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ARTICLE INFO ABSTRACT
Keywords: Background: Short-chain fatty acids (SCFAs) are thought to play a key role in the microbe-gut-
Short-chain fatty acids brain axis and involve in the pathogenesis of a variety of neurological diseases. This study

central nervous system diseases
bibliometric analysis
Hotspots

aimed to identify research hotspots and evolution trends in SCFAs in central nervous diseases
(CNS) and examine current research trends.

Trends Methods: The bibliometric analysis was performed using CiteSpace, and the results were visual-
Intellectual structure ized via network maps.

Visualization Results: From 2002 to 2022, 480 publications in the database met the criteria. On the country
level, China produced the highest number of publications, while the United States had the highest
centrality. On the institutional level, University College Cork contributed to the most publica-
tions, and John F. Cryan from this university was the key researcher with considerable academic
influence. The article, the role of short-chain fatty acids in microbiota-gut-brain, written by Boushra
Dalile et al., in 2019 was the most cited article. Furthermore, the journal Nutrients had the
maximum number of publications, while Plos One was the most cited journal. “Gut microbiome”,
“SCFAs”, and “central nervous system” were the three most frequent keywords. Among them,
SCFAs had the highest centrality. “Animal model” was the keyword with the highest burst
strength, with the latest burst keywords being “social behavior”, “pathogenesis”, and “insulin
sensitive”. In addition, the research topics on SCFAs in CNS diseases from 2002 to 2022 mainly
focused on following aspects: SCFAs plays a key role in microbe-gut-brain crosstalk; The classi-
fication and definition of SCFAs in the field of CNS; Several CNS diseases that are closely related
to SCFAs research; Mechanism and translational studies of SCFAs in the CNS diseases. And the
hotspots over the past 5 years have gradually increased the attention to the therapeutic potential
of SCFAs in the CNS diseases.

Conclusion: The research of SCFAs in CNS diseases is attracting growing attention. However, there
is a lack of cooperation between countries and institutions, and additional measures are required
to promote cooperation. The current evidence for an association between SCFAs and CNS diseases
is preliminary and more work is needed to pinpoint the precise mechanism. Moreover, large-scale
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clinical trials are needed in the future to define the therapeutic potential of SCFAs in CNS
diseases.

Abbreviations

AD Alzheimer’s disease

ASD Autism spectrum disorder
Ap Amyloid B-protein

aSyn a-synuclein

BBB Blood-brain barrier
BDNF Brain-derived neurotrophic factor

CNS Central nervous system
DM Diabetes mellitus
EAE Experimental autoimmune encephalomyelitis

FFAR Free fatty acid receptor
FoxP3+ Forehead box P3

GDP Gross domestic product
GPCRs G protein-coupled receptors
GF Germ-free

GABA  Gamma-aminobutyric acid

GDNF Glial cell line-derived neurotrophic factor
HDACs Histone deacetylases

IF Impact factor

JCR Journal Citation Reports

MGB Microbe-gut-brain

MCTs Monocarboxylate transporters

MPTP 1-methyl-4-phenyl-1, 2, 3, 6-tetrahydropyridine

MS Multiple sclerosis
NGF Nerve growth factor
PD Parkinson’s disease

SCFAs  Short-chain fatty acids
Th cells T-helper cells
WoSCC Web of Science Core Collection

1. Introduction

As the fields of microbiology and neuroscience have become more intertwined in recent decades, the microbe-gut-brain (MGB) axis
has been proposed [1]. Central nervous system (CNS) disorders are often associated with imbalances in the gut microbial composition
[2-5]. Nevertheless, the exact mechanisms involved in the crosstalk between the gut microbiome and the brain remain unelucidated.
Vagus nerve activity, the hypothalamic-pituitary-adrenal axis, modulation of the immune system, tryptophan metabolism, and
bioactive metabolites produced by gut microbiota have been speculated as the potential pathways for MGB communication [6].
Among them, short-chain fatty acids (SCFAs) appear to play a key role in MGB crosstalk [7].

SCFAs are byproducts of the microbial fermentation activity in the intestines, referring to organic fatty acids with 1-6 carbon
atoms, mainly including acetate, propionate, and butyrate [8]. Most SCFAs are absorbed by the intestine or metabolized by the he-
patocytes, resulting in some of them entering systemic circulation [9]. Current researches suggests that SCFAs can act on brain
physiology through both direct interactions and indirect effects [10,11]. SCFAs enter the CNS by binding to receptors on the
blood-brain barrier (BBB) or by other passive routes, where they alter gene expression, mitochondrial function, neurotransmitter
production, immune activation, and neuronal behavior [12]. Several publications have reported the association between SCFAs
various CNS diseases. However, the manuscripts on SCFAs in CNS diseases lack unified generalization.

Bibliometric analysis, also named systematic scientometric review, is an approach providing a comprehensive overview of a
research field with the assistance of science mapping tools [13]. This method focuses on the system and characteristics of research
literature and is used to quantitatively analyze publications, visualize the knowledge structure, measure the impact of publications,
and identify emerging trends [14,15]. Researchers who are new to a field may benefit from timely and comprehensive systematic
reviews by understanding the intellectual landscape and by defining their research topic in an effective and concise manner. For
experienced researchers, a bibliometric analysis can assist in keeping up with the latest knowledge in the area of interest [16].

With the deepening research on the role of the gut microbiota as a regulator of gut-brain axis signaling, more research has focused
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on SCFAs and their biological effects on CNS diseases such as psychiatry, neurodevelopment, and neurodegenerative diseases. Re-
searchers have found that SCFAs are involved in the pathogenesis and development of a variety of CNS diseases, and pointed out that
SCFAs may have a potential therapeutic effect. Given the huge research value, studies on SCFAs in CNS diseases have been growing
rapidly in recent years. The objective and overall reports on the frontier trend and hotspots of SCFAs in CNS diseases are lacking.
Therefore, a bibliometric analysis of the published literature was conducted to quantify the whole picture of research related to SCFAs
in CNS diseases. The purpose of our study was to provide first comprehensive bibliometric analysis of the literature on SCFAs in CNS
diseases, and to provide fresh insights into the current status, emerging trends, and future prospects for scholars who have entered or
are about to enter the field.

2. Materials and methods
2.1. Data collection and search strategy

A systematic literature search was conducted using the Web of Science Core Collection (WoSCC). The search strategy is described
below: TS = (“short chain fatty acid” OR “short-chain fatty acid" OR “SCFA”) AND (TS = neurological diseases OR TS = neurological
disorder OR TS = brain injury OR TS = central nervous system disease OR TS = CNS disease OR TS = central nervous system disorder
OR TS = brain disorder OR TS = CNS disorder) AND Language = (English), with a time span from 2002 to 2022. A day-long literature
search and data collection were conducted on April 13, 2023 to avoid the impact of database updates. A total of 499 papers were
assessed. Only original articles and reviews were obtained, and 480 records were finally obtained. The search procedure is displayed in
Fig. 1. And to avoid missing the last research trend, we also search the last 5 years related publication using the same search strategy as
we described above. The literature retrieval was carried out on December 23, 2023. A total of 507 publications were obtained, 302
articles and 205 reviews included. As butyrate is the most widely studied SCFAs in CNS diseases, we searched the literature related to
butyrate separately. The search strategy is described below: TS = (“butyrate*“) AND (TS = neurological diseases OR TS = neurological
disorder OR TS = brain injury OR TS = central nervous system disease OR TS = CNS disease OR TS = central nervous system disorder
OR TS = brain disorder OR TS = CNS disorder) AND Language = (English) AND Publication Date = (Last five years). The searches were
conducted on December 23, 2023. A total of 374 publications were obtained, 237 articles and 137 reviews included.

2.2. Analysis tool

The WoSCC database was primarily used to analyze the annual number of publications and publication years. The CiteSpace (6.2.
R2 for the two decades, and 6.2. R6 for the last 5 years) was used to visualize the research countries, institutions, authors, published
journals, references, keywords and other indicators associated with the research field. The data in Citespace is organized into yearly
slices, with the selection criterial set as the g-index k = 25, pruning pathfinder in each slice. In the graphs, nodes represent elements
such as country, institution, author, and keyword while the size of the nodes presents the number of documents or frequency. The links

Search and filter literature through Web
of Science Core Collection databases

19 literatures studies excluded
Early access:

Book Chapters
Proceeding Paper

| Meeting Abstract
Retracted Publication

499 literatures studies included

i S S A,

’ 283 articles and 197 reviews identified ‘

|

’ Remove duplicates by Citespace ’

|

’ 480 publications for analysis ‘

Fig. 1. Flowchart of the literature search and selection process.
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represent relationships such as collaboration, co-occurrence, and co-citations. The colors of nodes and links represent the occurrence or
citation years. The outside circles in purple represent the centrality higher than 0.1, which is used to evaluate the importance of nodes
in network cooperation and is considered significant. The journal dual-map overlap, keyword cluster timeline, and keyword burst were
also analyzed to clarify the research status and focus. The paths in dual-map overlap indicate the journal-cited relationship. A keyword
burst reflects a sharp rise in interest in a particular research topic direction and is applied to uncover cutting-edge topics.

3. Results
3.1. Yearly quantitative distribution of articles

From 2002 to 2022 (December 31, 2022), there were 499 English publications related to SCFAs in neurological diseases were
indexed in the WoSCC online database. After exclusion, a total of 480 publications were included in the final analysis. The variation in
the number of annual publications reveals the progress and the degree of focus in this research field. As displayed in Fig. 2, the topic
was hardly studied from 2002 to 2006. After 2007, the number of annual publications on SCFAs in CNS diseases showed an overall
upward trend, with the exception of a decline in the number at some time points. Between 2017 and 2022, the publications on SCFA in
CNS showed a rapid rise, with a total of 435 papers published, accounting for 90.63% of the total included studies. In 2022, the number
of publications reached a peak of 129. The results reveal the increased focus on this topic over the past five years.

3.2. Contribution by country and institution

The global contribution to SCFA in CNS disease research was analyzed, with more than 50 countries making significant contri-
butions. As shown in Table 1, the top five countries in terms of publication volume were China, the United States, Italy, Canada and
Ireland. Fig. 3A displayed the spatial distribution map of countries. Nodes were sized based on the number of articles published, the
links represented the collaboration, and the outermost purple ring represented a centrality level greater than or equal to 0.1. The
United States showed the highest centrality at 0.4, followed by England (0.37) and the Netherlands (0.19). These countries were
considered to play a crucial role in the area of research. In spite of China being the most prolific publisher, its global influence is not
proportional to its production.

As illustrated in Table 2, University College Cork had the highest number of publications at the institutional level, followed by
JiangNan University, and the University of Western Ontario. The co-institution network map had 260 nodes and 466 links, with a
network density of 0.0138 (Fig. 3B), indicating that most research institutions were scattered and lacked extensive cooperation.
Among the top 10 most prolific institutions, University College Cork, JiangNan University, and UDICE-French Research University all
had a centrality greater than 0.1. Karolinska University from Sweden had the highest centrality of 0.24. They were circled in purple in
Fig. 3B, representing that studies of SCFAs in CNS diseases conducted by these institutions may have played a crucial role in the field.

3.3. Analysis of journals and co-cited journals

Analyzing the distribution of published sources helps identify core journals. All studies concerning SCFA in CNS disease were
published in 272 different journals and the top 10 prolific journals are displayed in Table 3. Nutrients had the highest number of
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Fig. 2. Global trend of annual publications related to SCFAs in CNS disease from 2002 to 2022.
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Table 1

Top 10 countries/regions in terms of publications and centrality.
Rank Country/Region Count (%) Rank Country/Region Count Centrality
1 China 139 (28.96) 1 United States 109 0.4
2 United States 109 (22.71) 2 England 14 0.37
3 Italy 35(7.29) 3 Netherlands 17 0.19
4 Canada 30 (6.25) 4 Italy 35 0.11
5 Ireland 26 (5.42) 5 Canada 30 0.11
6 Germany 26 (5.42) 6 Brazil 10 0.1
7 Japan 25 (5.21) 7 Australia 18 0.09
8 India 20 (4.17) 8 Germany 26 0.08
9 Australia 18 (3.75) 9 Sweden 14 0.08
10 Netherlands 17 (3.54) 10 Saudi Arabia 9 0.08

publications, with a total of 23 papers, followed by Frontiers in Microbiology, Frontiers in Immunology, and International Journal of
Molecular Sciences. Gut Microbes had the highest impact factor (IF), with an IF of 9.434. Nine of the 10 journals had an IF over five and
eight were in the Q1 Journal Citation Reports (JCR) division. In order to evaluate the interdependence and cross-relationship among
journals, the co-citation of journals was analyzed. As shown in Table 3, despite having only 7 publications in Plos One, it ranked first in
total citations (334 citations), followed by Proceedings of the National Academy of Sciences of the United States of America (330 citations)
and Cell (323 citations).

The aim of the dual-map overlap analysis is to present patterns of scientific assemblages on the basis of a global scientific literature
map. Fig. 4 showed a dual-map concerning SCFA in CNS disease published between 2002 and 2022. All colored curves originate from
the left map (citing journals) to the right (cited journals), representing the path of the citation links. There is one major citation path in
the current map, indicating that papers published in Molecular/Biology/Immunology are always cited by Molecular/Biology/
Genetics.

3.4. Author analysis

Co-citation analysis of authors aims to identify influential authors and potential collaborations in the field. About three thousand
authors had contributed to SCFA in CNS disease since 2002. The ten most prolific authors and most cited authors are listed in Table 4.
The co-author network was composed of 380 nodes and 781 links, the nodes in Fig. 5A represented authors, and the lines represented
the collaborative relationships. Apparently, only a small number of links appeared on the co-author network map, indicating little
collaboration between different researchers in this research field. The network of cited authors, depicted in Fig. 5B, comprises 691
nodes and 2181 links. Only three of the 691 co-cited authors had more than 100 citations. John F. Cryan, a researcher from the
University College Cork in Ireland, published the maximum number of manuscripts and had the most citations. His research in SCFAs
in CNS disease mainly focused on neurodevelopment, neurodegenerative and mental disorders.

3.5. Analysis of cited references

Highly-cited articles indicate a hotspot and depth of research in a field, as reflected by their citation frequency and influence.
Fig. 6A displays a network visualization map of cited references. Table 5 lists the top 5 references in terms of citation frequency and
centrality on SCFAs in CNS disease. The most cited article was The role of short-chain fatty acids in microbiota-gut-brain, published in
Nature Reviews Gastroenterology & Hematology, written by Boushra Dalile et al., in 2019, with 67 citations [6]. The second most cited
article was a review written by John F. Cryan entitled “The role of short-chain fatty acids in microbiota-gut-brain communication” with 62
citations [10]. The total number of citations of the top 5 references was close to 300. The article published in Biochimica et biophysica
acta by Sa’ad H. Al-Lahham et al., in 2010 was the article with the highest centrality [17].

Burst detection was considered as a tool to identify research frontiers or research trends that have emerged over time. The ref-
erences with the strongest citation burst were explored using CiteSpace software, and the top 25 references were shown in Supple-
mentary Fig. 1. The references with citation burst first appeared in 2014, and the burst was attributed to a publication in 2013 [18].
The article entitled “Host microbiota constantly control maturation and function of microglia in the CNS”, which was published by Nature
Neuroscience, had the strongest citation burstiness (2017-2020, strength 15.33) [19]. And the latest references with citation bursts
were all published in Cell, appearing in 2019 and 2020 respectively, and the citation bursts are still ongoing [20,21].

As an additional step, to take a closer look at these co-citations, we performed a clustered network analysis. Publications sharing
many citations tend to be homogeneous. After selecting the “show the largest connected component only " node, 10 major clusters were
generated (Fig. 6B): #0 (molecular mechanism), #1 (translational research), #2 (autism spectrum disorder), #3 (multiple sclerosis),
#4 (rat), #5 (key regulator), #6 (propionic acid), #7 (Parkinson’s disease), #8 (systematic review), and #11 (metabolic tinkering).

3.6. Analysis of keywords

Keywords analysis is an effective way to investigate the structure of scientific knowledge to identify research frontiers and
development trends. Fig. 7 shows the keyword co-occurrence network. Table 6 demonstrates that the top 10 high-frequency keywords
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Fig. 3. Visual maps of publications over (A) countries/(B) institutions studying SCFAs in CNS disease. Each node represents a(n) country/insti-
tution, and node size indicates the number of publications. The connection between the nodes represents a co-occurrence relationship. And nodes
with purple round mean high betweenness centrality (>0.1).

on this topic were “gut microbiome”, “SCFAs”, “central nervous system”, “gut brain axis”, “butyrate”, “inflammation”, “Parkinson’s
disease (PD)”, “disorder”, “expression”, “autism spectrum disorder (ASD)”, and “Alzheimer’s disease (AD)”. Among them, “SCFAs”
showed the highest centrality of 0.21, which shared “bridge” effects in the keyword co-occurrence map with “central nervous system”
(0.16), and “expression” (0.13).

Keyword cluster refers to clustering network based on keywords with similar research topics, focusing on revealing the main
themes. Cluster connotations were identified by the most frequent title word in the article. A total of twelve clusters were generated as
shown in Fig. 8. It intuitively reflected the developmental path and phased hotspot of SCFA in CNS disease research from the time
dimension. On this basis, in order to clarify the association of SCFAs with CNS diseases, we divided these clusters into four categories
according to the commonality of research hotspots, as shown in Table 7. Fig. 9 displays the top 15 keywords with the strongest citation
burst, showing the development of the hot topics. Red lines indicate timeframes for keyword bursts. “valproic acid”, “Animal model”,
and “histone deacetylase inhibitor” appeared in the earliest research and had taken an important position for a long time. The latest
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Table 2
Top 10 institutions in terms of publication volume.
Rank Institutions Country Centrality Publications
1 University College Cork Ireland 0.21 22
2 JiangNan University China 0.14 14
3 University Of Western Ontario Canada 0.03 12
4 ZheJian University China 0.07 8
5 Chinese Academy of Sciences China 0.08 8
6 UDICE-French Research University France 0.12 7
7 Cornell University USA 0.03 7
8 Consejo Superior de Investigaciones Cientificas France 0.06 7
9 The Egyptian Knowledge Bank Egypt 0.03 7
10 Ruhr University Bochum Germany 0.00 6
Table 3
The top 10 prolific journals and cited journals.
Rank  Journal Count JCR IF Rank  Cited-Journal Count IF
(%) (2021)
1 Nutrients 23 Q1 6.706 1 Plos One 334 3.752
(4.79)
2 Frontiers In Microbiology 16 Q1 6.064 2 Proceedings Of The National Academy Of Sciences Of 330 12.779
(3.33) The United States Of America
3 Frontiers In Immunology 14 Q1 6.208 3 Cell 323 66.850
(2.92)
4 International Journal Of 14 Q1 5.324 4 Nature 319 24.274
Molecular Sciences (2.92)
5 Food & Function 8 (1.68) Q2 5.152 5 Scientific Reports 318 4,996
6 Gut Microbes 7 (1.46) Q1 9.434 6 Gut 256 31.793
7 Frontiers In Neuroscience 7 (1.46) Q1 6.317 7 Science 256 63.714
8 Frontiers In Nutrition 7 (1.46) Q1 6.59 8 Brain Behavior and immunity 255 19.227
9 Frontiers In Cellular And 7 (1.46) Q1 6.073 9 Nutrients 233 6.706
Infection Microbiology
10 Plos One 7 (1.46) Q2 3.752 10 Gastroenterology 224 33.883

JCR: Journal Citation Reports; IF: impact factor.
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Fig. 4. The dual map overlay of journals contributed to publications on the application of SCFAs in CNS disease from 2002 to 2022. All the orange
path showed articles in the research fields of molecular/biology/immunology are more likely to cite articles in the field of molecular,
biology, genetics.
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Table 4
The top 10 prolific authors and cited authors.
Rank  Author Institution (country) Publications Rank Cited Author Institution (country) Citation Centrality
Counts
1 Jonh F. Cryan University College Cork 20 1 Jonh F. Cryan University College Cork 151 0.03
(Ireland) (Ireland)
2 Timothy G. University College Cork 13 2 Daniel Erny University of Freiburg 124 0.01
Dinan (Ireland) (Germany)
3 Derrick F. Universuty Of Western 10 3 Timothy G. University College Cork 100 0.06
Macfabe Ontario (Canada) Dinan (Ireland)
4 Gerard Clarke University College Cork 8 4 Viorica Karolinska Institutet (Sweden) 96 0.06
(Ireland) Braniste
5 Wei Chen Jiangnan University 8 5 Timothy R. Emory University (USA) 90 0.02
(China) Sampson
6 Jianxin Zhao Jiangnan University 8 6 Premysl McMaster University (Canada) 83 0.03
(China) Bercik
7 Klaus-Peter Universuty Of Western 8 7 Javier A. Pontificia Universidad Catolica 82 0.03
Ossenkopp Ontario (Canada) Bravo de Valparaiso (Chile)
8 Zhigang Liu Northwest A&F 6 8 Roman M. University College Cork 80 0.13
University (China) Stilling (Ireland)
9 Xuebo Liu Northwest A&F 6 9 Haiyin Jiang Zhejiang University (China) 78 0.03
University (China)
10 Gang Wang Jiangnan University 6 10 Jessica M. University of California (USA) 78 0.01
(China) Yano

G

burst keywords included “social behavior”, “pathogenesis”, and “insulin sensitive”.

3.7. Analysis of research topics in past 5 years

Published researches in the field of SCFAs in CNS diseases continues to increase year by year. To keep up with research trends and
hotspots, we used the Citespace software to analyze references and keywords in this area over the past five years. In addition, as
“butyrate" was one of the top 10 keywords with the highest frequency between 2002 and 2022, we separately explored the research
hotspots of butyrate in CNS diseases from 2018 to 2023.

The top 5 most cited SCFAs-related articles in the CNS field during last 5 years were listed in Supplementary Table 1. Among the 5
highly cited references, a paper entitled “The role of short-chain fatty acids from gut microbiota in gut-brain communication" published in
Frontiers in endocrinology was a newly emerging highly cited reference [22]. As shown in Fig. 10A, the latest publications in the field of
SCFAs in CNS diseases mainly focused on physical exercise, energy balance, Parkinson’s disease, multiple sclerosis, and autism
spectrum disorder. Moreover, combined with the top 5 highly cited references (Supplementary Table 2) and timeline view of refer-
ences (Fig. 10B) in the field of butyrate in CNS disease in past 5 years, we identified that the research topics in this field were mainly
based on the involvement of butyrate in MGB crosstalk and the relationship between butyrate and CNS diseases.

Over the past 5 years, 305 keywords have been discovered in the field of SCFAs in CNS diseases. The top 10 high-frequency
keywords were essentially the same as they were from 2002 to 2022 (Supplementary Table 3). As shown in Fig. 11A, a total of
eleven clusters generated, in the following order: “sepsis-associated encephalopathy”, “upcoming role”, “promising psychobiotics”,

» 2

“regulating gut microbiota”, “neuropsychiatric disorder”, “Parkinson’s disease”, “autism spectrum disorder”, “multiple sclerosis”, “risk
factor”, “microbiological therapy”, and “rodent model”. After classifying these clusters (Table 8), it was found that compared with the
keyword clusters from 2002 to 2022, the hotspots in the past five years have increased the attention to the therapeutic potential of
SCFAs in the CNS diseases. Furthermore, 262 keywords were found in the research area of butyrate in CNS diseases, and the top 10
keywords based on occurrence were displayed in Supplementary Table 4. A keyword timeline graph was generated based on eleven

keywords clusters (Fig. 11B). And as presented in Table 9, these keywords clusters could also be grouped into four categories.
4. Discussion
4.1. General information

Based on the data from the WoSCC, from 2002 to 2022, a total of 480 articles were published in 254 academic journals by 2997
authors from more than 50 countries/regions. The increasing trend of publications reflected the growing interest in SCFAs in CNS
diseases. As presented in Fig. 2, there are roughly three stages were observed in the publication trend: the embryonic stage
(2002-2006), the phase of fluctuation (2007-2016), and the development stage (2017-2022). The overall trend of publications was
consistent with a previous bibliometric analysis involving gut microbiome and neuroscience [23]. These findings indicate that the
relationships between CNS diseases and gut microbiota and its products in humans are being increasingly studied, and a large amount
of literature on this topic will likely be generated in the coming years. Furthermore, the number of articles published in 2022 showed
no significantly increase from 2021, which might be attributed to the relative stagnation of research in most fields during the
COVID-19 pandemic. During that time, the scientific community shifted its focus.
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trality (>0.1).

Analyzing the literature source, the highest number of articles were published by China, followed by the United States. More than
half of the total number of publications originated from these two countries. We considered the reasons as the following: On the one
hand, the gross domestic product (GDP) is closely related to scientific research output, and China and the United States both have high
GDPs. Countries with rapid economic growth are expected to allocate more funds to promote research [24]. On the other hand, the
second phase of the Human Microbiome Project on the MGB axis launched by the National Institutes of Health in 2013 and the
Microbiome Program hosted by the Chinese Academy of Sciences in 2017 have provided significant financial support [25]. These
projects have increased academic interest in gut microbiota and its products, including SCFAs. Besides, countries with high centrality
have a bridging effect in the global cooperation network [26]. The United States is undoubtedly the leader in this field, with the highest
centrality and the second largest number of publications. It is also because the United States has the most exchanges and cooperation
with other countries (Supplementary Fig. 2). As displayed in Fig. 3A, China has a lower centrality compared with Western countries,
which means China should pay more attention to strengthening cooperation and enhancing international influence. To alleviated this
situation, Chinese researchers need to cultivate advanced thinking such as critical thinking and innovative thinking in the process of
future research.
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Fig. 6. Visual analysis of references co-citation network (A) and references clustering network (B).

University College Cork (Ireland) was the most influential and productive institution. Among the top ten most productive in-
stitutions in the field of SCFAs in CNS diseases, only one was in the United States. This suggested that institutions in the United States
were decentralized and lacked cooperation. John F. Cryan, a researcher from University College Cork, was the most prolific author and
had the highest citations. As displayed in Table 4, two of the top three prolific authors and cited authors worked at University College
Cork, suggesting that the University College Cork taking the leading position in this field. The research team, represented by John F.
Cryan and Timothy G. Dinan, focused on the mechanisms by which SCFAs affect brain function and behavior [27-29]. They imple-
mented animal experiments to demonstrate that SCFAs can alleviate the changes brought about by psychosocial stress, opening a new
avenue in the field of nutritional neuropsychopharmacology and playing an important guiding role [30]. Although China was the most
productive country, the global influence of Chinese scholars was relatively low, which could be related to the later entry of Chinese
academics into the field. Hence, in order to promote the development and prosperity of SCFAs in CNS diseases, solid cooperation
should be established between institutions and researchers is highly recommended.

In the journal analysis, the most prolific journal was Nutrients and the most cited journal was Plos One. A majority of relevant studies
were published in Q1/Q2 journals with a strong international reputation, as shown in Table 3. Among these journals, Gut Microbes had
the highest IF of 9.434, while other journals had an IF between 3.352 and 6.706. These results indicate that the link between SCFAs and
CNS diseases has appealed to many scholars and its research value has been acknowledged. However, high-impact papers are
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Table 5
Top 5 references in terms of citation frequency and centrality.

Rank  Frequency  References Author and Rank  Centrality = References Author and
publication publication
year year

1 67 The role of short-chain fatty Boushra Dalile 1 0.16 Biological effects of propionic acid in Sa’ad H. Al-
acids in microbiota-gut-brain (2019) humans; metabolism, potential Lahham
communication. applications and underlying mechanisms. ~ (2010)

2 62 The Microbiota-Gut-Brain Axis. John F. Cryan 2 0.11 Microbiota is essential for social Lieve

(2019) development in the mouse. Desbonnet
(2014)

3 54 Gut Microbiota Regulate Motor Timothy R. 3 0.09 Microbiota modulate behavioral and Elaine Y.
Deficits and Neuroinflammation Sampson physiological abnormalities associated Hsiao (2013)
in a Model of Parkinson’s (2016) with neurodevelopmental disorders.

Disease.

4 53 Host microbiota constantly Daniel Erny 4 0.08 Targeting the Microbiota-Gut-Brain Axis:  Aurelijus
control maturation and function (2015) Prebiotics Have Anxiolytic and Burokas
of microglia in the CNS. Antidepressant-like Effects and Reverse (2017)

the Impact of Chronic Stress in Mice.

5 49 From Dietary Fiber to Host Ara Koh 5 0.08 Role of the microbiota in immunity and Yasmine
Physiology: Short-Chain Fatty (2016) inflammation. Belkaid
Acids as Key Bacterial (2014)
Metabolites.
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Fig. 7. Co-occurrence Analysis of keywords. Each node represents a keyword, and node size indicates the number of occurrences. The connection
between the nodes represents a co-occurrence relationship. The top ten co-occurrence keywords are “gut microbiome” (316), “SCFAs” (249),
“central nervous system” [101], “gut brain axis” [99], “butyrate” [74], “inflammation” [61], “PD” [47], “disorder” [40], “expression” [39], “ASD”
[38], and “AD” [38]. Note: ASD: autism spectrum disorder; AD: Alzheimer’s disease; PD: Parkinson’s disease; SCFAs: short-chain fatty acids.

challenging to publish. In accordance with the dual-map analysis, the journals in Table 3 were mainly focused on the molecular,
biology, and other comprehensive fields.

The number of citations is an indicator that can assess the impact of a scientific publication, which reflects the contribution of an
article to the area of concern [31]. A review of the highly cited literature allows a comprehensive understanding of the knowledge
structure in the field of SCFAs in CNS disease research. Combining the results of Table 5 (2002-2022) and Supplementary Table 1
(2018-2023), the top 5 cited references were published between 2015 and 2020, including four reviews and two animal experiment
articles. The most cited reference was published in Nature Reviews Gastroenterology & Hematology in 2019. This review summarized the
current understanding of the potential of SCFAs to mediate MGB interactions and discussed the relationship between SCFAs and
psychobiological processes [6]. Another review written by John F. Cryan et al. published in Physiological reviews was the second most
cited reference, which provided a comprehensive overview of the MGB axis and what still needs to be understood in developing a
microbiota-based treatments [10]. Timothy R. Sampson et al. published in cell in 2016, ranked in the top 5 highly cited articles in terms
of citation frequency, indicating that the gut dysbiosis was involved in the pathogenesis of PD and was a risk factor for PD [21].
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Table 6

The top 10 keywords in terms of frequency.
Rank keywords Count Centrality
1 gut microbiome 316 0.04
2 SCFAs 249 0.21
3 central nervous system 101 0.16
4 gut brain axis 99 0.06
5 butyrate 74 0.07
6 inflammation 61 0.02
7 PD 47 0.06
8 disorder 40 0.06
9 expression 39 0.13
10 ASD/AD 38 0.07

ASD: autism spectrum disorder; AD: Alzheimer’s disease; PD: Parkinson’s disease; SCFAs: short-chain fatty acids.

.Q@ ‘-G“S OF: o co0 coo

#2 chronic stress

citeSpace
_ wilile

Fig. 8. Keyword cluster timeline analysis. Each node represents a keyword, and the size of the node was closely related to the number of occur-
rences. Nodes with purple circles stated the existence of significant turning points in scientific knowledge, i.e., higher centrality. Note: ASD: autism
spectrum disorder; PD: Parkinson’s disease; SCFAs: short-chain fatty acids.

Table 7
The Keywords cluster analysis of SCFAs in CNS diseases research.
Category Cluster ID Year (mean) Top keyword Research hotspots
1 #0 2018 regulating gut microbiota SCFAs play a key role in microbe-gut-brain crosstalk
#1 2016 beneficial microbiome
#10 2011 multiplication
I #3 2014 propionic acid The classification and definition of SCFAs in the field of CNS.
11 #2 2017 chronic stress Several CNS diseases that are closely related to SCFAs research
#4 2012 neurodegenerative diseases
#8 2019 multiple sclerosis
#9 2016 bipolar disorder
#11 2019 psychiatric disorder
A\ #5 2015 clinical practice Mechanism and translational studies of SCFAs in the CNS diseases
#6 2017 rodent model
#7 2015 spinal cord plasticity

CNS: central nervous system; SCFAs: short-chain fatty acids.
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Top 15 Keywords with the Strongest Citation Bursts

Keywords Year Strength Begin End 2002 - 2022

valproic acid 2008 4.99 2008 2016

animal modsl 2008 4.74 2008 2019

histone deacefylase inhibitor 2009 3.01 2009 2016 =
anxiety like behavior 2014 3.84 2014 2018 et
brain development 2014 3.02 2014 2017 . c—
ASD 2009 258 2014 2017

induction 2015 2.68 2015 2018 ———
irritable bowel syndrome 2016 3.65 2017 2018 P
behavior 2015 3.18 2017 2018 L
depression 2017 2.7 2017 2018 S
experimental aufoimmune encephalomyelitis 2017 224 2017 2019 e —
major depression 2019 336 2019 2020 o
social behavior 2019 222 2019 2020 .
pathogenesis 2019 222 2019 2020 Taliess
insulin sensitivity 2020 2.18 2020 2022 —

Fig. 9. The top 15 keywords with the strongest citation bursts. The red bands indicate the duration of burst. Note: ASD: autism spectrum disorder.

Similarly, another article also published in cell, written by Ara Koh et al. also had a high number of citations. This work concluded the
process by which SCFAs are synthesized, are distributed, and contribute to host physiology [32]. It is worth noting that these two
articles published in cell are still in burstiness, indicating that the corresponding topics have gained sustained attention in recent years
(Supplementary Fig. 1). Besides, the article entitled “Host microbiota constantly control maturation and function of microglia in the CNS”
by Daniel Erny et al. was the first research to identify that the gut microbiota can be involved in the maturation and maintenance of
microglia in the CNS. More importantly, this study provided a critical foundation for the ongoing exploration of MGB in the brain’s
innate immune system and had the strongest citation burstiness [33]. In addition, an article by Ygor P. Silva et al. was highly cited after
its publication in 2020. This study reviewed the knowledge of the involvement of SCFAs in MGB interactions, and emphasized that
exploring the neuro-immunoendocrine function of SCFAs could help to develop new therapeutic targets for CNS diseases [22]. And the
article with the highest centrality during 2002-2022 was published in 2010 and was written by Sa’ad H. Al-Lahham et al., which
reviewed the biological effects of propionic acid in fatty acid metabolism, glucose metabolism, anti-inflammation, insulin sensitivity,
and satiety. In general, according to the results of the references analysis, the knowledge structure of SCFAs-related researches in CNS
diseases could be roughly divided into two categories, as follows: [1] the involvement of SCFAs in MGB interactions; [2] the effects of
SCFAs on CNS diseases (including pathogenesis and therapeutic potential).

4.2. Hotspots and frontiers

During this era of information explosion, it is important for researchers to keep up with trends and hot topics. Bibliometrics analysis
allows the identification of hot topics in an academic field via co-occurrence keyword analysis and visualize the evolution trend of hot
issues via the timeline view [26]. In the keyword analysis, the top 3 frequent keywords from 2002 to 2023 were “gut microbiome”,
“SCFAs” and “central nervous system”. From 2002 to 2022, as shown in Fig. 9, the burst keywords detection found that “animal model”
had the highest burst strength, which suggested that the mechanism exploration based on animal models was crucial for the in-depth
study of SCFAs in CNS diseases. With the advances in economic and social development, there has been an increasing focus on the
social behavior and mental health. Despite several current studies linking SCFAs levels with depressive-, anxiety- and stress-related
behaviors, the study designs were heterogenous and yielded conflicting results [6,30]. Therefore, the impact of SCFAs on social
behavior will remain a research hotspot in the future. Globally, diabetes mellitus (DM) is the fastest-growing metabolic disease. Ac-
cording to genome-wide association reports, specific gut microbes are associated with metabolic pathway variants in type 2 DM [34].
As the most extensively studied metabolite of gut microbiota, SCFAs have been widely recognized for their ability to regulate the
proliferation of pancreatic f cells and insulin secretion [35]. Since DM can cause primary and secondary damage to CNS function, such
as cognitive deficits and cerebrovascular disease [36], the effect of SCFAs on insulin sensitivity has also been investigated in CNS
diseases. Furthermore, combined the results of Fig. 8 (2002-2022) and Fig. 11A (2018-2023), we separately divided these clusters into

13



Z. Lan et al. Heliyon 10 (2024) e26377
H‘ ®) e- ) » — ) #0 parkinsons disease
Unger MM (2016) . .
Sampson TR (2016) (-] #1 physical exercise
. )) #2 taxonomic alteration
{ J . @ Veatmi@o1) #3 ischemic stroke
[ ] o 15 @on @016 ) O #4 fatty acid pentanoate

P P ° @)l
. H . —@ @ ungiic 2015

»))

#5 energy balance

@ 76 multiple sclerosis
° #7 modaulating role
#8 major depressive disorder

#9 signaling pathway

#10 peripheral nervous system
#11 placebo-controlled trial

Hr)n_._
° (¢)

#12 autism spectrum disorder

#13 depressed mice
#14 mouse model

#15 outer membrane protein

CiteSpace

-
—_—

B

2014 2015 2020 2

.i:*»

#0 bipolar depression

#1 parkinsons disease

#2 modulating role

#3 systematic review

#4 multiple sclerosis

#5 Parkinson's and Alzheimer's disease
#6 peripheral nervous system

#7 central nervous system diseases

#8 gut microbial metabolite

#9 protein-coupled receptor

#10 psychological condition

#11 disturbed microbial ecology

#12 microbiota-derived short-chain fatty acid

#13 psychosocial stress

#14 mptp-induced parkinsons disease

CiteSpace

e
Fig. 10. Timeline distribution of references co-citation clusters related to SCFAs in CNS disease (A) and butyrate in CNS diseases (B) in the past
5 years.

4 categories based on the commonality of research hotspots. As listed in Table 7, the research topics on SCFAs in CNS diseases from
2002 to 2022 mainly focused on following aspects: [1] SCFAs play a key role in microbe-gut-brain crosstalk; [2] The classification and
definition of SCFAs in the field of CNS; [3] Several CNS diseases that are closely related to SCFAs research; [4] Mechanism and
translational studies of SCFAs in the CNS diseases. Compare categories presented in Table 8 (2018-2023) with Table 7 (2002-2022),
we found that the hotspots over the past 5 years have gradually increased the attention to the therapeutic potential of SCFAs in the CNS
diseases. And these findings are consistent with the results of reference analysis.

According to the reference analysis and keyword analysis, we summarized hotspots of SCFAs in CNS diseases as follows.

5. Short-chain fatty acid

SCFAs are gut microbes derived metabolites, of which more than 95% consists of acetate, propionate, and butyrate. Two signal
transduction mechanism, the activation of G protein-coupled receptors (GPCRs) and the inhibition of histone deacetylases (HDACs),
mediate the function of SCFAs. Among GPCRs, GPR43 and GPR41, which have been renamed free fatty acid receptor 2 (FFAR2) and
FFAR3, and GPR109A, also known as HCARZ2, are expressed in a wide variety of cells, including CNS cells [37]. These GPCRs have been
shown to act as receptors for SCFAs and play crucial roles in the regulation of metabolism, immunity and inflammation [38]. HDACs
are epigenetic enzymes essential for gene regulation [39]. N-butyric acid was first shown to be an HDACs inhibitor, providing early
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Fig. 11. Timeline view of keywords cluster analysis related to SCFAs in CNS disease (A) and butyrate in CNS diseases (B) in the past 5 years.

Table 8
The Keywords cluster analysis of SCFAs in CNS diseases research in the last 5 years.
Category Cluster ID Top keyword Research hotspots
I #3 regulating gut microbiota SCFAs play a key role in microbe-gut-brain crosstalk
I #10 rodent model Mechanism of SCFAs in CNS diseases
#8 risk factor
1II #0 sepsis-associated encephalopathy Several CNS diseases that are closely related to SCFAs research
#4 neuropsychiatric disorder
#5 parkinsons disease
#6 autism spectrum disorder
#7 multiple sclerosis bipolar disorder
v #1 upcoming role Therapeutic potential of SCFAs in CNS diseases
#2 promising psychobiotics
#9 microbiological therapy

CNS: central nervous system; SCFAs: short-chain fatty acids.

15



Z. Lan et al. Heliyon 10 (2024) e26377

Table 9
The Keywords cluster analysis of butyrate in CNS diseases research in the last 5 years.
Category Cluster ID Top keyword Research hotspots
1 #0 intestinal-brain axis Butyrate plays a key role in microbe-gut-brain crosstalk
#3 gut-brain axis
I #2 myeloid-derived suppressor cell Mechanism of butyrate in CNS diseases
#7 antibiotic treatment
1L #4 mptp-induced parkinsons disease Several CNS diseases that are closely related to butyrate
#5 motor disability
#6 severe epilepsy
#8 chronic unforeseeable mild stress
#10 ethanol withdrawal
v #1 pharmacological intervention Therapeutic potential of butyrate in CNS diseases
#9 therapeutic opportunities

CNS: central nervous system.

evidence that SCFAs can regulate systemic function via inhibiting HDACs activation [40]. By inhibit HDACs activity, SCFAs could alter
gene expression in cells and therefore participate in the progression of disease.

Most SCFAs are absorbed by colonocytes after production, and only a tiny fraction (acetate 36%, propionate 9%, butyrate 2%) can
reach the systemic circulation and peripheral tissues to regulate the physiological function of target cells or provide energy for them. It
was reported that cerebrospinal fluid concentrations of acetate, propionate, and butyrate have been reported in ranges of 0-171 pM,
0-5 pM, and 0-2.8 pM, respectively [41]. Butyrate, as the most well studied of the three SCFAs in MGB, was also listed as one of the top
10 high-frequency keywords. Hence, we explored the research hotspots of butyrate in CNS diseases in the past 5 years through
reference analysis and keywords analysis. As listed in Supplementary Table 2, the top 3 most cited references in butyrate-related
research coincided with the results described above. Two additional highly cited articles were published in Nature microbiology and
The Journal of physiology, respectively. One of them studied the correlation between microbiome features and host quality of life, as
well as depression, by investigating a large cohort of microbiome population cohort. A result of this study mentioned that
butyrate-producing Faecalibacterium and Coprococcus were associated with higher quality of life indicators [42]. Another highly cited
reference was an animal experimental article, which suggested that SCFAs supplementation may moderate behavioral deficits caused
by psychosocial stress [30].

Combined with the results of reference analysis and keywords analysis, we found that the knowledge framework of butyrate-related
research in CNS diseases was basically the same as that of SCFAs-related research. At present, the hotspots in the field of butyrate in
CNS diseases mainly focus on the effect of butyrate on MGB crosstalk and the link between butyrate and CNS diseases, especially
psychiatric disorders.

6. SCFAs and MGB axis

In 1997, FFAR3 was found to be highly expressed in the rat brain tissues [43]. Later research confirmed that FFAR3 was expressed
in brain endothelial cells [44]. Activation of FFAR3 results in propionate directly initiating a gut-brain neural circuit [45]. In addition,
severe microglia malformation was observed Ffar2 ™/~ mice, reminiscent of microglia in germ-free (GF) mice [33]. Besides, HDACs
have been shown to be involved in various CNS diseases, including neurodegenerative diseases and a range of neuropsychiatric dis-
eases [46,47]. Evidence shows SCFAs can function as HDAC inhibitors in animal models of CNS diseases, exhibiting neuroprotective
and neuro-regenerative properties [48]. These findings indicate that SCFAs may affect CNS by binding to GPCRs or inhibiting HDACs
activity. Although the crosstalk between gut and CNS has only been studied for a short time and the underlying mechanism has not
been elucidated, it is speculated that SCFAs play a key role in the MGB axis.

Due to the high expression of the monocarboxylate transporters (MCTs) on endothelial cells, SCFAs can cross the BBB and act on the
brain [49-51]. Moreover, a decreased expression of tight junction protein was observed in GF mice, resulting in increased BBB
permeability. This phenomenon can be reversed by treating GF mice with SCFA-producing bacteria [52]. Similarly, the SCFA pro-
pionate was shown to protected BBB from deleterious inflammatory and oxidative stress [53]. This suggested that SCFAs are involved
in regulating BBB function and maintaining its integrity.

SCFAs are able to affect immune cells and modulate the immune response, thereby reducing inflammation. SCFAs alter neutrophil
recruitment by regulating the production of inflammatory cytokines via HDAC inhibition and inducing neutrophil chemotaxis via
activating FFAR2 [54]. These bacterial metabolites affect the maturation and the ability to produce pro-inflammatory cytokines of
monocytes, macrophages and DCs [55]. Additionally, SCFAs can also modulate T-cell activation and effector response. By inhibiting
histone acetylation, SCFAs direct promote T cells differentiation into T-helper (Th) cells via boosting mTOR activation, or indirectly
promote the transformation of naive T cells into forehead box P3 (FoxP3 ") regulatory T cells rather than IFN-y+ T cells via acting on
DC cells [56,57]. Microglial cells are essential to the development, innate immunity, and homeostasis of the CNS. They are involved in
synaptogenesis, axonal regeneration, neuronal survival and the regulation of inflammatory responses in the CNS [58,59]. Erny et al.
observed that the microglia cells of GF mice were global defects and the defective microglia can be restored by SCFAs [33]. Physi-
ological micromolar concentrations of the SCFA mixture can reduce the levels of cytotoxins and cytokines that are secreted by the
stimulation of THP-1 microglia-like cells [60]. Several studies reported that butyrate has the ability to decrease microglia activation
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and exhibit a strong anti-inflammatory effect in vivo and in vitro [61-64]. Obviously, SCFAs are candidate mediators of gut microbiota
affecting systemic inflammation and central neuroimmune function.

Apart from affecting microglia, based on the active involvement of SCFAs in supplying energy to cells and cell signaling [65], these
microbial metabolites may influence neuronal function. In mice, acetate has been shown to alter the levels of the neurotransmitters
glutamate, glutamine, and gamma-aminobutyric acid (GABA) in the hypothalamus and increased anorectic neuropeptide expression
[66]. Propionate and butyrate can regulate tyrosine hydroxylase mRNA levels, which is important for the synthesis of noradrenaline,
adrenaline, and dopamine [67]. SCFAs may modulate peripheral levels of serotonin and ultimately regulate brain function [6].
Neurotrophic factors associated with the growth, survival, and differentiation of neurons and synapses, such as brain-derived neu-
rotrophic factor (BDNF), nerve growth factor (NGF), and glial cell line-derived neurotrophic factor (GDNF), also have been reported to
be modulated by SCFAs [68,69]. Furthermore, physiologically relevant levels of SCFAs can increase human neural progenitor cell
growth rate and induce more mitosis [70].

Collectively, SCFAs can cross the BBB and may have a directly impact on the brain by strengthening the integrity of the BBB,
modulating neurotransmission and bioactivator, influencing immune response, and affecting levels of neurotrophic factors.

7. SCFAs and CNS diseases (Supplementary Table 5)
7.1. Experimental autoimmune encephalomyelitis (EAE)/multiple sclerosis (MS)

In order to understand the mechanisms of CNS autoimmunity, the EAE model has been developed and is currently the most
commonly used model for studying MS [71]. MS is a chronic autoimmune-mediated CNS disease with a strong neurodegenerative
component characterized by demyelination and axonal damage. The immunological changes in EAE/MS involving immune cell in-
filtrates, such as Th1/Th17 CD4" T cells, B lymphocytes, macrophages, and monocytes, and decreasing in CD8" T cells, CD4"
CD25"FoxP3+ Treg cells, and impaired Treg function [72]. The possible connotation of gut dysbiosis in MS was first investigated in
EAE by application of GF mice or antibiotic treatment, suggesting that it may play a role in the pathogenesis of MS [73]. Certainly, the
changes of SCFAs in MS patients in association with an altered gut microbiota. And accumulating reports have indicated that SCFAs
may participated in the development and disease course of MS. Acetate levels were decreased in MS patients and inversely correlated
with proinflammatory biomarkers [74,75]. Propionate levels in serum and feces samples of MS patients were significantly reduced
compared with healthy controls, particularly after the first relapse. And the propionate levels positively corrected with the frequency
of T follicular regulatory cells [75,76]. The amount of butyrate was reduced in body fluid specimens from MS patients [77]. In addition,
the fecal SCFAs level in MS patients was positively correlated with the proportion of Treg cells, and there may be a correlation between
SCFAs and disease duration and age of onset in untreated MS patients [77,78].

There have also been studies suggesting that SCFAs may have potential therapeutic effects in MS due to their potential anti-
inflammatory and immunomodulatory effects. Based on studies in EAE, SCFAs may attenuate demyelination and alleviate the dis-
ease severity by mechanisms that may be related to the reduction of Th1 and Th17 cells, the promotion of Treg cell differentiation, and
the promotion of anti-inflammatory cytokine secretion [79]. In congruence with these findings, Alexander Duscha et al. reported that
propionate intake increased the expression of Treg-cell-inducing genes in the gut. Two weeks of propionate supplementation in MS
patients increased the Treg/Th17 cell ratios, and continued supplementation for three years was associated with a reduction in the
annual rate of relapse and an improvement in clinical and pathological characteristics [76]. Therefore, SCFAs can be a treatment
option for managing MS.

7.2. Parkinson’s diseases

PD is a progressive neurodegenerative disease characterized by bradykinesia and resting tremor. The aggregation of a-synuclein
(aSyn) is considered to be the main pathogenic factor of PD, which tends to affect dopaminergic neurons. Since the common occur-
rence of gastrointestinal manifestations in PD patients, researchers have focused on the relationship between gut microbiota and the
development of PD. In our studies, the term “Parkinson’s disease” appeared frequently in the reference analysis and keyword analysis,
indicating that the effect of SCFAs on PD is a research hotspot in the field and will continue in the future. The role of SCFAs in PD
remains controversial. Sampson et al. reported that gut microbes were required to elicit pathophysiological changes in an aSyn-
overexpressed mouse model of PD, and elimination of gut microbiota antibiotic treatment improved the condition. Administration of
the SCFAs mixture promoted neuroinflammation and motor deficits in aSyn-overexpressed mouse [21]. This is inconsistent with most
subsequent research, revealing a significant reduction in the number of colonic SCFA-producing bacteria, as well as a reduction in fecal
SCFAs concentrations [80-82]. The decrease of SCFA producing bacteria may predict the accelerated progression of PD [83]. And the
reductions in fecal SCFAs are correlated with the age of PD onset [84]. Existing studies of plasma SCFAs concentration changes in PD
patients have conflicting results, probably due to different experimental settings and detection methods, but they all suggest that
plasma SCFAs concentration is related to the clinical severity of PD [9,85,86].

As expected, SCFAs have also been shown to have therapeutic potential in PD, with studies related to butyrate predominating. In 1-
methyl-4-phenyl-1, 2, 3, 6-tetrahydropyridine (MPTP)-induced PD mice, butyrate supplementation could prevent dopaminergic
degeneration and reduce overactivation of microglia, thereby alleviating behavioral impairments. The underlying mechanism was
associated with stimulating colonic GLP-1 secretion and inhibiting HDAC activation [87,88]. And butyrate was reported to rescue
dopaminergic neurons by alleviate transcriptional deregulation and DNA damage induced by aSyn [89]. Furthermore, in an in vitro
cell model of PD, propionate was found to promote cell survival of dopaminergic neurons and increase gene expression levels of
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tyrosine hydroxylase [90].
7.3. Alzheimer’s disease

AD is an irreversible neurodegenerative disease that causes loss of memory and cognition. The neuropathological features of AD
mainly include accumulation of amyloid B-protein (Ap) and hyperphosphorylated tau protein. Increasing studies have demonstrated
that SCFAs might be involved in the key pathological processes underlying AD. Decreased SCFA levels were found in both brain and
feces of AD mice [91]. Lack of SCFAs accelerated memory deficits in 5xFAD mouse model of AD [92]. In clinical studies, a recent study
found that acetate concentrations were reduced in the serum of AD patients and were associated with a high risk of AD [93]. Marizzoni
et al. reported a correlation between brain amyloid deposition levels and SCFAs concentrations in AD patients [94]. And compared to
patients with mild cognitive impairment, the expression of SCFAs was lower in AD patients [95]. This finding suggested that these
metabolites were gradually altered with disease progression and were significantly associated with cognitive impairment, suggesting
their important role in AD.

Despite the current discouraging drug discovery in AD, several lines of evidence indicated that SCFAs may have a therapeutic effect
in the disease. Acetate was confirmed to have an anti-inflammatory effect in AD model mice via upregulation of FFAR3 and sup-
pression of the ERK/JNK/NF-kB pathway [96]. A latest study revealed that administration of SCFAs in AppNL’G'F AD mice reduced the
Ap burden, affected the microglia phenotype and improved the integrity of the BBB by regulating tight junctions [97]. Similarly, in
another study, administration of SCFAs for nine months mitigated Ap deposition, tau hyperphosphorylation, and cognitive impairment
in AD mice. The authors proposed that SCFA supplementation could modulate neuroenergetics, that is, promote glutamate-glutamine
shuttle to resist oxidative damage in neurons [98].

7.4. Autism spectrum disorder

Autism spectrum disorder (ASD) is a genetically heterogeneous neurodevelopmental disorder characterized by socio-
communicative deficits, and repetitive and restricted interests. Transplantation of gut microbiota from ASD patients resulted in
ASD-relevant behavioral deficits in mice. It also induced alternative splicing of ASD-related genes in the mice brain [99]. Changes in
fecal SCFA levels in patients with ASD are controversial. Some studies have shown that children with ASD have significantly lower
levels of SCFAs than healthy controls [100,101]. However, opposite results have also been reported. Several studies have revealed that
the fecal SCFAs levels were significantly increased in children with ASD. The KEGG analysis suggested that functions related to
butyrate production were overexpressed in ASD patients [102]. And the fecal propionate concentration was positively correlated with
the severity of ASD [103]. Propionate disturbs neural patterning during the stage of neural development, leading to abnormalities in
neural structure, excessive proliferation of glial cells, and increased inflammation, and can induce behavioral effects of relevance to
ASD [104,105]. On the contrary, previous research has demonstrated that butyrate can improve ASD-like symptoms by inhibiting
HDCAs [106].

7.5. Sepsis associated encephalopathy

Sepsis associated encephalopathy (SAE) is a common complication of sepsis typically characterized by cognitive dysfunction. In the
keyword analysis of the past 5 years the most prominent cluster was named “sepsis-associated encephalopathy” (Fig. 11A), indicating
that SAE is an emerging research hotspot and a future research trend in the field of SCFAs in CNS disease. Both the number of SCFAs-
producing bacteria and the levels of SCFAs were reduced in SAE mice [107,108]. Zhang et al. divided SAE mice into light SAE and
severe SAE based on mortality and time of death. Compared to severe SAE mice, light SAE mice had higher butyrate levels. And
butyrate reduced the high oxidative stress levels in the hippocampus of SAE mice and improved the survival rate of SAE mice [109]. In
addition, it has been reported that SCFA treatment could alleviate behavioral and cognitive dysfunction in SAE mice by reducing
neuroinflammation and improving BBB integrity [110,111].

7.6. Other CNS diseases

The gut microbiota has recently received a wide range of attention as a potential risk factor in stroke [112]. Researchers are
increasingly finding that gut microbiota may affect risk factors for stroke, such as hypertension, atherosclerosis, and diabetes [113,
114]. The levels of SCFAs are negatively correlated with the severity of ischemic stroke, and SCFA supplementation may provide
neuroprotection and improve outcomes [115-117]. A recent study has shown that fecal microbiota transplantation can alleviate
cognitive decline and depression-like behavior in rats with chronic cerebral hypoperfusion by regulating intestinal flora and increasing
the level of SCFAs [118]. Epilepsy is the fourth most common neurological disease and new antiepileptic drugs are constantly being
developed. The latest research illustrated that both propionate and butyrate can attenuate mitochondrial disruption and neurological
impairments in an epilepsy mouse model [119,120].

8. Treatment strategies and future trends

In recent years, there has been a rapid growth in the understanding of the role of SCFAs in various neurological conditions. SCFAs
exerts neuroprotective effects mainly through the following mechanisms: improving BBB integrity, inducing T cell differentiation,
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restoring microglia function, regulating inflammatory and immune responses, preventing neuronal death, and regulating neuro-
energetics. However, the results on the application of SCFAs in CNS diseases are still heterogeneous. One reason for these findings
might be that in some cases SCFAs were used in mixtures, while in others single SCFAs were used. The dosage of single SCFAs, the
proportion of mixture SCFAs, and the duration of treatment could also contribute to differences in results. Therefore, future researches
should be conducted under the same conditions to clarify the exact role of SCFAs on the CNS diseases. In addition, studies on the
therapeutic effect of SCFAs were mostly based on animal experiments and preclinical trials. It should be noted that animal models
cannot perfectly mimic human disease phenotypes and gastrointestinal microbiome, which may lead to unsuccessful translation of
experimental results to humans. Future studies on the role of SCFAs in CNS diseases should attempt to employ animal models that
adequately mirror the human gastrointestinal microbiome, such as pigs and chimpanzees. Furthermore, the design of clinical ex-
periments in this field should be longitudinal, not just cross-sectional. Prospective and larger cohorts regarding the short- and long-
term effects of SCFAs on CNS diseases are needed to complement in the future.

9. Strengths and limitations

Our study has several unique advantages. This is the first study that quantitatively analyzed the publications on SCFAs in CNS
diseases, which provides a comprehensive guidance for scholars concerned with this research field, thereby improving their scientific
research level and capabilities. The bibliometric tool applied in this paper is CiteSpace, which is widely used in the bibliometric field,
so our data analysis process is likely to be objective. Through journal analysis, reference analysis and keyword analysis, we can identify
appropriate journal names, hotspots, emerging trends, and unsolved issues, which will help researchers develop targeted research
programs and effectively address the challenges faced within this research domain. Nevertheless, the limitations of the study should be
acknowledged. First, the database chosen for analysis in this paper is the WOS data as it is considered to be the largest and most
accurate biomedical database. Although bibliometric analysis guidelines recommend that it is preferable to use a single database,
literature from other databases may be missed. Second, our search term mainly focused on " central nervous system disease" and its
derivatives, rather than on one of its categories (e.g., vascular disease, neurodegenerative disease). The range of diseases is too broad to
describe the details of each disease with precision. Third, due to constant updates to the database, some discrepancies may exist
between the number of literature we obtained and the actual number of literature. Besides, only publications in English were included,
whereas publications in other languages were excluded. In addition, this study consisted solely of original articles and reviews, and the
collected literature was of variable quality.

10. Conclusion

In this study, 480 articles from the WoSCC database were used for bibliometric analysis to systematically evaluate the research on
SCFAs in CNS diseases. The research shows that China has the most publications, while Western institutions and scholars, represented
by University College Cork and John F. Cryan, are more influential in this research field. SCFAs can act on CNS and play multiple roles
in CNS diseases. This field is gradually attracting the attention of many scholars and will remain a research hotspot in the next decade.
Clearly, the current evidence for an association between SCFAs and CNS diseases is preliminary and more work is needed to pinpoint
the precise mechanism. Several studies have shown the therapeutic benefits of SCFAs in animal models and preclinical trials, but
further research is needed to probe whether the proportions and the concentrations of SCFAs have different effects. In addition,
prospective and larger cohorts regarding the short- and long-term effects of SCFAs on CNS diseases are also required.
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