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Abstract

BACKGROUND

The Nuclear factor erythroid 2-related factor 2 (NRF2) transcription factor has
attracted much attention in the context of neurological diseases. However, none of
the studies have systematically clarified this field's research hotspots and
evolution rules.

AIM

To investigate the research hotspots, evolution patterns, and future research
trends in this field in recent years.

METHODS

We conducted a comprehensive literature search in the Web of Science Core
Collection database using the following methods: (((((TS=(NFE2 L2)) OR
TS=(Nfe2 L2 protein, mouse)) OR TS=(NF-E2-Related Factor 2)) OR TS=(NRF2))
OR TS=(NFE2L2)) OR TS=(Nuclear factor erythroid2-related factor 2) 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. There are just two forms of
literature available: Articles and reviews. Data were processed with the software
Cite-Space (version 6.1. R6).

RESULTS

We analyzed 1884 articles from 200 schools in 72 countries/regions. Since 2015,
the number of publications in this field has increased rapidly. China has the
largest number of publications, but the articles published in the United States
have better centrality and H-index. Among the top ten authors with the most
published papers, five of them are from China, and the author with the most
published papers is Wang Handong. The institution with the most articles was
Nanjing University. To their credit, three of the top 10 most cited articles were
written by Chinese scholars. The keyword co-occurrence map showed that
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"oxidative stress", "NRF2", "activation", "expression" and "brain" were the five most frequently used keywords.

CONCLUSION

Research on the role of NRF2 in neurological diseases continues unabated. Researchers in developed countries
published more influential papers, while Chinese scholars provided the largest number of articles. There have been
numerous studies on the mechanism of NRF2 transcription factor in neurological diseases. NRF2 is also emerging
as a potentially effective target for the treatment of neurological diseases. However, despite decades of research,
our knowledge of NRF2 transcription factor in nervous system diseases is still limited. Further studies are needed
in the future.

Key Words: Nuclear factor erythroid 2-related factor 2; Nervous system diseases; Brain; Expression; Activation; Ferroptosis

©The Author(s) 2023. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: In this paper, the research progress of nuclear factor erythroid 2-related factor 2 (NRF2) expression, activation,
mechanism of action, and related targets in nervous system diseases is explored based on related articles published in the
past decade. Oxidative stress plays a crucial role in their pathological process, and there have been many studies on the
treatment of nervous system diseases based on oxidative stress targets. As a key factor against oxidative stress, NRF2 plays
an important role in the nervous system. Through computational analysis of the literature, we will present the research
hotspots and possible future research directions of NRF2 in the nervous system.

Citation: Chang XQ, Xu L, Zuo YX, Liu YG, Li J, Chi HT. Emerging trends and hotspots of Nuclear factor erythroid 2-related factor
2 in nervous system diseases. World J Clin Cases 2023; 11(32): 7833-7851
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INTRODUCTION

The physiology and pathology of the central nervous system are significantly influenced by oxidative stress[1]. Free
radicals play a physiological role in neuroplasticity and communication in the healthy brain. However, an excessive
buildup of free radicals can cause cell mortality and neurotoxicity[2]. Oxidative stress is an important target for the
successful treatment of nervous system diseases[3]. The increased oxygen demand in the brain, the high concentration of
polyunsaturated fatty acids, and the peroxidation of polyunsaturated fatty acids to create lipid peroxides all make the
brain susceptible to oxidative damage. Additionally, compared to other organs, the brain has lower amounts of
antioxidant enzymes[4]. Both acute and chronic inflammation interact with oxidative stress throughout the progression of
nervous system diseases. Oxidative stress plays a significant role in the pathogenesis of nervous system diseases. Endo-
genous antioxidant protection mechanisms are numerous in cells. Among them, nuclear factor erythroid 2-related factor 2
(NRF2) mediates an important mechanism of cellular anti-oxidative damage. NRF2 is a basic leucine zipper (bZIP) cap 'n'
collar transcription factor. NRF2 binds to the cytoplasmic Kelch-like epichlorohydrin-related protein 1 (Keapl) in the
absence of oxidative stress, and in reaction to the E3-ubiquitin ligase complex, degrades and maintains low levels[5].
When the body is under oxidative stress, which includes proteotoxic stress and an excessive buildup of Reactive Oxygen
Species (ROS) electrophilic molecules, NRF2 is released from the E3-ubiquitin ligase complex and moves into the nucleus.
There, it forms a heterodimer with the small Maf protein (sMaf) and attaches to AU-rich elements (AREs) on DNA to
regulate the expression of cytoprotective genes. A variety of cytoprotective genes, such as biotransformation enzymes,
antioxidant proteins, drug transporters, anti-apoptotic proteins, and proteasome proteins, are synergistically activated by
the NRF2/Keapl pathway. Examples include glutamate cysteine ligase, Multidrug Resistance-associated Protein,
Glutathione S-Transferase (GST), Quinone Oxidoreductase 1 (NQO1), Sulfiredoxin 1, and UDP-galactose translocator[6].
Therefore, mice lacking NRF2 are susceptible to various oxidative stress-related pathologies. NRF2 not only plays a role
in maintaining proper Oxidation-Reduction (REDOX) homeostasis but also plays a role in metabolic pathways such as
protein balance, iron/heme metabolism, carbohydrate and lipid metabolism, as well as apoptosis. NRF2 has also been
demonstrated to regulate ferroptosis in recent years. Therefore, proper NRF2 function is essential for cell survival, partic-
ularly when oxidative or metabolic stress is increased.

NREF?2 has seven highly conserved NRF2-ech homology (Neh) domains, each of which performs different functions[7].
The Nehl domain has a conserved Cne-bZIP motif that allows small Muscle aponeurotic fibrosarcoma (Maf) proteins or
other transcriptional proteins to link NRF2 to form heterodimers, and the NRF2-Maf heterodimers can then bind to DNA
sequences that encode downstream proteins. The Neh2 domain is rich in lysine, which is important for ubiquitin-binding
because it contains two Keap1 binding sites, The two binding sites are the high-affinity ETGE motif and the low-affinity
DLG motif, which contribute to the formation of the NRF2- Keapl complex, so Neh2 also acts as a negative regulatory
domain of NRF2. The C-terminal Neh3 region controls the transcriptional activation of ARE genes. The transcriptional
activation regions include Neh4 and Nehb. It can interact with the nuclear hormone receptor transcriptional coactivator
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AIB1, enhancing NRF2-ARE gene expression, and attach to co-activating cAMP response element binding protein,
promoting NRF2 transcription[8]. In addition, a redox-sensitive Nuclear Export Signal in the Neh5 region regulates the
intracellular location of NRF2. Neh6, a serine-rich domain with DSGIS and DSAPGS motifs, binds to proteins that contain
Transduction Repetitions and serves as a substrate receptor for the E3 (substrate-specific ubiquitin ligase) complex, which
is a negative regulator of NRF2 activity. The Neh7 region of NRF2 can bind to the Retinol X Receptor and prevent NRF2
transcriptional activation. With increasing research on NRF2-specific agonists, NRF2 is considered to be a potential drug
target for the treatment of nervous system diseases. In recent years, research in this area has flourished. A method is
needed to explore the research hotspot and progress of NRF2 in the nervous system. A time-varying map of research
growth from its frontier to its knowledge base can be created using bibliometric analysis[9]. Our research seeks to provide
accurate and understandable images of the evolution trends of research hotspots in this field using the bibliometric tool
Cite-Space and to help researchers better comprehend research trends of NRF2 in nervous system diseases.

MATERIALS AND METHODS

Data collection

The Web of Science Core Collection (WoSCC) database was used to conduct a preliminary systematic screening of the
literature. The following search method was used: TS = NFE2 L2 or TS = NFE2 L2 protein, mouse OR TS = NF-E2
associated factor 2 OR TS = NRF2 OR TS = NFE2L2 OR TS = nuclear factor erythroid 2 associated factor 2 and TS = 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. Articles and critiques were the only forms of literature allowed. To prevent the
effects of database updates, all data collection was completed on October 4, 2022, in a single day. A total of 37 records,
including conference abstracts, book chapters, proceedings papers, edited materials, corrected publications, and retracted
publications, were removed from our collection of 1921 records. For further review and processing, data were imported
into the Cite-Space program (version 6.1. R6). Figure 1 illustrates the recruitment approach.

Data analysis

Thirty-seven records, including conference abstracts, book chapters, proceedings articles, and edited books, were not
included in our collection of 1884 records. The WoSCC database was used mainly for the analysis of publications per
year, publication year, H-index, and subject category. The H-index obtained from WoSCC more correctly depicts
academic achievement on an individual, national, or institutional level. A higher H-index shows a paper's, scholar's, or
country's greater impact. Cite-Space software was used to evaluate the research institutions, nations, authors, keywords,
and other relevant indicators. Authors, institutions, and contributing nations/regions were charted. In addition, phrase
bursts, keyword cluster timelines, and co-occurring keywords were described. The nodes in the resulting maps
correspond to particular projects like Countries, Institutions, keywords, and Authors. The quantity of literature increases
with node size. Collaborative networks are represented by links between notes. The level of collaboration increases as the
line becomes thicker. The significance of a node in the network is indicated by its centrality. Nodes with centrality
numbers greater than 0.1 are typically thought to be more important. The greater the node's centrality and frequency of
co-occurrence (Count), the more significant it is in the area. The present state of the research and its focus were
determined using a keyword clustering timeline, co-occurring keywords, and highly cited literature. The keyword burst
results are applied to look for new frontiers in this field and show a sharp rise in the heat of a particular research path
over time.

RESULTS

Global trends in publication output

A total of 1884 articles, including 1621 articles and 285 reviews, were collected. After removing self-citations, 34995
articles were cited. The overall frequency of citations excluding self-citations was 46799. The average frequency of
citations per article was 27.78 and the H-index was 91. The number of publications per year is shown in Figure 2. Before
2015, the number of articles issued per year did not reach 100; it grew rapidly from 2015, with 316 publications by 2021.
The arc of growth increased significantly in 2020, and research in 2020 still focused on the anti-inflammatory and anti-
oxidative stress of NRF2, which shows that NRF2 plays an important role in inflammation and oxidative stress. The main
research fields included Neuroscience (585, 31.05%), Biochemical Molecular Biology (437, 23.20%), Pharmacology
Pharmacy (381, 20.22%), Cell Biology 223, 11.84%), Medical Research Experimental (152, 8.07%), etc. The journals with the
most published articles in this field were Oxidative Medicine and Cell Longevity (63, 3.344%), Frontiers in Pharmacology
(44, 2.335%), Antioxidants (43, 2.282%), Molecular Neurobiology (37, 1.964%), and International Journal of Molecular
Sciences (35, 1.858%). The National Natural Science Foundation of China (NSFC) provided funding for most research
(517, 27.442%), followed by the United States Department of Health and Human Services (220, 11.677 %) and the National
Institutes of Health (NIH) United States (219, 11.624%) (Table 1).
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Table 1 Top 5 research areas/journals/funding agencies according to the number of documents

Field Record count (%)
Research areas Neurosciences 585, 31.05
Biochemistry Molecular Biology 437,23.20
Pharmacology Pharmacy 381,20.22
Cell Biology 223,11.84
Medicine Research Experimental 152, 8.07
Journals Oxidative Medicine and Cellular Longevity 63,3.34
Antioxidants 43,2.28
Frontiers in Pharmacology 43,2.28
Molecular Neurobiology 37,1.96
International Journal of Molecular Sciences 35,1.86
Funding agencies National Natural Science Foundation Of China 517,27 .44
United States Department Of Health Human Services 220, 11.68
National Institutes Of Health United States 219, 11.62
National Institute Of Neurological Disorders Stroke Ninds 81,4.30
European Commission 61,3.24

Search and filter literature through Web of
Science Core Collection databases

37 literature studies excluded
Meeting abstract: 15
Book chapter: 5
Proceedings paper: 8
Editorial material: 2
Correction: 5
Letters: 1

1884 literature studies identified Retracted publication: 1

(1621 articles and 285 reviews)

1921 literature studies included

Remove duplicates via CiteSpace

1884 literature studies analyzed
(1621 articles and 285 reviews)

DOI: 10.12998/wjcc.v11.i32.7833 Copyright ©The Author(s) 2023.

Figure 1 Schematic for reviewing literature. One day was dedicated to data collection. (04 October 2022). The Web of Science Core Collection database
yielded 1921 entries in total. 37 articles were then removed, including conference abstracts, book chapters, proceedings papers, edited materials, revised
publications, and publications that had retracted earlier versions. 1884 statistics were ultimately collected. For further research, data were imported into Cite-Space
software (version 6.1. R6).

Contribution of countries and institutions

Researchers from 200 institutions and 72 countries/regions took part in this study. According to Table 2, which lists 67
countries/regions, China (972, 51.592%), the United States (384, 20.382%), South Korea (106, 5.626%), Italy (87, 4.618%),
and India (71, 3.769%) contributed most articles. The results and connections between the nations are shown in Figure 3.
According to the connections shown in this figure, there is little cooperation between countries. As the largest country
with the greatest number of articles published, China has less close cooperation with other countries. The number of
articles published is related to the node size. The node's purple exterior circle reveals that its centrality is greater than 0.1,
indicating that it is an important node in the network. Although China leads in the number of articles published, its
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Table 2 Top 5 countries and institutions in terms of the number of documents

Field Record count (%) Centrality

Countries China 972, 51.59 0.14
United States 384, 20.38 0.78
South Korea 106, 5.63 0.11
Italy 87,4.62 0.12
India 71,3.77 0.06

Affiliations Nanjing University 53,2.81 0.18
Fourth Military Medical University 41,218 0.06
Nanjing Medical University 32,1.70 0.04
China Medical University 31,1.65 0.06
Chongqing Medical University 29,1.54 0.01
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Figure 2 Publications by year (2010-2022).

centrality is lower than that of the United States, indicating that the latter is more significant in cooperative networks. The
annual number of publications are shown by nation in Figure 4. The leading five institutions are depicted in Table 2 and
Figure 5, and are as follows: Nanjing University (53, 2.813%), the Fourth Military Medical University (41, 2.281%),
Nanjing Medical University (32, 1.804%), China Medical University (31, 1.645%), and Chongqing Medical University (29,
1.539%). Surprisingly, the top five institutions with the largest number of publications are all from China, indicating that
despite the relative lack of cooperation between China and other countries, China's output in this field cannot be ignored.
Figure 5 shows only 489 links and 394 nodes indicating that there is a lack of cooperation between institutions.

Authors and co-cited authors
A total of 8482 authors were involved in the study of NRF2 function in nervous system diseases. Supplementary Table 1
lists the five most productive authors, including Handong Wang (Nanjing University, Count 39), Dore, Sylvain (Nagoya
University, Count 11), Cucullo, Luca (Texas Tech University, Count 11), Ding Ke (Nanjing University, Count 10), and
Aschner, Michael (Albert Einstein College of Medicine, Count 9). Of these, two authors were from China. The second
most published author began to publish papers in 2015 and continued to produce papers in recent years. Figure 2 shows
that the number of articles has been steadily increasing over the years.

When a paper cites two or more authors simultaneously, these two or more authors are part of a network of co-cited
authors. Twenty-five of the 754 co-cited authors were cited more than 100 times. The most frequently referenced co-cited
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Figure 3 Publications by country. The quantity of articles is indicated by the node size. The quantity of articles published by a nation is shown by an increase in
node size. The top 20 publishing-producing nations are depicted in the graph. China tops the chart, followed by the United States, South Korea, Italy, Japan, India,
Ireland, Spain, Germany, and the United Kingdom in clockwise order. The collaboration between various nations is represented by lines between nodes.
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Figure 4 The number of publications by each of the five nations each year. China, the United States, South Korea, Italy, and India were the five
countries with the most articles released. Estimation of the annual quantity of publications in each of these five nations. Different hue lines denote various countries.

author was SHIH AY (186), followed by ITOH K (272) (Supplementary Table 1). The top 20 co-cited authors are shown in
Figure 6, which demonstrates the writers' tight cooperation.

Research areas and frontiers

The top 10 highly cited literature: The term "highly cited literature" refers to works that have received numerous
citations and have significant influence, highlighting the importance and breadth of research in this field. Supple-
mentary Table 2 lists the top 10 most popular articles on NRF2 research in nervous system diseases from 2010 to 2022.
Two of them were published in 2015. Furthermore, Figure 1 shows that there has been a steady increase in the literature
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Figure 5 Institutional publications. The quantity of articles is indicated by the node size. The quantity of articles increases with node size. Nanjing
University produced most papers, followed by Fourth Military Medical University, Nanjing Medical University, China Medical University, and Chongging Medical
University. Additional nations are displayed in a counterclockwise sequence. The cooperation between various institutions is represented by lines between the nodes.
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Figure 6 Network of co-cited authors. Co-cited authors are represented by nodes. The number of citations is indicated by the size of the node. Collaboration
between authors is represented by lines connecting nodes.
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on this topic since 2015. It can be seen that these two articles in 2015 have a profound impact on subsequent studies. Two
articles in 2015 investigated the molecular crosstalk between NRF2 and the nuclear factor-kappa B (NF-xB) pathway and
the interaction between NRF2 and autophagy and the molecular regulatory mechanism, respectively. In these ten papers,
Sies, H, and colleagues ranked first in the article published in the journal Nature Reviews Molecular Cell Biology with a
high number of 1015 citations, This paper shows that physiological doses of ROS play a central role in REDOX signaling,
but when the body is under pathological attack, excessive accumulation of ROS can aggravate the pathological process.
This article also highlights the important function of NRF2 in the antioxidant system. The second and seventh-ranked
articles discuss the role of NRF2 in neuroinflammation and neuroprotection, indicating that NRF2 not only plays a role in
oxidative stress but also has an essential role in neuroinflammation. The fourth and fifth-ranked articles discuss the role
of NRF2 in various chronic neurological and immunological diseases. These findings suggest that researchers have had a
strong interest in the targets of NRF2 in the pathology of neurological diseases over the past decade.

Co-occurrence of keywords

The frequency of keyword co-occurrence in the literature is the basis for the keyword co-occurrence graph. When two or
more keywords appeared in the same text, they were considered to be co-occurring. Keyword co-occurrence analysis was
used to identify research hotspots and predict future research trends. High-frequency keywords are displayed in Table 3.
The top 10 co-occurring keywords were Oxidative Stress (1140), NRF2 (503), Activation (400), Expression (327), Brain
(271), Stroke (265), NF-xB (206), Alzheimer's Disease (195), and Pathways (192). We have created a keyword co-
occurrence network figure to aid comprehension (Figure 7). NRF2 is involved in regulating the pathological processes of
many central nervous system diseases, such as: "multiple sclerosis", "Alzheimer's disease", "Parkinson's disease", "stroke",
and "traumatic brain injury". NRF2 is closely associated with several pathophysiological processes, as shown by the
Keyword Co-Occurrence Map, such as: "apoptosis", "cell death", "inflammation", " neuroprotection "and "oxidative
stress". Similarly, the focus of research in the past decade has been on the neuroprotective effects of NRF2 and its
mechanism of action after activation of the corresponding signaling pathways. NRF2 may be the target of many antiox-

idants. The NRF2 pathway also has much crosstalk with other pathways, including but not limited to the NF-xB pathway.

Keyword clustering timeline and keyword burstiness

The grouping based on keyword relevance is called keyword clustering. "Multiple sclerosis", "subarachnoid hemorrhage",
"heme oxygenase-1", "carnosic acid", "major depressive disorder", "blood-brain barrier", and "metabolism" are the seven
clusters that are produced. The largest cluster in Cite-Space is Cluster 0, and the second largest cluster is Cluster 1.
Keyword clustering timelines are created when drawing clusters (Figure 8). The timeline view presents the year in which
keywords appeared in each cluster. The horizontal solid line which is the length of each point represents the time range
in which it appeared. The timeline view is used to follow the development of research trends and visually displays the
historical scope of the literature. We further used Cite-Space to draw a keyword citation burst map (Figure 9), in which
the blue line indicates the cycle. The red line indicates the duration of the keyword and shows the progress of the hot
topic. As shown in Figure 9, keywords with strong burst strength included the following, among which "heme oxygenase
1" (12.35) was the most intense, followed by "Gene Expression" (9.92), "In Vivo" (6.71) and "Antioxidant Response
Element" (6.70) ". The keywords with longer duration were "Heme oxygenase 1" (2010-2016) "Arterial Occlusion" (2011-
2017) and "Protection" (2011-2017), demonstrating that scholars have given these investigations a lot of thought.
"Neuronal apoptosis" (2019-2020) and "goal" (2020-2022) have emerged as prominent keywords in recent research,
indicating that more and more attention has been paid to its importance as a therapeutic target for diseases.

DISCUSSION
Study trends

Figure 2 shows that there has been an increase in the number of studies in this field since 2015. It is also evident from
Supplementary Table 2 that the most cited literature was published in the journal Molecular Sciences for Natural Review
in 2020, with an impact factor of 94.44. It can be seen that in recent years NRF2 has aroused great interest in researchers.
Therefore, it is foreseeable that the number of articles on NRF2 will continue to grow after 2020, and this will broaden the
depth and breadth of research in neurological diseases. From Table 2, it can be seen that in terms of the number of public-
ations, China, the United States, South Korea, Italy, and the United Kingdom are the top five contributors. It is
noteworthy that nearly half (985/1884) of the papers published on this topic were from China. The top five institutions
with the largest number of articles published were from China, which were Nanjing University, the Fourth Military
Medical University, Nanjing Medical University, China Medical University, and Chongqing Medical University. Authors
with the largest number of articles published were also from China. Thus, China has contributed a large number of
articles. The funding support for most research was from the NSFC. This suggests that high-yielding authors, important
countries, institutions, and investment funds are all consistent. Thanks to significant financial support, a solid academic
climate at top schools and universities, and a high author output, since 2013, China has surpassed the United States in
terms of publication quantity and has consistently maintained its dominant position (Figure 4). Although the United
States ranked second in the total number of publications, it ranked first in the H-index, outperforming China. In addition,
although Chinese authors account for three of the top ten cited literature, they rank low. A possible reason for the lack of
influence of Chinese research articles is that their research started late. This means that Chinese researchers still have
great potential in this area of research, and should intensively study this research field to enhance their influence.
Moreover, China has less cooperation with other countries (Figure 3). This echoes its small influence and may later
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Table 3 Frequency of keyword co-occurrence (top 25 counts, 2010-2022)

Keywords Count Centrality
Oxidative stress 1140 0.01
NRF2 473 0.00
Activation 400 001
Expression 327 001
Brain 271 003
Stroke 265 0.02
Nf kappa B 206 0.02
Alzheimer’s disease 195 0.02
Pathway 192 0.02
Apoptosis 187 0.02
Protect 186 0.02
Injury 186 003
Inflammation 169 0.03
Mechanism 168 0.02
Cell 152 0.01
Traumatic brain injury 147 0.03
Damage 143 0.02
Model 141 0.03
Heme oxygenase 1 132 0.03
Brain injury 132 0.03
Parkinson’s disease 129 10.01
Antioxidant 129 0.00
Signaling pathway 124 0.01
Mouse model 119 0.04
Rat 116 0.03

NRF2: Nuclear factor erythroid 2-related factor 2.

promote its research depth and breadth by increasing cooperation with other countries. In contrast, there are fewer
articles published in the United States, the United Kingdom, Canada, and Egypt, but cooperation with other countries is
closer and the influence is higher, indicating that cooperation is very important.

Study focus and frontiers

According to the keyword burst diagram (Figure 9), researchers focused on the relationship between NRF2 and heme
oxygenase-1 in central nervous system diseases before and after 2010, as well as the antioxidant mechanism as a
transcription factor in vivo and the expression and activation of related signaling pathways. Therefore, keywords that
appeared more frequently during this period included "oxidative stress", "activation", "expression", "nf kappa b",
"pathway", "apoptosis", "inflammation", and "mechanism". It can be seen that the enthusiasm for the study on its
mechanism and other pathway crosstalk only increased in the following years and the appearance of "iron" in the
keywords in 2017 heralds its close connection with ferroptosis in the future. In recent years, researchers have paid more
attention to the feasibility of NRF2 as a target for the treatment of central nervous system diseases. Among the many
targets, apoptosis has attracted the attention of researchers. However, it can be found that attention to apoptosis began to
decline after 2020, whether the reason for this phenomenon is due to researchers paying more attention to its role in iron
metabolism is unclear, but what is clear is that recent studies have found that NRF2 plays a key role in iron metabolism.
Currently, NRF2 is being extensively studied in central nervous system diseases such as Alzheimer's disease (AD),
Parkinson's disease, hemorrhagic/ischemic stroke, and other diseases. Studies have shown that its ability to reduce
inflammation and oxidative stress is the main mechanism of action in treating neurological diseases. The Keyword co-
occurrence map (Figure 7) leads to similar conclusions. Molecular biology, pharmacology, cell biology, and other fields
are included in the research direction of NRF2 as indicated in Table 1, which also represents the potential clinical utility of
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Figure 7 Co-occurrence network of keywords. The number of keywords is indicated by the node size. Multiple sclerosis, Alzheimer's disease, Parkinson's
disease, stroke, and traumatic brain injury are the top 8 comorbid keywords. The primary disorders linked to nuclear factor erythroid 2-related factor 2 (NRF2) are
depicted in the right side of the diagram, including "Alzheimer's disease," "stroke," "traumatic brain injury," and "Parkinson's disease." Apoptosis, neuroprotection, and
inflammation are some of the key terms associated with the mechanism of NRF2 activation that are depicted on the left side of the figure.

investigating NRF2. Traditional Chinese medicine (TCM) has the characteristics of multi-target treatment. Following
further reading of the literature searched, we found that many studies involved research on TCM, and some studies
discussed the efficacy of sulforaphane in the treatment of diffuse axonal injury and its ability to reduce oxidative stress.
These studies revealed that sulforaphane reduced oxidative stress by activating the NRF2/heme oxygenase 1 (HO-1)
pathway to reduce ROS generation and activate antioxidant factors such as superoxide dismutase (SOD) and GPX. They
also found that sulforaphane prevented brain injury by inhibiting apoptosis by activating the NRF2/HO-1 pathway[10].
In addition, in diabetic patients, curcumin reduced urinary albumin excretion in type II diabetic patients by inhibiting
inflammatory signaling through activating the NRF2 signaling pathway, demonstrating that curcumin alleviated the
progression of diabetic nephropathy by activating the NRF2 antioxidant system in T2DM patients[11]. These experiments
further revealed the regulatory effects of TCM on oxidative stress, inflammation, and apoptosis by regulating NRF2
signaling, which is shown in Figure 7.

The importance of NRF2 in regulating ferroptosis

Ferroptosis is a type of regulatory cell death, and the accumulation of iron ions and lipid peroxides are essential
conditions for ferroptosis. Increases in lipid peroxides are dealt with by a range of defense mechanisms in cells, including
glutathione and enzymes that use glutathione. Free iron accumulation and peroxidation of polyunsaturated fatty acids
are regarded as "markers of ferroptosis". The role of glutathione peroxidase in the regulation of ferroptosis cannot be
ignored, especially glutathione peroxidase 4, which catalyzes the reduction of lipid peroxides to lipid alcohols and
inhibits ferroptosis. During iron metabolism, the light and heavy chains of the key iron storage protein ferritin (FTL/
FTH1), as well as the Ferroportin responsible for iron efflux cells, are controlled by NRF2[12]. In addition, enzymes
associated with heme synthesis and metabolism have also been shown to be up-regulated following NRF2 activation,
such as heme oxygenase 1 (HMOX1, a key enzyme in heme synthesis), Ferrochelatase, and adenosine triphosphate (ATP)
Binding Cassette Subfamily B Member 6, and heme transporter Solute Carrier Family 48 Member 1[13]. During
glutathione anabolism, the catalytic and regulatory subunits of glutamate-cysteine ligase (GCLC/GCLM), glutathione
synthase, and Solute Carrier Family 7 Member 11 (SLC7A11) have all been shown to be downstream gene products of
NRF2, and these subunits are necessary for glutathione synthesis[14]. This suggests an important link between NRF2
function and ferroptosis-related molecules. This echoes "iron" and "cell death" in the keywords. Further studies should
explore the effect of drugs on the NRF2 signaling pathway in multiple dimensions, as well as the effects of related drugs
targeting this pathway on the ferroptosis of nerve cells and clinical outcomes of nervous system diseases.
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Figure 8 Timeline analysis with keyword clustering (2010-2022). Eight clusters altogether, each identified by a unique color. The biggest cluster is cluster
0, then cluster 1, and so on. The keywords contained in the cluster are spread out by this timeline map as it forms. The label color of the cluster to which a keyword
belongs is the same as that of the cluster.

Role of NRF2 in regulating autophagy

The term "Autophagy" was frequently mentioned, appearing up to 40 times. Autophagy is an important biological
process for cells to achieve self-repair and control cellular homeostasis. Autophagy eliminates short-lived or improperly
folded proteins, lipid droplets, and damaged organelles, and is important in cell development, metabolism, and defense
against oxidative stress[15]. The autophagy pathway is typically split into three distinct types: Macroautophagy,
chaperone-mediated autophagy (CMA; occurring only in mammals), and microautophagy, depending on how substances
are delivered to lysosomes for degradation[16]. The most characteristic form of autophagy is macroautophagy (hereafter
referred to as "autophagy"). Autophagy forms characteristic autophagosomes, which are composed of double-membrane
structures enclosing cytoplasmic components. The autophagosomes then fuse with lysosomal membranes and are
degraded by hydrolytic enzymes. Under nutrient deprivation, autophagy is activated, providing amino acids and ATP
[17]. Large numbers of prostacyclin 62 (P62) aggregates are produced in the cytoplasm as a result of the transcription of
autophagy-related gene P62 which is activated by oxidative stress, metabolic issues, and illness. P62 directly interacted
with Keapl to activate NRF2, aggregates of p62 maintain chronic activation of NRF2, and p62 induces permanent
destruction of Keapl in the specific autophagy pathway. As a result, the NRF2 signaling pathway is activated, which
causes the transcription of genes encoding antioxidant enzymes to increase[18]. Additionally, intranuclear NRF2
encourages p62 gene overexpression and creates the p62-Keap1-NRF2 positive feedback axis, which leads to persistent
NREF?2 activation. In addition, NRF2 can promote autophagy. The autophagy-related genes Autophagy Related Protein 5
(ATGb5) and Microtubule-associated protein 1 Light chain 3 beta (MAP1 LC3B), whose promoters are located in ARE
nucleotide sequences, are upregulated when NRF2 is translocated into the nucleus in large quantities. This is
accomplished by binding to ARE through small MAFs proteins and increasing the expression of ATG5, p62, and
Microtubule-Associated Protein 1 Light Chain 3 (LC3B) proteins[19]. Recent studies have shown that NRF2 binds to ARE
and can also induce the expression of the proteasome, and autophagy-related genes gastrin 2 and p62[20], and Sestrin2
can activate autophagy by inhibiting the expression of mTORCI. Therefore NRF2 can directly or indirectly trigger
selective autophagy. In summary, there is a reciprocal regulatory relationship between the NRF2 pathway and autophagy
through the p62-Keap1-NRF2 positive feedback loop[21]. At present, in vivo studies have found crosstalk between NRF2
and autophagy[22], but there is no relevant clinical data, which proves that research in this area has great potential.

Role of NRF2 in ischemic stroke

It can be seen on the right of Figure 7 that stroke occupies a very high position in the keyword co-occurrence map.
Analysis by Cite-Space software showed that its occurrence frequency was up to 265 times, which also demonstrated the
researchers' attention to the role of NRF2 in stroke. Ischemic stroke is marked by a sudden reduction or termination of
cerebral blood flow in a specific brain region. The major ischemia-induced metabolic alteration is an insufficient level of
ATP, as the brain's energy source is primarily glucose metabolism, the brain relies heavily on blood-derived glucose and
oxygen to maintain the normal function of glycolysis, the tricarboxylic acid cycle, and the mitochondrial electron
transport chain[23], hypoxia is particularly harmful to neurons. Although rapid reoxygenation via reperfusion is an
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Figure 9 Top 25 terms with the most citations. Burst data indicate an increase in citations for particular keywords over time. In other words, research in this
area has received a lot of attention. This is a sign of the state of the scientific frontier at any given time. Blue lines indicate cycles and red lines indicate the duration of
citation bursts. Numbers in parentheses represent higher burst strength values.

essential step to alleviate metabolic stress in ischemic stroke, reperfusion may also contribute to the generation of ROS
[24], thereby exacerbating ischemia-reperfusion oxidative damage. On the other hand, increased levels of ROS following
ischemia-reperfusion can up-regulate NRF2[25] and promote NRF2 downstream protein expression to mitigate the
deleterious effects of excess oxidants following cerebral ischemia-reperfusion. Studies have shown that NRF2 knockout
animals (NRF2 7/7) are more likely to develop cerebral ischemic stroke after NRF2 downregulation, and the expression of
cytoplasmic Thioredoxin interacting protein (TXNIP)-NOD-like receptor protein 3 inflammasome (NLRP3) and
downstream elements caspase-1, interleukin-18 and interleukin-1p (IL-1B) are significantly increased[26]. At present, it is
recognized that the NLRP3 inflammasome-mediated inflammatory cascade can lead to brain edema, bleeding, blood-
brain barrier injury, and more neuronal death; thus, RF2 can be used as a protective mediator of NLRP3 inflammasome
activation. In a randomized controlled clinical trial, patients with ischemic cardiomyopathy were randomly divided into a
soybean isoflavone treatment group and a control group. It was found that soybean isoflavones significantly increased
the levels of NRF2 and SOD, and decreased the levels of serum C-reactive protein, 8-isoprostane, malondialdehyde, IL-6
and tumor necrosis factor-o (TNF-a). Therefore, its clinical therapeutic effect was confirmed[27]. The in vivo and in vitro
experimental studies of NRF2 in ischemic stroke are now relatively mature[28]. Although some progress has been made,
there is still a lack of clinical trials. The above clinical trials based on the cardiovascular system may provide encour-
agement and inspiration to researchers, to facilitate people to better study the role of NRF2 targets in the clinical
treatment of ischemic stroke.

Role of NRF2 in hemorrhagic stroke

NRF2 has also been shown to affect hemorrhagic stroke such as cerebral hemorrhage and subarachnoid hemorrhage
(SAH). Following analysis using Cite-Space software, it was found that the two keywords "intracerebral hemorrhage" and
"subarachnoid hemorrhage" appeared 65 times and 49 times, respectively, and the frequency of their occurrence was very
high. As shown in Figure 8, among the 7 clusters generated, SAH occupied the second largest cluster, which was
sufficient to determine the important role of NRF2 in hemorrhagic stroke. Intracerebral hemorrhage is a common clinical
nervous system disease, which refers to the primary non-traumatic rupture of blood vessels in the brain parenchyma, and
accounts for 15% to 30% of strokes and 20% to 30% of sudden brain deaths. It is currently a cerebrovascular disease[29].
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Studies have shown that Isoliquiritigenin relieves early brain injury after experimental intracerebral hemorrhage by
promoting the NRF2 antioxidant pathway to inhibit ROS or NF-«B-mediated NLRP3 inflammasome activation. NRF2 on
the other hand, boosts the expression of anti-oxidant genes while lowering the expression of pro-inflammatory genes[30].
Dexmedetomidine inhibits neuroprotection by inhibiting neuronal apoptosis in rat brain tissue by activating the NRF2/
HO-1/NQOT1 signaling pathway in a rat intracerebral hemorrhage model[31]. Mitophagy driven by NRF2/Optineurin
(OPTN) prevents intracerebral hemorrhage-induced NLRP3 inflammasome activation[32]. Through the Extracellular
regulated protein kinases (ERK)/NRF2/HO-1 pathway, albumin lowers oxidative stress and neuronal apoptosis
following intracerebral hemorrhage in rats[33]. Through the Sirtuin-3 (Sirt3)/ NRF2/HO-1 pathway, intermittent fasting
decreases neuroinflammation in intracerebral hemorrhage[34]. Aneurysmal subarachnoid hemorrhage (aSAH) is a very
dangerous and devastating cerebrovascular event that has a mortality rate as high as 50%[35]. aSAH is associated with a
greater social and medical burden than ischemic stroke, and patients with this disease have a lower quality of life[36]. In
the SAH model, NRF2 agonist RTA408 reversed vasospasm by increasing the expression of NRF2 and decreased the
expression of the cytokine TNF-a and apoptosis-related protein caspase-3 to exert neuronal protection[37]. Luteolin
further inhibits the NLRP3 inflammasome signaling pathway by activating NRF2 to produce neuroprotection in mice
with SAH[38]. A multicenter, randomized, double-blind, placebo-controlled clinical trial has confirmed the efficacy of
SFX-01 (Evgen Pharma) in patients with SAH. SEX-01 is a novel compound consisting of a-cyclodextrin and sulforaphane
that releases sulforaphane after human intake. It acts on the NRF2 signaling pathway to provide sulforaphane for SAH
patients and improve their condition[39]. These experiments are sufficient to illustrate that NRF2 may be a potential
therapeutic target for cerebral hemorrhage and SAH.

Role of NRF2 in multiple sclerosis

Figure 8 shows that among the seven clusters generated, multiple sclerosis (MS) was the largest cluster, showing that the
research on NRF2 in MS is very hot. MS is an autoimmune disease of the central nervous system, characterized by axonal
damage, demyelination, and chronic inflammation. By oxidizing lipids, proteins, and DNA, oxidative stress directly adds
to demyelination and neurodegeneration. The Keap1-NRF2 signaling pathway, which is a master regulator of antioxidant
and phase II detoxification genes, governs many of the functions of this tightly regulated network. This pathway has
significant promise for use in the treatment of MS as it also plays a crucial role in inflammation. Autopsy studies in MS
patients have shown elevated expression of NRF2 and the NRF2-responsive genes HO-1 and NQO-1 in and around the
injured brain and spinal cord[40]. Experimental autoimmune encephalomyelitis (EAE) models and copper ion models are
two frequently used MS animal models. NRF2 and its downstream target proteins were observed to increase after 1 to 3
wk of copper ion treatment and to decrease after 5 wk in the copper ion model[41]. This suggests that NRF2 is activated
early in the disease but suppressed as the disease develops. Withametelin has significant neuroprotective potential in
EAE mouse MS models by modulating NRF2-mediated oxidative stress in EAE models[42]. There are also many clinical
trials related to the NRF2 agonist dimethyl fumarate (DMF) in the treatment of MS[43-47], and the efficacy of DMF in the
treatment of MS has been certified by the European Medicines Agency. Since the European Medicines Agency approved
the NRF2 activator DMF (brand name Tecfidera®) for the treatment of remission-relapse MS, the pharmaceutical
industry's interest in NRF2 as a pharmacological target for other diseases has also increased[48].

Role of NRF2 in Alzheimer's disease

As shown in Figure 7 and Table 3, "Alzheimer's disease" is prominent in this figure, with a high frequency of 195 times.
AD, a neurological disorder that worsens with age, is the most typical cause of dementia. The hallmark signs of AD
include amyloid-peptide aggregation, increased levels of hyperphosphorylated tau protein (p-tau), and the absence of
redox homeostasis. As all proposed treatments that target p-tau have so far failed in clinical trials, it is imperative to
identify new therapeutic targets. The pathogenic features of AD are numerous. Examples include significant lipid
peroxidation, high levels of neurotoxic trace elements, and increased Ap levels[49-51]. All of these elements contribute to
an increase in ROS or free radicals. In AD brains, reduced expression of NRF2 and its driver genes NQO1, HO-1, and
GCLC were observed. NRF2 is crucial for preserving cellular redox homeostasis and controlling inflammatory reactions.
Spatial memory impairment and neuronal death are reduced by NRF2 activation[52]. Oxyphylla A ameliorated cognitive
deficits and neuropathology in mice through the NRF2-Keap1-HO-1 pathway in vitro and in vivo AD mouse models[53].
Via the NRF2- TXNIP- thioredoxin (TrX) axis, DL-3-n-butylphthalide suppresses NLRP3 inflammasomes and reduces
pathology similar to AD[54]. By inhibiting the Keapl/NRF2 and mitogen-activated protein kinases (MAPK)-38p/ERK
signaling pathways, vitamin D analogs reduce the neurodegenerative effects of rat AD[55]. Also, it has been
demonstrated that the NRF2/ ARE signaling pathway is involved in the protective effects of 3H-1, 2-dithio-3-thione in AD
cell models. By working on the Phosphatidylinositol 3-kinase (PI3K)/ Protein Kinase B (Akt)/NRF2/HO-1 pathway,
anthocyanin supplements added to a natural diet reduces oxidative stress in mouse models of AD[56]. According to a
study published in 2020, artemether activates the AMPK- Glycogensynthasekinase3p (GSK3p) -NRF2 signaling pathway
and inhibits B-amyloid-induced neurotoxicity in a mouse model of AD[57]. Inducing NRF2 expression in AD model mice
can improve cognitive impairment by reducing oxidative stress and neuroinflammation[58]. The in vivo and in vitro
experiments on the therapeutic effect of NRF2 in AD have been relatively mature, but clinical trials are still relatively
scarce. In the future, researchers can further study the application value of NRF2-related drugs in the clinical treatment of
AD.

Role of NRF2 in Parkinson's disease
As shown in Figure 7 and Table 3, the keyword "Parkinson's disease" also appeared many times, up to 129 times. It can be
seen that research on Parkinson’s disease (PD) is no less hot than stroke. Following AD, PD is the second most common
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neurodegenerative disease. PD is frequently distinguished by progressive dyskinesia (rigidity, resting tremor, postural
instability, hypokinesia, and bradykinesia), as well as variable degrees of cognitive dysfunction and dementia[59]. Typical
PD symptoms are mediated by the loss of dopamine neurons in the SN. However, the cause of PD is still not fully known.
According to studies, oxidative stress plays a significant role in the development and progression of PD, notably by
accelerating membrane lipid peroxidation and protein degradation[60]. We have reason to believe that NRF2 regulates a
large number of cytoprotective genes with anti-inflammatory and antioxidant properties and is a potential target for PD-
related neuronal cell death. In the rotenone-induced rodent PD model, dapagliflozin may significantly alleviate neuronal
oxidative stress by reducing lipid peroxides via activation of the DJ-1/NRF2 pathway. Ultimately, it reduces neuronal
damage and motor dysfunction[61]. Celastrol's neuroprotective effects in PD are mediated by the NRF2-NLRP3-caspase-1
pathway[62]. The DJ1-NRF2-STING axis regulates ingested solanine A's neuroprotective impact in PD[63]. Polydatin
controls the AKT/GSK3-NRF2/NF-kB signaling pathway to protect against PD brought on by lipopolysaccharide[64]. In
the 6-hydroxydopamine model of PD, the induction of NRF2 in astrocytes protects against brain injury[65]. In the
postmortem brain of PD patients, proteins p62 and NQOI are partially sequestered in Lewy bodies, indicating that NRF2
neuroprotective capacity is impaired. In the same study, pharmacological activation of NRF2 by DMF protected SN
neurons from a-synuclein toxicity in a mouse PD model, but was not significant in NRF2 knockout mice[66]. Earlier
studies also found that NRF2 activation up-regulated brain HO1 and NQO1 expression and prevented MPTP-induced SN
neuron death in a neurotoxin PD model[67]. Related clinical trials have also studied the clinical treatment effect of NRF2-
related drugs in PD, and DMF has a good effect on the treatment of Parkinson's symptoms in patients with psoriasis[68].
All the above studies indicate the widespread use of NRF2 in PD.

Role of NRF2 in traumatic brain injury

As shown in Figure 7 and Table 3, the study of traumatic brain injury (TBI) has also recently gained popularity among
scholars. TBI has emerged as a significant public health issue in modern society as the primary cause of death and
disability in the young adult population[69]. TBI results in primary mechanical damage to brain cells and triggers
secondary brain injury, such as oxidative stress, inflammation, and apoptosis, which occur immediately after primary
injury. Secondary brain injury exacerbates the effects of TBI, which is the major factor affecting prognosis. The prognosis
for TBI patients is still poor despite decades of collaborative efforts and improvements in surgical and therapeutic
procedures. New, efficient treatment alternatives must be created immediately. Studies have revealed that in mice with
TBI, loss of NRF2 activity worsens endoplasmic reticulum (ER) stress-induced apoptosis[70]. A study has shown that tert-
butylhydroquinone, a novel NRF2 activator, significantly improves neurological function and reduces brain edema in
mice with TBI[71,72]. In addition, it has been shown that atorvastatin prevents ER stress-mediated apoptosis through the
NRF2/HO-1 signaling pathway in mice with TBI[73]. The possible mechanisms of NRF2 action in TBI may be as follows:
First, by interacting with ARE, up-regulation of the antioxidant enzyme SOD to activate HO-1, NQO-1, and NOX-2
inhibits cellular and mitochondrial oxidative stress. Astrocyte-derived exosomes protect hippocampus neurons following
traumatic brain damage by reducing mitochondrial oxidative stress[74]. Evodiamine reduces oxidative stress by blocking
the PGK1/NRF2 pathway, which protects against TBI[75]. Another study reported that SOD activity was dramatically
reduced in NRF2 (-/-) mice after TBI compared to NRF2 (+/+) animals, but nicotinamide adenine dinucleotide
phosphate oxidase (NOX2) protein expression and MDA levels were significantly elevated[76]. Melatonin receptor
activation attenuates oxidative stress and inflammation through the NRF2 signaling pathway, thereby providing brain
protection after TBI[77]. Second: reduces apoptosis by reducing cell foaming, chromosomal DNA fragmentation, and
apoptotic body formation[70]; third, inhibits inflammation and attenuates inflammatory responses by reducing inflam-
matory factors such as NF-xB, TNF-o, IL-1B, IL-6, ICAM-1, and Matrix metalloproteinase-9 (MMP-9). Jin et al[78] found
that NRF2(—/-) mice had higher levels of inflammatory factors than NRF2(+/+) mice, and reported the role of NRF2 in
inhibiting inflammation in TBI for the first time. In addition, they suggested that NRF2 depletion also worsens inflam-
matory responses in the lung and intestine of mice with TBI in their subsequent study[76]. In in vitro TBI models, NRF2
deletion increased the expression of TNF-o, IL-1p, IL-6, and MMP-9, further aggravating brain injury. Astaxanthin
improves neurological status after TBI injury by up-regulating the expression of NRF2 and HO-1 mRNA and the levels of
NREF2, HO-1, and NQO1 protein[74]. Fourth: Reduces the loss of endothelial cell markers and tight junction proteins
including GST3, GPx, and HO-1 to maintain the blood-brain barrier's function[79]. Although both in vivo and in vitro
experiments have emphasized the importance of targeting NRF2 in the treatment of TBI, there is still a lack of clinical
studies in this area. Given the abundant in vitro and in vivo studies, researchers should next focus on the clinical efficacy
and significance of NRF2 agonists in TBI.

Future studies

Animal experimentation has produced a wealth of evidence that NRF2 is emerging as a new target for the treatment of
central nervous system diseases. However, the clinical application of NRF2-related drugs in neurological diseases
remains to be further explored. TBHQ is carcinogenic, so we have to reconsider drugs acting on this target. For reasons of
safety, another Phase 3 investigation of the promising candidate CDDO-Me was stopped. However, it is gratifying that in
2008, the NRF2 activator DMF was approved by the FDA as a new first-line oral drug for the treatment of patients with
relapsing MS. It is exciting that many Chinese herbal components and plant extracts have been shown to act on the
central nervous system by activating NRF2. Resveratrol is a polyphenol complex extracted from natural plants, and is
mainly present in red grape skin and wine. Resveratrol enhances the signaling of NRF2 by blocking Keap1 thereby
regulating NRF2 expression and nuclear translocation[80]. Studies have shown that resveratrol can improve the
antioxidant capacity of AD models via the NRF2/HO-1 signaling pathway[81] with beneficial effects in oxidative stress-
mediated cerebral ischemic injury[82], which are closely related to the regulation of NRF2. The active ingredient dI-3-n-
butylphthalide (DI-NBP) has been isolated from Chinese herbal celery seeds, and has been used to treat ischemic stroke.
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In recent years, great progress has been made in the study of DI-NBP in the central nervous system. DI-NBP therapy
improves oxidative stress injury in APP/PS1 mice by improving neuronal apoptosis, decreasing TXNIP-NLRP3
interaction, and inhibiting NLRP3 inflammasome-mediated inflammation[54]. Given the few toxic side effects of Chinese
herbal medicines, it may provide new perspectives in the treatment of central nervous system diseases.

Intensity and limitations

In comparison to conventional literature reviews, analysis of the bibliometric tool Cite-Space can provide more in-depth
information on the development of research hotspots and trends as well as fairly thorough and impartial data analysis.
Although our study is the first to bibliometrically analyze NRF2 in neurological illnesses, it is not without certain
restrictions. Initially, the Web of Science database was used to access the literature data. Nevertheless, due to the
database's ongoing updates, the study's findings may not accurately reflect the number of publications that are actually in
existence. Second, the search topic is only chosen to appear in the title, abstract, and keywords due to Web of Science's
technical restrictions; the pertinent terms in the text are not searched. Also, as only articles and reviews were chosen for
this study, there is a range in the caliber of the publications that were gathered. The aforementioned factors might prevent
our analysis from being thorough. Notwithstanding such drawbacks, we think that our visual analysis can still help
researchers evaluate the state of the field's overall research and its future directions.

CONCLUSION

In this study, the role of NRF2 in central nervous system diseases was systematically assessed by bibliometric analysis.
The bibliometric analysis of 1884 papers from the Web of Science database in the past decade showed that China had the
largest number of papers published in this field, while Western scholars represented by Kimura et al[83] and Ishii et al[84]
had a greater influence in this field. In summary, the important role of NRF2 inflammasomes in central nervous system
diseases has been fully recognized. Experimental trials and animal models have both demonstrated the therapeutic
benefits of NRF2 activators in neurological disorders. However, more research is required to demonstrate their effect-
iveness and allow for their use in the treatment of illnesses of the central nervous system while taking into account their
low risk of side effects. New possibilities for challenging disorders are provided by traditional Chinese medicine and
ingredients derived from plants. We think that in the future, tailored therapy against NRF2 might be an effective way to
treat conditions of the central nervous system and that it will be promptly implemented in clinical practice to benefit
patients.

ARTICLE HIGHLIGHTS

Research background

As a key transcription factor in the antioxidant network, the nuclear factor erythroid 2-related factor 2 (NRF2) plays an
important role in nervous system diseases that are susceptible to oxidative damage. In recent years, research on a variety
of new cell death modes in nervous system diseases has been very popular. A large number of studies have explored the
regulatory role of NRF2 in these cell death modes and its clinical application in nervous system diseases.

Research motivation
Although a large number of studies have explored the potential value of NRF2 in neurological diseases, there is still a
lack of large-scale bibliometric analyses to summarize its research hotspots and future research trends.

Research objectives
Based on the bibliometric analysis, this paper summarizes the research hotspots and future research trends of NRF2 in
nervous system diseases, in order to provide enlightenment for subsequent researchers.

Research methods

We searched and screened the literature related to NRF2 and nervous system diseases in the past decade, and then
analyzed the literature using the bibliometric tool Cite-Space, read the literature, and summarized the research progress,
hotspots, and research trends in this field.

Research results

China ranks first in both the number of articles published and the amount of funds invested. In addition, the author with
the largest number of publications is also from China, which shows that China's influence in this field cannot be ignored.
In recent years, research on the application of traditional Chinese medicine in neurological diseases by acting on NRF2
targets has become more and more popular. In addition, NRF2 not only regulates inflammation, apoptosis, autophagy,
and oxidative stress of nerve cells, but also plays a crucial regulatory role in the ferroptosis of nerve cells.

Research conclusions

The role of NRF2 in nervous system diseases is mainly focused on its anti-oxidative stress, anti-inflammation, and anti-
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apoptosis action. Although China has published the greatest number of papers, its centrality is low and its influence is
small compared with the United States and other countries. The cooperation between China and other countries is also
less, indicating that cooperation can identify breakthroughs. In recent years, research on the therapeutic effect of
traditional Chinese medicine on nervous system diseases by acting on the NRF2 pathway has become more and more
popular. However, although some progress has been made in related clinical trials, clinical research on the NRF2
pathway in nervous system diseases is still lacking. Researchers should perform more clinical studies to explore the
clinical significance of NRF2-related drugs.

Research perspectives

More attention should be paid to the role of NRF2 in regulating ferroptosis. Most importantly, researchers should pay
more attention to the clinical efficacy of NRF2 agonists in neurological diseases. More high-quality randomized controlled
trials should be conducted to promote the clinical application of NRF2 agonists.
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