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A B S T R A C T

Background: The incidence of muscle atrophy or sports injuries is increasing with time and 
population aging, thereby attracting considerable attention to muscle generation research. Muscle 
satellite cells, which play an important role in this process, lack comprehensive literature 
regarding their use for muscle regeneration. Hence, this study aimed to analyze the hotspots and 
trends in satellite cell research from 2010 to 2023, providing a reference for muscle regeneration 
research.
Methods: Studies on satellite cells’ role in muscle regeneration from 2010 to 2023 were retrieved 
from the Web of Science Core Collection. Using CiteSpace and VOSviewer, we analyzed annual 
publications, authors and co-citing authors, countries and institutions, journals and co-citing 
journals, co-citing references, and keywords.
Results: From 2010 to 2023, 1468 papers were retrieved, indicating an overall increasing trend in 
the number of annual publications related to satellite cells in muscle regeneration. The United 
States had the highest number of publications, while the Institut National de la Santé et de la 
Recherche Médicale was the institution with the most publications. Among journals, " PloS One" 
had the highest number of published papers, and "Cell" emerged as the most co-cited journal. A 
total of 7425 authors were involved, with Michael A. Rudnicki being the author with the highest 
number of publications and the most co-cited author. The most cited reference was "Satellite cells 
and the muscle stem cell niche." Among keywords, “satellite cells” was the most common, with 
"heterogeneity" having the highest centrality. Frontier themes included "Duchenne muscular 
dystrophy,” "skeletal muscle,” "in-vivo,” "muscle regeneration,” "mice," "muscle atrophy,” "muscle 
fibers,” "inflammation,” " mesenchymal stem cells,” and "satellite cell."
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Conclusion: This study presents the current status and trends in satellite cell research on muscle 
regeneration from 2010 to 2023 using bibliometric analyses, providing valuable insights into 
numerous future research directions.

1. Introduction

Sarcopenia, initially described by Rosenberg [1] as a disease primarily affecting older adults and characterized by a loss of skeletal 
muscle mass and muscle function [2], is a growing global health concern. It is estimated that 10–16 % of older people worldwide suffer 
from sarcopenia [3]. Several factors, such as lack of exercise, hormonal and cytokine imbalances, protein synthesis, and remodeling of 
regenerative motor units, contribute to the development of sarcopenia [4].

As research on muscle atrophy increases, the concept of muscle regeneration is gaining public attention. Muscles undergo repair 
and regeneration, termed muscle regeneration, when subjected to external forces or intrinsic damage [5]. Muscle regeneration is a 
complex process involving the regulation of various cells, growth factors, and signaling pathways. Following muscle injury, a large 
number of inflammatory factors accumulate, and necrotic tissue appears, activating the proliferation, differentiation, and fusion of 
satellite cells. This process, in turn, generates new muscle fibers for the reconstruction of muscle function [6]. Dysregulation of muscle 
regeneration may contribute to the development of sarcopenia [7].

Muscle regeneration primarily relies on satellite cells located between the plasma and basement membranes of muscle fibers [8]. 
These cells, also known as myosatellite cells, were discovered by American scientist Mauro as early as 1961 [9]. They are pluripotent 
stem cells present in skeletal muscle tissues. These cells play essential roles in the growth, development, repair [10], aging [11], and 
maintenance of homeostasis [12] of skeletal muscles. They also serve as the main source of muscle regenerative repair [13], producing 
differentiated cells and self-renewing stem cells through asymmetric division [14] when muscle damage requires repair.

Bibliometrics is the analysis of published information (e.g., books and journal articles) and their associated data (e.g., abstracts and 
keywords) using statistics to describe or express the relationships between published works [15]. Currently, the study of muscle 
regeneration has attracted significant attention, with many cell types implicated, including macrophages [6,16], adipogenic pro-
genitors [17], and myosatellite cells [18]. Satellite cells, in particular, serve as the main drivers of muscle regeneration and provide 
important support for this process [19]. However, there exists a gap in the literature regarding the use of satellite cells for muscle 
regeneration. This study aimed to explore the current global research status and development trend in satellite cells’ involvement in 
muscle regeneration over the past decade. We analyzed the interrelationship between muscle regeneration and myosatellite cells, 
along with identifying current research hotspots in this field. Network mapping was employed to visualize these hotspots, providing a 
comprehensive reference for future research endeavors. We believe these comprehensive analyses provide new insights into the 
mechanisms underlying muscle regeneration and lay the foundation for the development of innovative therapeutic approaches.

Fig. 1. The search process.
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2. Materials and methods

2.1. Data source

We selected the Science Citation Index Expanded from the Web of Science Core Collection (WOSCC) database, which is the 
preferred database for bibliometrics research [20]. The search process is illustrated in Fig. 1.

2.2. Search strategy

On March 14, 2024, we conducted a search in the WOSCC using the following search strategy: (TI=(muscle regeneration)) OR AB=
(muscle regeneration) AND (TI=(satellite cell)) OR AB=(satellite cell). The search was limited to publications from January 2010 to 
December 2023.

2.3. Inclusion and exclusion criteria

Two reviewers simultaneously screened the literature based on the following criteria: (1) the literature mainly focused on muscle 
regeneration and satellite cells, and its content was accessible; (2) the literature consisted of reviews and articles; (3) the language of 
the articles was English; (4) the topics of the articles were related to muscle regeneration and satellite cells; and (5) duplicate literature 
was excluded.

2.4. Bibliometric analysis

After searching the WOSCC, we reviewed the titles and abstracts of the articles, screened them according to the inclusion and 
exclusion criteria, and finally extracted 1354 articles from the complete record text files in the WOS marked with citation references. 
We used CiteSpace 6.2.R4 [21] and VOSviewer 1.6.19 [22] for bibliometric analysis and visualization of the network diagram to better 
understand and interpret the development trends of the topic. Concurrently, we used Excel tables for a descriptive statistical analysis of 
publication countries, years, journals, and other parameters, and VOSviewer to visualize author, institution, and country distributions. 
The sizes of the nodes in the figure represent their frequency of occurrence. For example, if the frequency of an institution’s appearance 
is proportional to the size of the node in the figure, the node connection represents the relationship between the cooperation of the 
institutions. We used CiteSpace to analyze the reference literature and keywords. CiteSpace, developed by Chaomei Chen [21], is a 
Java-based application that visualizes the relationship between data based on the circumstances of the article. Generally, the size of a 
node represents the frequency of the data. The higher the frequency, the larger the displayed node. The connection between nodes 
represents a mutual relationship, cooperation, or common citation relationship between the data.

3. Results

3.1. Analysis of annual publications

We searched for 1468 articles on muscle regeneration and myosatellite cells in the WOSCC published between 2010 and 2024. 
Sorted by year (Fig. 2 and Table S1), it can be observed from the figure that the number of studies on myosatellite cells in muscle 
regeneration has steadily increased since 2010. The growth trend is most prominent from 2020 to 2021, with a slight decrease noted in 
the last two years, 2022 and 2023, although the overall trend remains upward. This suggests a growing interest in myosatellite cells in 
muscle regeneration. Additionally, both the number of publications and citations have shown a gradual increase. Articles on myo-
satellite cells in muscle regeneration accumulated a total of 28,922 citations, with an average of 41.42 citations per paper and an H- 
index of 105 (as of March 14, 2024).

Fig. 2. Annual number of published articles from 2010 to 2023.
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3.2. Analysis of countries

In the field of muscle regeneration and satellite cell research, an analysis was conducted on 1468 articles published from 56 
different countries. Using VOSviewer for analysis and setting a minimum literature quantity of 5, 34 countries were selected. Fig. 3A 
and B shows network and density views of the connections between countries. The top ten countries in terms of publication quantity 
are listed in Table S2. Notably, the United States (520 articles, 25770 citations, total link strength 285) accounts for approximately one- 
third of the total article quantity, making it the country with the highest publication volume. China (199 articles), Italy (173 articles), 
Japan (155 articles), and Canada (130 articles) follow closely behind, rounding out the top five contributors to this field. Therefore, the 
United States, China, and Italy are at the forefront of global research on muscle regeneration and satellite cells.

3.3. Journals and Co-cited journals

All the articles were published in a total of 445 different journals. Listing the top five journals in the field of muscle regeneration 
and myosatellite cell research with the highest number of articles (Table S3), "PloS One" (52 articles) stands out among them, pub-
lishing the highest number of articles. "Stem Cells" and "Skeletal Muscle" are specifically dedicated to stem cells and muscle research, 
respectively. FASEB Journal is a general journal for life science research, while Nature Communications is a sub-journal of the 
renowned and influential [23]. When analyzing the co-cited journal views (Fig. 3C and D), it was observed that the network view had 
the largest nodes with the most links, and the darkest density view featured prominent journals such as Cell, Nature, and Journal of Cell 
Biology (listed in Table S3). This indicates that the study of satellite cells in muscle regeneration has received extensive attention, and 
many well-known journals have also explored this area in depth.

3.4. Institutional distribution

The top five institutions in the field of muscle regeneration and satellite cell research based on publication volume are presented in 
Table 1 and Fig. 4B. The institution with the highest publication volume was the Institut National de la Santé et de la Recherche 

Fig. 3. Distribution of muscle regeneration and myosatellite cells countries and cited journals from 2010 to 2023 (A. Network view B. Density view 
C. Network view D. Density view).
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Table 1 
Top 5 institutions in terms of publications and centrality.

Rank Frequency Organization Rank Centrality Frequency Organization

1 89 Institution National de la Santé et de la Recherche 
Médicale (Inserm)

1 0.21 8 University of Texas System

2 68 Centre National de la Recherche Scientifique (CNRS) 2 0.21 7 University of California San Francisco
3 57 University of Ottawa 3 0.21 10 National Institutes of Health (NIH) - 

USA
4 51 University of London 4 0.2 14 CNRS - National Institute for Biology 

(INSB)
5 51 Université Paris Cité 5 0.2 8 Boston Children’s Hospital

Fig. 4. Institutional branch network and Co-author network map.
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Médicale (Inserm) (89 articles), followed by the Centre National de la Recherche Scientifique (CNRS) (68articles) and the University of 
Ottawa (57 articles). The top five institutions based on centrality are listed in Table 1, with the University of Texas System, University 
of California San Francisco, and the National Institutes of Health (NIH), USA, having the highest centrality (0.21). Although the 
University of Texas System had only published eight articles, it had the highest centrality, indicating its core position in the collab-
orative network. Most top-ranking institutions and universities are located in Europe and North America, indicating that these regions 
are more active in muscle regeneration and satellite cell research.

Fig. 5. cited references map. (A. Network view B. Reference clustering view C. Top 10 cited references).
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3.5. Authors and Co-cited authors

A total of 7425 authors have contributed to the field of muscle regeneration and satellite cell research. The top five contributors (as 
shown in Table S4) are Rudnicki, Michael A.; Munoz-canoves, Pura; Tajbakhsh, Shahragim; Kuang, Shihuan; and Streminska, Wla-
dyslawa. According to the co-authorship network and co-cited author density views (Fig. 4A), Rudnicki Michael A. had the highest 
publication volumes. In an article co-authored by Rudnicki, Michael A. and Tajbakhsh, Shahragim, it was mentioned that under normal 
conditions, satellite cells in the muscle are in a quiescent state, but once the muscle is damaged, the satellite cells are activated, 
promoting muscle regeneration [24]. The authors studied the mechanisms and functions of the interconnections between muscle 
regeneration and satellite cells from different perspectives.

3.6. Citation analysis of reference literature

Frequently cited references are documents cited in one or more publications within a series of publications. Literature with 
numerous citations is usually influential and highly credible in the field. A network diagram of the field of muscle regeneration and 
satellite cells was generated using CiteSpace (Fig. 5A). Based on the citation count (Table 2), four publications had more than 100 
citations. The top-ranked literature is "Satellite Cells and the muscle stem cell niche” by Yin H (2013), which discusses the ecological 
niche of satellite cells and muscle stem cells [25]. This is followed by “Absolute requirement of Pax7-positive satellite cells for acute 
injury-induced skeletal muscle regeneration” by Lepper C (2011) [8] and “Pax7-expressing satellite cells are indispensable for adult 
skeletal muscle regeneration” by Sambasivan R (2011) [26], both published in 2011. These studies have elaborated on the role of 
satellite cells in muscle regeneration and the underlying mechanisms. According to the order of centrality (as shown in Table 2), the 
literature with the highest centrality is Fiore D (2016) [27], "Pharmacological blockage of fibro/adipogenic progenitor expansion and 
suppression of regenerative fibrogenesis is associated with impaired skeletal muscle regeneration," which elucidates the relationship 
between fibro/adipogenic progenitor cells and muscle regeneration after muscle injury, along with the potential mechanisms involved.

Reference clustering analyses were performed using CiteSpace, generating ten panels (Fig. 5B). A Q value of 0.6898 and an S value 
of 0.85 indicate that the cluster structure is stable, plausible, and persuasive. As can be seen from the figure, the largest cluster is #0, 
labeled "self-renewal,” followed by "muscle stem cells" (cluster #1), "fibrosis" (cluster #2), and "microRNA" (cluster #3). Other 
important clusters include "macrophages,” "senescence,” "muscle atrophy,” "sarcopenia,” "Hepatocyte Growth Factor," and "Gut Flora.” 
This shows that the current field favorites are still mainly around the research of muscle stem cells [28,29], followed by research on 
how to restore the regenerative function of muscle after muscle fibrosis [30,31], and the relationship between microRNA and muscle 
regeneration [32]. The reference timeline graph allows for analyzing the current research trends in a field (Fig. 7A). From the figure, it 
can be seen that the self-renewal of muscle regeneration was the most popular as early as 2005. By 2010, the hotspots of research 
gradually shifted towards "sarcopenia" and "microRNA.” In 2015, scholars also conducted in-depth research on the intestinal flora. As 
can also be seen from the reference explosion chart (Fig. 5C), the second most explosive is "Asymmetric self-renewal and commitment 
of satellite stem cells in muscle," published in the famous journal ’’Cell’’ as early as 2007. This article introduces in detail the dominant 
role of myosatellite cells in muscle regeneration. The self-renewal of satellite cells is regulated by various factors, which lays a solid 
foundation for the better study of satellite cells in the future [33].

3.7. Keyword analysis

The keywords of an article reflect its main content and the research hotspots in the field. Therefore, we used CiteSpace to generate a 
keyword network diagram (as shown in Fig. 6A). In total, 516 keywords were identified, with 17 keywords appearing more than 100 
times. The top five keywords by frequency (as shown in Table 3) were "satellite cells,” "skeletal muscle,” "expression,” "differentiation,” 
and "stem cells.” According to the degree of centrality, the top ones are "heterogeneity,” "repair,” "migration,” "muscle,” and "con-
nective tissue fibroblasts,” with "heterogeneity" having the highest centrality (0.21). This suggests that "heterogeneity" may be the 
research hotspot in recent years. A cluster analysis of keywords can better illustrate the current major research themes in this field. The 
Q-value of the clustering result was 0.6846, and the S-value was 0.8523, indicating that the clustering effect was significant and 
reasonably efficient(Fig. 6B). A total of six clusters were generated to illustrate the research trends in the field. These clusters include 
"Duchenne muscular dystrophy,” "skeletal muscle,” "in-vivo,” "muscle regeneration,” "mice" and "muscle atrophy,” "muscle fibers,” 
"inflammation,” "mesenchymal stem cells,” "satellite cell.” Among these, "Duchenne muscular dystrophy" ranked the highest, indi-
cating that muscle regeneration in Duchenne muscular dystrophy has been increasingly studied in recent years.

The research hotspots and trends in this field can be observed from keyword bursts. The blue line indicates the time interval, and 

Table 2 
Top 5 references for frequency and Top 5 references for centrality.

Rank Frequency Co-cited reference Rank Centrality Co-cited reference

1 134 Yin H (2013) 1 0.12 Fiore D (2016)
2 117 Lepper C (2011) 2 0.09 Bentzinger CF (2013)
3 112 Sambasivan R (2011) 3 0.09 Baghdadi MB (2018)
4 103 Murphy MM (2011) 4 0.09 Lemos DR (2015)
5 74 Kuang SH (2007) 5 0.08 Crist CG (2012)
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the red line indicates the keyword burst period. By detecting keyword bursts, the analysis identified 25 keywords with the strongest 
bursts. As can be seen from (Fig. 7B), the keyword with the strongest burst strength is "progenitor cells" (9.76), which may be crucial for 
studying the regeneration of myosatellite cells. In recent years, the most popular area of research is "expansion,” and the expansion of 
satellite cells is regarded as the cornerstone of muscle regeneration [34].

4. Discussion

This is the first visual analysis of the literature related to muscle regeneration and satellite cells over the past 13 years. Bibliometric 
analyses of studies related to muscle regeneration and satellite cells between 2010 and 2023 were conducted using CiteSpace and 
VOSviewer. The analysis covered publication volume, co-authors, institutions, countries, references, and keywords, shedding light on 
the current status and future research trends. With advancements in muscle regeneration research, satellite cells have gradually 
become a research hotspot.

4.1. General information of main Findings

We analyzed 1468 papers on muscle regeneration and satellite cells in WOSCC. The results show that, from 2010 to 2023, the 
annual number of papers generally increased, with a significant rise after 2020. The United States played an important role in pro-
moting research on muscle regeneration and satellite cells, contributing the highest number of published papers. In recent years, 
countries such as Italy, China, and Japan have experienced rapid growth. However, there is still a need to strengthen international 
collaboration and academic impact. Therefore, the current research distribution is geographically unbalanced. Additionally, three of 
the top five institutions in terms of publications are from France: Inserm, CNRS, and Université Paris Cité. This highlights the 

Fig. 6. Keywords Network map and clustering map (A. Network view B. Clustering view).
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increasing importance of research on satellite cells for muscle regeneration in France in recent years. Furthermore, compared to other 
regions, the University of Texas System, University of California San Francisco, and NIH, USA ranked higher in terms of centrality. This 
suggests a greater focus on mutual collaborative research among different regions.

The impact factor (IF) is a measure of the frequency with which an academic journal’s published articles are cited by other aca-
demic journals within a specific period and is widely considered an important indicator of a journal’s quality and influence in the field 
of medicine [35]. Among the top five journals in terms of publication volume, "Nature Communications" had the highest impact factor 

Fig. 7. Visualization map of top 25 keyword with the strongest citation bursts and visualization map of timeline viewer (A. Top 25 keywords B. 
Timeline graph).
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(16.6). Established in 2010, "Nature Communications" primarily publishes high-quality research in biology and other related fields [23]. 
It is a Q1 journal of the Chinese Academy of Sciences and has published numerous high-quality articles on muscle regeneration and 
satellite cells.

Rudnicki, Michael A was identified as the author with the highest number of publications in the field of muscle regeneration and 
satellite cells. He has long been conducting research in stem cell biology and muscle regeneration medicine. His laboratory is dedicated 
to exploring the role of satellite cells in muscle regeneration and repair processes [18] as well as how to use stem cells to treat diseases 
such as muscle atrophy [36]. His research also involves the differentiation [37], proliferation, and self-renewal of muscle stem cells 
[33], as well as the regulatory factors and signaling pathways involved in muscle regeneration [38]. The top five centralities and most 
cited references underscore the importance of satellite cells in muscle regeneration, mainly because satellite cells are a major 
component of muscles. With increasing evidence on the role of myosatellite cells in muscles [26], attention has been focused on their 
role in muscle repair [39]. According to the ten most cited references (Fig. 5C), it can be observed that initially, researchers focused on 
the properties of satellite cells themselves [33]. However, with the publication of "Self-renewal and expansion of single transplanted 
muscle stem cells" in 2010, research began to explore how satellite cells can be used to treat [40]and improve the regenerative function 
of muscle [26] as well as the role satellite cells play in other muscle disorders [8].

4.2. Research trends and hotspots of myosatellite cells in muscle regeneration

Keywords often reflect research hotspots in a field. By conducting a cluster analysis of the literature, research hotspots related to 
satellite cells and muscle regeneration were identified. The top cluster is "Duchenne muscular dystrophy." It is well known that 
"Duchenne muscular dystrophy" is a progressive muscle disease caused by a lack of dystrophin protein, resulting in skeletal muscle 
dysfunction [41,42]. Researchers are continuously searching for effective treatment methods. Studies have shown that Duchenne 
muscular dystrophy can be improved by autologous and allogeneic stem cell transplantation [43], which restores the function of 
satellite cells and improves muscle atrophy in patients [44–46]. Stem cell therapy is an emerging method expected to become an 
effective means of treating Duchenne muscular dystrophy in the future [47]. Future research on muscle regeneration should focus on 
Duchenne muscular dystrophy. Researchers plan to use gene editing technology [48]and stem cell therapy to correct genetic defects in 
patients with Duchenne muscular dystrophy, promoting muscle regeneration and functional recovery [49,50].

In recent years, a growing body of research has shown that muscle regeneration is inextricably associated with inflammation. 
Although inflammation is often regarded as harmful, it is crucial for repairing muscle damage [51]. Skeletal muscle regeneration is 
regulated by various inflammatory responses, and immune cells play a key role in muscle regeneration [52]. Macrophage regulation is 
thought to influence the function of satellite cells in muscle regeneration, highlighting the importance of the immune system in muscle 
repair [53,54]. In the future, as research on inflammation and muscle regeneration intensifies, we expect that more studies will be 
dedicated to optimizing the inflammatory microenvironment to enhance muscle regeneration.

One of the key components is "mesenchymal stem cells" (MSCs), which are pluripotent cells present in the adult bone marrow that 
can be derived or differentiated into other cell lines [55,56]. They can also be derived from myosatellite cells and can be used to treat 
diseases by secreting relevant chemicals. Studies have shown that they can improve acute alcoholic liver injury [57,58]. Studies have 
also shown that injecting MSCs into the muscles of mice activates skeletal turnover and metabolic breakdown [59,60].

In the future, more research will be devoted to combining stem cells with muscle regeneration, which will help develop new 
treatments to facilitate the repair of muscle damage and the treatment of muscle diseases.

Muscle regeneration and satellite cell research are rapidly evolving and becoming increasingly concentrated areas of research. This 
field covers a wide range of topics published in journals across multiple disciplines, demonstrating the researchers’ interest in different 
fields of muscle regeneration mechanisms and therapeutic approaches. In addition, satellite cells have great potential for applications 
in muscle regeneration and play an important role in the treatment of muscle injuries and diseases. As satellite cell research continues 
to deepen, breakthroughs and innovations are expected, bringing new hope to the field of muscle regenerative medicine.

4.3. Limitations

This study analyzed research trends in the field using bibliometric tools. Unlike traditional reviews, the data analyses in this study 
are relatively comprehensive and objective, providing readers with deeper insights. It is important to note, however, that because of 
the limitations of the software and research methodology, the selected articles were limited to those in the WOSCC database; articles 
from other databases were not included. Therefore, 1468 articles may not be fully representative of all the available information in the 
field, which is an important limitation of this study.

Table 3 
Top 5 for keyword centrality and frequency.

Rank Centrality keyword Rank frequency keyword

1 0.21 heterogeneity 1 669 satellite cells
2 0.18 repair 2 593 skeletal muscle
3 0.17 migration 3 386 expression
4 0.14 muscle 4 293 differentiation
5 0.12 connective tissue fibroblasts 5 249 stem cells
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5. Conclusions

Satellite cells hold significant research value for muscle regeneration. Visual analysis revealed a growing number of papers 
annually, with an increased presence in core international journals. Enhanced cooperation and communication among countries, 
institutions, and authors are imperative. Current research focuses on growth, skeletal muscle, extracellular matrix, hepatocyte growth 
factor, and muscle wasting, offering promising advances in regeneration strategies.
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