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Background and aims: The gut microbiota is involved in the regulation of pain, which is proved by plenty of evidence. Although a substantial quantity of research on the link between the gut microbiota and pain has emerged, no study has focused on the bibliometric analysis of this topic. We aim to present a bibliometric review of publications over the past 20 years and predict research hot spots.

Methods: Relevant publications between 2002 and 2021 were extracted from the Science Citation Index-Expanded (SCI-EXPANDED) of the Web of Science Core Collection (WoSCC) database on April 22, 2022. CiteSpace (version 5.8 R3c), VOSviewer, the Online Analysis Platform of Literature Metrology, and the R package bibliometrix were used to analyze and visualize.

Results: A total of 233 articles have been published between 2002 and 2021. The number of publication outputs increased rapidly since 2016. The collaboration network revealed that the USA, Baylor College of Medicine, and Vassilia Theodorou were the most influential country, institute, and scholar, respectively. Alimentary pharmacology and therapeutics and Gut were the most co-cited journal and Neurogastroenterology and Motility was the most productive journal. Visceral sensitivity, fibromyalgia, gastrointestinal, chronic pain, stress, gut microbiome, LGG, brain-gut axis, SLAB51, and sequencing were the top 10 clusters in co-occurrence cluster analysis. Keyword burst detection indicated that the brain-gut axis and short-chain fatty acid were the current research hot spots.

Conclusion: Research on the links between the gut microbiota and pain has increased rapidly since 2016. The current research focused on the brain-gut axis and short-chain fatty acid. Accordingly, the SCFAs-mediated mechanism of pain regulation will be a research direction of great importance on the links between the gut microbiota and pain. This study provided instructive assistance to direct future research efforts on the links between the gut microbiota and pain.
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Introduction

Pain is an unpleasant sensory and emotional experience associated with, or resembling that associated with, actual or potential tissue damage (1). The overall weighted age- and sex-standardized prevalence of pain across countries was approximately 27.5%, with a significant variation across countries (ranging from 9.9 to 50.3%) (2). Global burden of disease data indicates that chronic pain is a leading cause of years lived with disability, with painful conditions comprising 4 of 10 leading causes of disability in both developed and developing countries (3). It is estimated that one in three Americans suffer from chronic pain and cost between US$560 and US$635 billion per year in medical costs and lost productivity (4). In China, low back pain ranks as the second leading cause of years lived with disability burden disease (5). Up to 70% of patients with cancer suffer from pain (6). The age- and sex-adjusted prevalence of chronic regional pain (CRP) was 23.9% and chronic widespread pain (CWP) was 11.4% (7). However, the current treatment of pain is far from perfection. For example, the therapeutic alternatives for chronic pain are limited except for opioids. The widespread and improper use of opioids has resulted in overdose deaths and addictions in the USA (8). Therefore, the mechanism of pain is still needed to be further studied to develop new medications for pain management.

The gut microbiome comprises more than 100 species and 7,000 strains and is the most complex microecological system in our body (9). It mainly contains bacteria, archaea, fungi, protozoa, and viruses (10). The microbiota-gut-brain axis involves bidirectional communication between the gut microbiome and the brain, including the immune, endocrine, systemic, and neuronal pathways (11). An increasing body of evidence suggests that the perturbation of the microbiota-gut-brain axis is involved in central nervous systems (CNS) diseases, such as depression (12, 13), anxiety (14), Alzheimer’s disease (15, 16), autism (17, 18), and Parkinson’s disease (19, 20). The relationship between the gut microbiota and pain also received increasing attention. The microbiota-derived mediators include PAMPs, toxins, SCFAs, KYNA, cytokines, neurotransmitters (e.g., GABA and 5-HT), and so on, which have an impact on both the peripheral and CNS. On one hand, the gut microbiota directly or indirectly regulates the peripheral nervous system under chronic pain conditions. For example, microbiota-derived mediators can directly regulate the neuronal excitability of primary sensory neurons in DRGs through activation of TLRs, TRP, GABA receptors, and acid-sensing ion channels (21, 22), or indirectly regulate primary sensory neurons in DRGs through activation of non-neuron cells to release pro-inflammatory cytokines, anti-inflammatory cytokines, chemokines, and neuropeptides (23). On the other hand, the gut microbiota may regulate neuroinflammation-mediated central sensitization via the regulation of microglia by its metabolites SCFAs (19, 23). Research showed that both antibiotics (24) and probiotics (25) can alter visceral pain-related responses. Administration of Lactobacillus acidophilus induced μ-opioid receptors in rodents’ colonic epithelial cells and application of Bifidobacteria reversed CRD-induced visceral hypersensitivity in mice (26, 27). The gut microbiota promotes the development of chemotherapy-induced mechanical hyperalgesia, which was reduced in germ-free mice (28). Inflammatory pain was also reduced in GF mice compared with conventional mice (29). An elegant review by Guo et al. provides a comprehensive view of the role of gut microbiota in pain regulation and proposes that targeting the gut microbiota by diet or pharmabiotic intervention is a promising approach to the management of chronic pain (23). Although a substantial quantity of research on the links between the gut microbiota and pain has emerged, no study has focused on the bibliometric analysis of this topic.

Bibliometric analysis is a branch of informatics that quantitatively analyzes patterns in the scientific literature in order to understand emerging trends and the knowledge structure of a research field (30). This study aimed to present the first bibliometric analysis of research on the links between the gut microbiota and pain over the past 20 years based on the data from the Web of Science Core Collection (WoSCC) database. We used literature metrology characteristics to assess the research output, impact, collaboration, and identify hotspots on the gut microbiota research in the pain field and discussed the trends in this field over the next few years.



Materials and methods


Data sources and search strategies

Web of Science Core Collection (WoSCC) database is one of the best-known and high-quality databases (31). We conducted a comprehensive literature search within the Science Citation Index-Expanded (SCI-EXPANDED) of WoSCC database, using the following search strategy: [TS = (gut OR intestin* OR gastrointestin* OR gastrointestin*)] AND [TS = (microbiot* OR microbiome* OR microflora OR bacteria) AND (TS = (pain*))] from January 1, 2002, to December 31, 2021. The publication language was restricted to English. To avoid database update bias, we performed all data extraction and data downloads on the same day (April 22, 2022). To confirm the accuracy of bibliometric analysis results, we identified all publications retrieved by the search strategy above, including titles, abstracts, and publication years. The exclusion criteria were as follows: (i) irrelevant to the composition of the gut microbiota, (ii) irrelevant to the pain phenotypes, (iii) only articles were included, whereas other document types (e.g., reviews, editorial materials, letters, and meeting abstracts) were excluded, and (iv) duplicate publications were excluded. In total, 233 articles were ultimately analyzed in our study. The detailed screening is shown in Figure 1.
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FIGURE 1
Flowchart for including and excluding publications.




Bibliometric analysis

In order to describe all literature characteristics about research on the links between the gut microbiota and pain, we converted all data that meet the requirements from WoSCC to txt format and imported them into the Online Analysis Platform of Literature Metrology1; Bibliometrix (32); CiteSpace V5.8 R3 (33) (Drexel University, Philadelphia, PA, USA), and VOSviewer 1.6.15 (34) (Leiden University, Leiden, The Netherlands) for further analysis.

Web of Science was used to retrieve target data and to analyze the publication trend by year and the data was imported into the R package ggplot2 to form a histogram. The website of bibliometrics, the Online Analysis Platform of Literature Metrology was used to show the annual publication trend from different countries and regions, the inter-country/region cooperative relationships, and the top 10 most cited journals. Moreover, the collaborations between institutions and those between authors were analyzed by the VOSviewer software.

Full records and cited references of the retrieved articles were downloaded from the WoSCC database and saved as.txt format for further analysis by the CiteSpace software (version 5.8 R3c). We set the following format: time slicing from January 2002 to December 2021, years per slice choosing 1. The selection used a modified g-index in each slice: g2 ≤ kΣi ≤ gci, k ∈ Z+, k = 25.

As the most popular and recognized bibliometric visualization tool, CiteSpace was used to visualize the map of cooperation between countries/regions and between institutes, co-authorship, reference co-citation and to figure out the bursts of keywords between 2002 and 2021. The R package bibliometrix was used to output the top 100 high-frequency keywords as a word cloud. VOSviewer was used to visualize the inter-institution cooperation and co-authorship.




Results


Quantity and trends analysis of published papers

Out of 1,355 publications, the search retrieved 233 articles that met the inclusion and exclusion criteria (Figure 1). Over the past 20-year period, the development track showed two stages: one was the initial period (2002–2015), which had a very slow development speed, and the other was the rapid development period (2016–2021). The number of publication outputs increased from 3 publications in 2003 to 45 publications in 2021, and the compound annual growth rate (CAGR) was 16.24% (Figure 2A). Compound annual growth rate (CAGR) was the annualized average rate of growth between the years 2003 and 2021, calculated as follows: CAGR = [(value in the year 2021/value in the year 2003)(1/18)−1]. The number of publication outputs grew at a high CAGR of 35.10% from 2016 to 2021. Moreover, we used Microsoft Excel 2019 to build a growth trend model as follows: f(x) = ax3 + bx2 + cx + d, which predicted that nearly 100 articles will be published by 2025 (Supplementary Figure 1). Sixty-seven articles (28.76% of 233) were about IBS-related abdominal pain. The majority of the included articles (60.09% of 233) were about visceral pain (primary or secondary) in the abdominal region (Supplementary Table 1).
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FIGURE 2
Quantity and trends analysis of published papers. (A) Number of annual research publications and growth trends on the topic of the links between the gut microbiota and pain from 2002 to 2021, export of results from web of sciences. The red color represents animal experimental studies and the blue color represents clinical trials. (B) Number of annual research publications and growth trends on the topic of the links between the gut microbiota and pain from 2002 to 2022, export of results from the Online Analysis Platform of Literature Metrology.


In order to figure out which countries or regions played leading roles on the links between the gut microbiota and pain during the past 20 years, the number of articles published by different countries and regions were counted on the website, the Online Analysis Platform of Bibliometrics.2 The histogram showed the number of publications from the top 10 countries/regions over the 20 years (Figure 2B). Overall, 233 articles were published by 51 countries and regions. Notably, the USA had long dominated the development of research on the links between the gut microbiota and pain while the number of publications from China first exceeded that of the USA in 2020 and maintained rapid growth in the last 4 years.



Analysis of scientific collaboration network

Collaboration network analysis can provide quantitative information for evaluating collaboration between countries, institutes, and scholars and identifying the key cooperators. Overall, 233 articles were published by 38 countries and regions from 2002 to 2021. We analyzed cooperative relationships between these countries using the bibliometrics online analysis platform (Figure 3A). The result shows that the USA was the country most frequently involved in international cooperation.


[image: image]

FIGURE 3
Visualization map of the scientific collaboration network analysis of gut microbiota research in the pain field from 2002 to 2021. Collaboration among countries/regions (A), institutions (B). The size of the concentric circle represented the number of articles published by each institution and the thickness of the connecting lines indicated the degree of cooperation between institutions. The brighter the color of the concentric circle is, the more productive the institution has been on the topic of the links between the gut microbiota and pain in recent years.


In order to clarify the inter-institutional cooperation in this field, we imported TXT files into the CiteSpace software. A total number of 558 institutes made contributions to microbiota research in the pain field. As shown in Figure 3B, the top 15 productive institutions were listed in the visualized graph, in which each concentric circle represented an institution and the links indicated the strength of institutional cooperation with each other. The size of the concentric circle represented the number of articles published by each institution and the thickness of the connecting lines indicated the degree of cooperation between institutions. The brighter the color of the concentric circle is, the more productive the institution has been on the topic of the links between the gut microbiota and pain in recent years. Amongst them, Baylor College of Medicine, McMaster University, Texas Children’s Hospital, and Institut National de la Recherche Agronomique (INRA) were the institutions that were the most frequently involved in international cooperation. Baylor College of Medicine, represented by the largest node marked with an orange ring dot, had the most publications and the most extensive cooperation, with more than 24 institutions, such as Children’s Nutrition Research Center, Texas Children’s Hospital, and Columbia University.

A total of 1,777 authors were obtained in 233 articles. The co-authorship network map is shown in Figure 4, containing 188 nodes and 541 collaboration lines. Because the co-authorship network map only shows prolific authors (publications ≥ 2), it contains 188 nodes rather than 1,777 nodes. The nodes represent the authors and the link lines between them represent their cooperative relationships. However, all of the nodes have very low centrality (< 0.01). Represented by the largest node, Vassilia Theodorou is the Director of Research of the Neuro-Gastroenterology and Nutrition Unit at INRAE Toxalim, France. Prof. Theodorou’s research team has studied how Lactobacillus farciminis treatment suppresses stress-induced visceral hypersensitivity and Bifidobacterium longum and Lactobacillus helveticus synergistical therapeutic effect on stress-related visceral hypersensitivity. James Versalovic is the second most prolific author, who has 7 articles published in the past 20 years with 1,025 citations. James Versalovic, Robert J Shulman, and Emily B Hollister collaborate often and they all work at Baylor College of Medicine, one of the institutions which were the most frequently involved in international cooperation. Prof. Versalovic’s research team has studied how the gut microbiome impacts children’s health with the help of metagenomic medicine.
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FIGURE 4
VOSviewer network of authorship in research on the links between the gut microbiota and pain. Each circle represents an author and the link between the two circles means a collaboration between each other.




Analysis of journals

Bibliometrics online analysis platform was used to analyze journal influence. The top 10 most-cited journals for the gut microbiota research in the pain field are presented in Table 1, which indicates that articles published in Alimentary pharmacology and therapeutics and Gut were cited most frequently with 57 times, during the past 20 years, followed by those in Neurogastroenterology and Motility (35), Nature Medicine (30), Scientific Reports (24), Nature Neuroscience (23), Neuroscience (21), Proceedings of the National Academy of Sciences of the United States of America (18), Gastroenterology (14), and eLife (11). All of the 10 journals were from the USA and the UK and had an IF above 3.0. All of these journals, except for Neurogastroenterology and Motility and Neuroscience, were in the first quartile (Q1) of the Journal Citation Report (JCR), indicating that these journals were influential ones and the research field gained its high recognition. The most productive journal was Neurogastroenterology and Motility, which published 11 articles. The paper published in Nature Medicine had the highest average citation per paper (30 times).


TABLE 1    The top 10 most-cited journals for gut microbiota research in the pain field.
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Analysis of number of citations

The number of citations is an important indicator of the impact of an article in a research area. The number of citations of these 233 articles was counted and ranked, and the top 10 are shown in Table 2. The most cited article was published in Microbiome in 2017, with 560 citations. This 7–8 weeks small open-label clinical trial evaluated the impact of Microbiota Transfer Therapy (MTT) on gut microbiota composition and GI and ASD symptoms of 18 ASD-diagnosed children. GI symptoms and behavioral ASD symptoms improved significantly and remained improved 8 weeks after the treatment ended (36). The second one was published in Nature Medicine in 2007, with 511 citations. Rousseaux et al. (26) found that specific Lactobacillus strains induced the expression of μ-opioid and cannabinoid receptors in intestinal epithelial cells, mediating analgesic functions similar to the effects of morphine. The third one demonstrated that bacteria can directly activate nociceptors for Staphylococcus aureus-induced pain in 2013 (37).


TABLE 2    The top 10 cited articles in the included 233 articles about the relationship between the gut microbiota and pain.
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Analysis of co-citation references and clustered network

Co-cited references are those co-cited in the reference lists of other articles. We retrieved a total of 233 articles and their 570 references from the Science Citation Index-Expanded (SCI-EXPANDED) of the Web of Science Core Collection (WoSCC) database and analyzed them by the CiteSpace to cluster them. The map of co-citation reference in the CiteSpace on the links between the gut microbiota and pain were presented in Figure 5A. Each node represents a reference and the size of the node is positively related to the frequency of citation. The link between nodes means these articles were cited as references in the same article and line thickness means the correlation with the co-cited papers. The redder nodes (left) represent references cited in earlier years while the yellower ones (right) represent papers that have been frequently cited in recent years. Because many references shared the tenth place with each other, Table 3 only presented the top 9 co-cited references related to the gut microbiota research in the pain field.
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FIGURE 5
Reference co-citation network analysis of publications on the links between the gut microbiota and pain between 2002 and 2021. (A) Cluster visualization of the reference co-citation map. The top 10 largest clusters of citing articles are shown. (B) Cluster visualization according to keywords generated from the references by CiteSpace.



TABLE 3    The top 9 co-cited references related to the gut microbiota research in the pain field between 2002 and 2021.
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The map of co-citation clustered according to keywords generated from the references by CiteSpace is shown in Figure 5B. The timeline visualization of the reference co-citation map contained 570 nodes and 2,009 links, representing the cited references and their co-cited relationships, respectively. The number of cluster tags is reversely correlated with the number of articles that each cluster included. The analysis of co-citation clusters revealed the most relevant terms on the links between the gut microbiota and pain, which included #0 visceral sensitivity, #1 cytokines, #2 slab51, #3 irritable bowel syndrome, #4 stress, #5 gut microbiome, #6 lgg, #7 brain-gut axis, #8 SLAB51, and #9 454 sequencing. Lactobacillus rhamnosus GG (LGG) increases treatment success in children with abdominal pain-related functional gastrointestinal disorders (38). SLAB51 is a probiotic formulation that markedly reduced oxidative stress in AD mice brains (39). As shown in Table 3, 4 of the top 9 co-cited references were in cluster #4 stress and 3 of the top 9 ones were in cluster #3 irritable bowel syndrome.



Analysis of co-occurring keywords and burst detection

To map the knowledge structure of research, Figure 6 shows a timeline view of the keyword co-occurrence network. Each circle represents a main cited paper in a certain cluster and the citation tree-rings of different sizes on the timeline represent citation rates. Large nodes or nodes with red tree-rings are either highly cited or have citation bursts in a given time slice. Visceral sensitivity, cytokines, slab51, irritable bowel syndrome, stress, gut microbiome, lgg, brain-gut axis, compositional and functional alternations, and 454 sequencing were the top 10 clusters in co-occurrence cluster analysis. Cluster #3 irritable bowel syndrome and cluster #4 stress had the highest degree of citation bursts.
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FIGURE 6
Timeline visualization of the reference co-citation map. Large nodes or nodes with red tree-rings are either highly cited or have citation bursts in a given time slice. Right side = cluster labels.


The data were further imported into “Bibliometrix” (R package) to output the top 100 high-frequency keywords as a word cloud. As illustrated in Figure 7A, “microbiome,” “microbiota,” “abdominal pain,” “gut microbiome,” “probiotic,” and “inflammation” had the highest frequency. Burst detection can be used to predict new frontier topics in research in a particular field. Figure 7B shows the top 20 keywords with the strongest citation bursts. Keyword marked in red indicates a sudden increase in usage frequency of this keyword during that period. Blue represents a relatively unpopular time period. “Health” was the strongest burst keyword (strength 3.29) in this field from 2002 to 2021 and was followed by “double blind” (strength 2.43), “brain-gut axis” (strength 2.38), and “gene expression” (strength 2.32). “Health,” “brain axis,” “mechanism,” “chain fatty acid,” “microbiota,” “prevalence,” and “quality of life” were the current research hot spots. By querying the abstract of the included articles, “chain fatty acid” was identified as short-chain fatty acids (SCFAs).
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FIGURE 7
Analysis of keywords. (A) The word cloud analysis of the top 50 high-frequency keywords on the links between the gut microbiota and pain between 2002 and 2021. (B) Keywords with the strongest citation bursts in original articles on the links between the gut microbiota and pain. Keyword marked in red indicates a sudden increase in usage frequency of this keyword during that period. Blue represents a relatively unpopular time period.





Discussion

This is the first bibliometric and visual analysis of research on the links between the gut microbiota and pain from 2002 to 2021. Compared with traditional reviews, an analysis based on bibliometric tools provides a better insight into the evolving research foci and trends, and this type of data analysis is comparatively more comprehensive and objective. This study included 233 articles from the Science Citation Index-Expanded (SCI-EXPANDED) of the Web of Science Core Collection (WoSCC) database, and each publication retrieved was completely relevant to the topic. The number of publication outputs increased rapidly since 2016. The collaboration network revealed that the USA, Baylor College of Medicine, Vassilia Theodorou were the most influential country, institute, and scholar, respectively. Keyword burst detection indicated that the brain-gut axis and chain fatty acid were the current research hotspots. Short-chain fatty acids (SCFAs), as metabolites of the gut microbiota, play an important part in the brain-gut axis. Short-chain fatty acids-mediated mechanism of pain regulation will be a research direction of great importance on the links between the gut microbiota and pain. Our timely analysis of the hotpots and research trends may promote the development of this field.

There was rapid growth in the number of articles on the links between the gut microbiota and pain since 2016, growing at a CAGR of 35.10%. In Falony et al. and Zhernakova et al. targeted general populations in Belgium and the Netherlands, respectively, and completed the first metagenomics analysis of the gut microbiome of over 1,000 participants (40, 41). Subsequently, three studies found attributes of the genetic architecture for microbiome traits by genome-wide association analysis (42), marking a new phase of microbial whole-genome resequencing. According to the number of published papers, the USA had long dominated the development of the chosen field. However, China has exceeded the USA since 2020.

Collaboration network analysis can provide quantitative information for evaluating collaboration between countries, institutes, and scholars and identifying the key cooperators. The analysis of scientific collaboration network showed that the USA, Baylor College of Medicine, and Vassilia Theodorou were the most influential country, institute, and scholar, respectively. The USA had a huge advantage in this field, possibly owing to the long-standing leading role the USA played in bioscience. The other reason was the crucial financial support from research funds. For example, the US National Institute of Mental Health (NIMH) funded seven pilot studies with up to US$1 million each from 2013 to 2015 and the US Office of Naval Research pumped around US$14.5 million into work examining the gut microbiota-brain axis (35).

Analysis of journals can help researchers select appropriate journals for submission. Among the top 10 most cited journals, Alimentary pharmacology and therapeutics and Gut possessed the most citations (43). Gut earned its reputation for publishing first-class clinical research in the relevant research field. Moreover, articles published on Gut had more average citations per paper (19.00 times) than articles published on Alimentary pharmacology and therapeutics (7.13 times). Through our research, we found that the top 10 most cited journals published less than a quarter (18.03%) of the total articles on the links between the gut microbiota and pain. The paper published in Nature Medicine had the highest average citation per paper, which discovered that oral administration of Lactobacillus acidophilus induced the expression of μ-opioid and cannabinoid receptors and mediated analgesic effects (26).

Among the top 10 articles with the highest number of citations, preclinical research accounted for 4/10 of the total. Two articles found that the administration of Lactobacillus normalized visceral sensitivity (25, 26), and more specifically, Rousseaux et al. found that Lactobacillus acidophilus-mediated analgesic functions by inducing the expression of μ-opioid and cannabinoid receptors in intestinal epithelial cells (26). Meseguer et al. proved that TRPA1 is a molecular determinant of direct LPS effects on nociceptors (44). In the six clinical trials, four articles (45–48) investigated the effects of probiotics (e.g., VSL# 3) on patients with IBS and one article found microbiota transfer therapy improved gastrointestinal and autism symptoms in patients with Autism Spectrum Disorders (ASD) (36). Overall, these articles focused on visceral pain and the peripheral mechanism underlying the regulation of pain by the gut microbiota.

According to co-citation references analysis, 4 in the top 9 co-cited references were published on Gastroenterology and the majority (5/9) of these articles expounded on the role of intestinal microbiota played in functional bowel disorders (49–53). The most co-cited reference was a brief communication published on Nature Neuroscience in 2017 (28). Researchers found that oxaliplatin-induced mechanical hyperalgesia was reduced in germ-free mice and in mice pretreated with antibiotics, and these effects appeared to be mediated, in part, by TLR4 expressed on hematopoietic cells. The second most-cited paper was published on Gastroenterology in 2005 (52). It was a clinical trial evaluating the response of probiotic preparations containing a Lactobacillus or Bifidobacterium in patients with IBS. Abdominal pain was reduced in the two treatments and the symptomatic changes were associated with a normalized ratio of anti-inflammatory to pro-inflammatory cytokine. The third-ranked publication was published on Gastroenterology in 2017. Although the study found no differences in fecal microbiota between IBS vs. healthy individuals regarding α-diversity or β-diversity at any taxonomy level, differences between patients with IBS and healthy subjects were observed based on enterotype distribution, with IBS being more likely to belong to the Bacteroides enterotype. IBS symptom severity was associated with microbial richness, presence of methanogens, and enterotypes enriched with Clostridiales or Prevotella species (49).

Co-citation cluster visualization showed that four articles of the top co-citation were located in the second largest theme cluster #1, “fibromyalgia.” These articles were published in 2016 or 2017, indicating that fibromyalgia possibly emerged as a new disease model to probe the links between the gut microbiota and pain in recent 5 years. Fibromyalgia is a complex disease characterized by chronic widespread musculoskeletal pain (54). Minerbi et al. observed an alteration in butyrate-metabolizing species in individuals with fibromyalgia and demonstrated gut microbiome alteration in non-visceral pain for the first time (55). The dynamics of the field were partly characterized by references with citation bursts. Cluster #3 irritable bowel syndrome and cluster #4 stress had the highest degree of citation bursts.

The word cloud produced by the R package “Bibliometrix” illustrated the high-frequency keywords. Accordingly, research on the links between the gut microbiota and pain mainly focused on abdominal pain, a kind of visceral pain. Supplementary Table 1 is also supported this view. In the International Classification of Diseases, 11th Revision (ICD-11), there were many types of chronic pain except for chronic primary/secondary visceral pain, such as chronic cancer related pain, chronic postsurgical or post-traumatic pain, chronic secondary musculoskeletal pain, and chronic neuropathic pain. Therefore, the links between the gut microbiota and pain should receive more attention and separate consideration based on the types of pain.

According to the co-occurring keyword analysis, we identified some hotspots of great importance, including brain-gut axis, short-chain fatty acid, visceral pain, and double-blind randomized controlled trial. Half of the 20 keywords began between 2015 and 2019, which was probably related to the publication outputs burst since 2016. “Health,” “brain axis,” “mechanism,” “chain fatty acid,” “microbiota,” “prevalence,” and “quality of life” were the current research hotspots. “Health,” “mechanism,” “prevalence,” and “quality of life” are of little practical significance and “brain axis” means brain-gut axis. Based on the above information, the current research focused on the brain-gut axis and short-chain fatty acid. The bidirectional communication between the gut and the brain, namely the gut-brain axis, involves multiple pathways including immune, neural, endocrine, and metabolic routes. Short-chain fatty acids (SCFAs) are derived primarily from bacterial fermentation of carbohydrates and proteins. These two words showed that previous studies are based on the research paradigm of the gut-brain axis and focused on metabolic routes, rather than other pathways in the gut-brain axis. In the absence of the gut microbiota, there was decreased production of short-chain fatty acids that were necessary for adequate inflammasome assembly and IL-1β production (56). Short-chain fatty acids (SCFAs) regulate leucocyte functions, such as the production of cytokines (TNF-α, IL-2, IL-6, and IL-10), eicosanoids, and chemokines (CCL2) (23). For example, butyrate enhances the release of the anti-inflammatory cytokine IL-10 and sodium butyrate treatment attenuates pain attacks in a mouse model of nitroglycerine (NTG)-induced migraine (43, 57). Interestingly, there are conflicting reports about the function of SCFAs. Bourdu et al. (58) showed that butyrate might induce colonic hypersensitivity in rats without altered pathology, while Vanhoutvin et al. (59) showed a significant decrease in visceral perception and pain in healthy subjects. It is possible that the dose of butyrate administered determines its effect, butyrate at physiologically relevant concentrations might decrease colonic hypersensitivity, whereas a higher concentration might produce an opposite effect (60).

In addition to SCFAs, other types of microbial metabolites also remarkably affect pain signaling. Lactobacillus spp., Bifidobacterium dentium, and Bifidobacterium spp. can produce GABA, a chief inhibitory neurotransmitter (61). The activation of the GABAA receptor on DRG neurons by GABA depolarized the majority of sensory neuronal soma and produced a net inhibitory effect on the nociceptive transmission (62). 5-HT, another important neurotransmitter, can be produced by Candida spp., Streptococcus spp., Escherichia spp., and Enterococcus spp. The effects of 5-HT on primary nociceptive neurons depend on the subfamilies of activated 5-HT receptors, producing either hyperpolarizing or depolarizing effects (63). Polyunsaturated fatty acids (PUFAs), another intestinal microbial metabolite, are endogenous agonists of TRPV4 that lead to peripheral hypersensitivity (10).

Targeting the gut microbiota in chronic pain, there are experimental therapies under preclinical and clinical trials, such as probiotics, low-FODMAP intervention, and fecal microbiota transplantation (FMT). However, there are controversial results. Some claimed that antibiotics improve the condition of neuropathic pain while others illustrated antibiotics induce hyperalgesia (64). Besides, treatment options for visceral pain are often unsatisfactory, potentially due to the multiple factors that affect the perception and maintenance of this type of pain (65). Furthermore, it should be noted that much of what we know about the mechanisms of pain derived from somatic experimental studies, rather than visceral nociception (66). The neurological mechanisms of visceral pain vary from those of somatic pain, and the differences are relevant to clinical management.

This study is not without its limitations. First, because the current version of CiteSpace only supports data from the WoSCC database, all the publications were extracted from the WoSCC database rather than other databases, such as PubMed or Embase, which may have bias. Besides, our search strategy may not have included all the relevant articles because of the limited search terms, types of literature, and languages. However, considering the dominant position of the English language in the international academic communication and the comprehensiveness of the search terms, we believe that our search strategy included most of the relevant articles. Therefore, we consider that our findings offer a bird’s-eye view of the overall research and reflect the general trend in this field. Furthermore, although the number of articles published in the field has surged in recent years, the overall number is still relatively small. Hence, this study was not so powered to detect hotspots and research trends, owing to the relatively small size of included publications. Since the number of publications has seen rapid growth and nearly 100 articles will be published by 2025 according to our prediction, it is meaningful to present a bibliometric review and predict research hotspots in this emerging field. It should be noted that citation number may favor older articles and there are many factors that affect citation rates, such as self-citations and incomplete citing (67). These limitations should be noted and avoided as much as possible in future studies.



Conclusion

This is the first bibliometric and visual analysis of research on the links between the gut microbiota and pain. With the help of bibliometric mapping, we analyzed research on the links between the gut microbiota and pain over the past 20 years. The number of publications has seen rapid growth since 2016. The USA was the most active country in international scientific cooperation. The current research focused on the brain-gut axis and chain fatty acid. Accordingly, the mechanism of gut microbial metabolites regulate pain through the brain-gut axis will be a research direction of great importance. This study provides instructive assistance to direct future research efforts, which may be helpful to discover the mechanism and new treatment of pain.
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