibitors of NLRP3 inflammasome (Daniels et al., 2016). It showed that treatment with mefenamic acid was protective against Aβ-induced memory impairment and NLRP3-mediated neuroinflammation in AD animal models (Daniels et al., 2016). These promising discoveries in animal studies of FDA-approved drugs may enable faster breakthroughs in clinical trials.
Interestingly, many Chinese traditional medicine ingredients and botanical extracts were demonstrated to inhibit NLRP3 inflammasome activation. Resveratrol is a polyphenol complex derived from natural plants, mainly in red grape skins and wine. Several studies have revealed the beneficial effects of resveratrol in the treatment of AD (Qi et al., 2019), cerebral ischemia (He et al., 2017), and SAH (Zhang et al., 2017), all of which are closely related to the modulation of NLRP3 inflammasome. Dl-3-n-butylphthalide (Dl-NBP) is the active ingredient extracted from Chinese herbal celery seeds. It has long been used for the treatment of ischemic stroke. Recently, Dl-NBP is thought to be a novel application for neurodegenerative diseases. In APP/PS1 mice, Dl-NBP treatment reduced TXNIP-NLRP3 interaction and ameliorated neuronal apoptosis by up-regulating Nrf2 to inhibit NLRP3 inflammasome-mediated inflammatory damage, thereby improving oxidative stress injury (Wang et al., 2019). In a Parkinson’s disease model, dl-3-butylphthalide salvaged dopaminergic neurons by inhibiting NLRP3 inflammasome and alleviating mitochondrial damages (Que et al., 2021). Given the low toxicity and fewer side effects of herbal medicine, it may bring a new perspective to the treatment of CNS disease.
4.4 Strength and limitations
Compared to traditional literature reviews, analysis with the bibliometric tool CiteSpace yields better insight into the progression of research hotspots and trends, and presents a relatively comprehensive and objective data analysis. Our study is the first bibliometric analysis of NLRP3 inflammasome in neurological diseases, but there are still some limitations. Firstly, the literature data were accessed through the WoSCC database, but with the continuous updating of the database, the results of this study differed somewhat from the actual number of literature currently available. Secondly, the searching topics were only selected to be present in the title, abstract, and keywords, while related terms in the text were not retained and evaluated due to the technical limitations of Web of Science. In addition, only articles and reviews were selected for this study. Meanwhile, the quality of the publications collected was mixed. The reasons mentioned above may make our analysis less comprehensive. Apart from several limitations, we believe that our visualization analysis still provides scholars with a quick understanding of the overall research status and frontiers in the field.
5 CONCLUSION
This study systematically evaluated the role of NLRP3 inflammasome in CNS disorders using bibliometric analysis through 1,217 papers from the WoSCC database during the last decade. Based on the research, China contributed the most in the number of publications, while Western scholars, represented by Prof. Heneka MT, are more influential in this field. In conclusion, the critical role of NLRP3 inflammasome in CNS diseases is well appreciated. Several compounds that interfere with the NLRP3 inflammasome pathway have shown therapeutic benefits in animal models and preclinical trials of neurological disorders. However, further research is needed to improve the efficacy of small molecule NLRP3 inhibitors, reduce their side effects, and make them available for treating CNS illnesses. With the consideration of safety and fewer side effects, traditional Chinese medicine, and plant-derived ingredients many bring new perspectives and alternative options for intractable conditions. Moreover, despite decades of research, our knowledge of NLRP3 inflammasome in CNS diseases is still poor. A better understanding of the underlying mechanisms regulating NLRP3 inflammasome will help us better evaluate the therapeutic potential of targeting NLRP3 inflammasome functions in neurological disorders. We expect that targeting NLRP3 inflammasome may be a promising approach for future therapeutic interventions and would soon be applied to clinical practice to benefit more patients.
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