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Objective

Type 2 diabetes (T2D) is a common chronic metabolic disease, and its prevalence is increasing globally. Exercise is crucial for T2D management, yet many aspects of its mechanisms remain unclear. This study employs CiteSpace to reveal research hotspots and frontier issues in exercise intervention for T2D.





Method

A literature review spanning from January 1, 2013 to December 31, 2022, was conducted using the Web of Science Core Collection (WoSCC), with keywords including “exercise,” “type 2 diabetes,” and “mechanisms.” We analyzed network diagrams generated by CiteSpace, which depicted relationships among countries, authors, and keywords.





Results

This study includes 1,210 English papers from 555 journals, affiliated with 348 institutions across 80 countries/regions. Notably, the United States, China, and the United Kingdom account for nearly half of all publications. The University of Copenhagen leads in publication volume, followed by Harvard Medical School and the University of Colorado. Key authors include Kirwan, John P (Case Western Reserve University), Malin, Steven K (Rutgers University), and Pedersen, Bente Klarlund (University of Copenhagen). Based on co-occurrence analysis of keywords, it is evident that terms such as “disease,” “glucagon-like peptide 1,” and “cardiovascular risk factor” exhibit high intermediary centrality.





Conclusion

The analysis highlights ongoing investigations into molecular mechanisms, such as β-cell function enhancement, exerkines, and epigenetic mechanisms. Emerging areas include exercise response heterogeneity, circadian rhythm regulation, transcription factors, neurotrophic factors, and mitochondrial function. Future studies should prioritize understanding interactions between different exercise mechanisms and optimizing exercise prescriptions for T2D. Exercise prescriptions are crucial for effective interventions. Collaboration between countries and institutions is essential to understand the influences of different genetic backgrounds and environmental factors. Currently, a combination of aerobic and resistance training is considered the optimal form of exercise. However, considering time efficiency, high-intensity interval training (HIIT) has gained widespread attention and research due to its ability to achieve similar exercise effects in a shorter duration. Additionally, circadian rhythm regulation may affect the exercise outcomes of diabetic individuals at different times of the day, particularly concerning the specific types, doses, and intensities used for precision intervention in T2D.
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1 Introduction

Diabetes, a metabolic disorder characterized by elevated blood glucose levels, is primarily attributed to the decline in functional β-cell mass (1). Global Burden of Diseases, Injuries, and Risk Factors Study (GBD) 2021 Diabetes Collaborators anticipate that by the year 2050, the global prevalence of diabetes will affect over 1.31 billion people, with over 90% diagnosed with T2D (2). The adverse effects of T2D include both short-term and long-term complications, significantly diminishing patients’ quality of life and increasing the susceptibility to other health issues and mortality (3). Individuals with T2D have a substantially heightened predisposition to cardiovascular diseases, exposing them to increased risks of coronary artery disease, myocardial infarction, heart failure, and stroke (4). Prolonged elevation of glycemic may contribute to renal dysfunction, potentially necessitating interventions such as dialysis or kidney transplantation (5, 6). T2D can also result in retinopathy, leading to visual impairment or, in severe cases, complete blindness (7). Furthermore, high blood glucose incites neuropathic damage, particularly affecting the extremities and resulting in numbness, pain, or weakness in the hands and feet (8, 9). The intricate interplay of these multi-faceted complications seriously impacts the physiological systems of people with T2D.

Researchers have established regular exercise as an effective strategy for managing individuals with T2D (10). Aerobic training can reduce hemoglobin A1c (HbA1c) levels, triglycerides, blood pressure, and insulin resistance among individuals with T2D (11–13). The reduction in HbA1c levels in people with T2D is associated with a decreased risk of CVD (14). Study shows that for every 1% decrease in HbA1c levels, microvascular complications decrease by 37% and myocardial infarctions decrease by 14% (15). Additionally, changes in muscle metabolism are crucial in the development and prevention of numerous chronic diseases (16). By increasing muscle mass, resistance exercise facilitates glucose uptake by muscles from the bloodstream, decreasing blood glucose levels both during and after exercise (17–19). Growing evidence shows that combined aerobic and resistance exercise is more effective for glycemic control than either aerobic or resistance exercise alone (20–23). Exercise further plays a vital role in weight reduction and maintenance, a critical aspect for people with T2D (24). The Action for Health in Diabetes (Look AHEAD) study shows that in overweight or obese adults with type 2 diabetes, intensive lifestyle interventions aimed at weight loss can improve the control of cardiovascular risk factors, reduce obesity-related complications, and enhance patients’ quality of life, although they do not decrease the incidence of cardiovascular events (25). Given the continuous rise in the incidence of T2D and the escalating emphasis on exercise intervention, the volume of related literature is increasing. A large body of research is delving into the biological mechanisms of exercise on metabolism (26, 27). Consequently, a retrospective analysis of published studies on the mechanisms of exercise in improving T2D is imperative. A systematic review of the advancements in this domain can aid researchers in identifying current issues, offering insights for the future progression.

Bibliometrics, as a branch of informatics, entails the quantitative analysis of patterns in scientific literature to discern emerging trends and knowledge structures within research fields (28–30). It serves as an objective tool for scrutinizing the current status of disciplines and reflecting the development of a subject (31). CiteSpace is a visual analytics tool explicitly designed to assist researchers in exploring the structure and evolutionary trends of scientific literature data (32). Developed by Professor Chaomei Chen at Drexel University, this software enables the analysis of research data from various perspectives, including authors, institutions, countries/regions, references, and keywords (33). CiteSpace presents analysis results in intuitive graphical forms, enabling researchers to comprehend complex research information and discover valuable knowledge (34). At the same time, CiteSpace emphasizes identifying key points in a specific field or its evolving trends, with a particular focus on turning points and critical junctures, facilitating a comprehensive analysis of the development within that domain.

The objective of this study is to investigate the hotspots and development trends in the mechanisms of exercise intervention in T2D over the past decade. Utilizing CiteSpace to construct a scientific knowledge map allows for a comprehensive analysis of the current status and trends in this field. This study provides new insights for basic research and clinical prevention and treatment in exercise intervention for T2D.




2 Materials and methods



2.1 Search strategy

From January 1, 2013, to December 31, 2022, the publications analyzed in this study were retrieved from the Web of Science Core Collection (WoSCC). This database was selected for its esteemed reputation as a comprehensive and authoritative source for scientometric analysis and scientific document visualization (35). Its systematic data-collection approach has been widely recognized and employed in numerous studies (33, 36, 37). All searches were conducted and downloaded on a single day, specifically April 12, 2023, to minimize potential bias resulting from daily database updates. The search terms applied were “exercise,” “type 2 diabetes,” and “mechanism.” For a comprehensive understanding of the search strategy, refer to Table 1.


Table 1 | Search strategy.






2.2 Inclusion and exclusion criteria

Inclusion criteria: Original articles or reviews published in peer-reviewed journals that focus on the mechanisms of exercise intervention in T2D.

Exclusion criteria: 1) Conference abstracts or errata; 2) Unpublished articles; 3) Duplicate publications; 4) Irrelevant articles.

We carefully reviewed the titles and abstracts of the articles, excluding those related to type 1 diabetes, those without diabetes, and those without exercise intervention. We included animal and human studies related to exercise intervention in T2D, encompassing the following types: clinical trial, meta-analysis, randomized controlled trial, review, and systematic review.




2.3 Bibliometric and visualization analysis

All relevant records meeting the inclusion and exclusion criteria, comprising titles, authors, abstracts, keywords, and references, were exported, converted into plain text files, and labeled as “download_XXX.txt” files. These files were subsequently imported into CiteSpace6.1.R6 for analysis. Figure 1 visually depicts the 1210 selected papers resulting from scrupulous screening and organization of the retrieved articles. We constructed visual knowledge maps following the key procedural steps of CiteSpace, which include time slicing, thresholding, modeling, pruning, merging, and mapping (38). The settings used for CiteSpace were as follows: link retaining factor (LRF = 3.0), e for top N (e = 1), period (2013–2022), slice length (1), look back years (LBY = 5), links (strength: cosine, scope: within slices), selection criteria (g-index: k = 25), and minimum duration (MD = 1) (37). CiteSpace integrates crucial concepts such as burst detection, betweenness centrality, and diverse networks to visualize the research landscape, hotspots, and frontiers (38). In different maps generated, nodes signify authors, institutions, countries, or keywords. The node size reflects their occurrence or citation frequency, while the node color represents the year of occurrence or citation (34).




Figure 1 | Bibliometric and visualization analysis framework of the mechanisms of exercise intervention in T2D research.



In CiteSpace, nodes exhibiting a betweenness centrality surpassing 0.1 are encircled by a purple ring, marking them as pivotal points often acknowledged as hotspots or crucial junctures in the respective field (33, 39). The betweenness centrality metric serves as a network analysis indicator, signifying the intermediary function of nodes within a network (32). The links connecting nodes illustrate associations between two nodes, with an increased number of lines denoting heightened collaboration (37). Line thickness signifies collaboration intensity, whereas thicker lines indicate more substantial cooperation (33). Graph colors denote the distribution across years, transitioning from red to purple, corresponding to the years 2022 to 2013, respectively. Annual research hotspots can be identified by observing the color distribution.





3 Results



3.1 Annual growth trend

Out of the 1210 documents analyzed, 772 (63.8%) were articles, while 438 (36.2%) were reviews. The distribution of publication numbers by year, depicted in Figure 2, illustrates a consistent upward trend, with a minor dip in 2018. However, there was a significant increase in publications post-2019, indicating an ongoing evolution in the field. In 2013, only 79 publications related to this field were released, while over the subsequent decade, this number has doubled.




Figure 2 | Annual trend of publications.






3.2 Authors, institutions, and national collaborative network



3.2.1 Authors collaborative network

In CiteSpace, the Authors Collaborative Network denotes the collaborative relationships among authors formed through citation connections in academic literature. CiteSpace constructs this network by examining instances where authors co-occur in the literature. When two or more authors are found in the same document, the system identifies a collaborative relationship and establishes the corresponding link in the collaborative network. This network facilitates researchers in discerning the authors who collaborate in a particular field.

Figure 3 illustrates an author collaboration network comprising 336 nodes and 264 links, clarifying collaborative relationships among prolific authors. Table 2 provides information on the top five authors based on publication volume. Most publications are attributed to Professor John P. Kirwan at Case Western Reserve University, with six relevant papers published in the past decade. Professor Kirwan’s team identified growth differentiation factor 15 (GDF15) as a signaling protein generated during skeletal muscle contraction. GDF15 enhances glucose-stimulated insulin secretion (GSIS) by activating the insulin secretion pathway in β-cell, playing a crucial role in regulating glucose metabolism during exercise (40). Professor Kirwan collaborates closely with the second-highest contributor, Professor Steven K. Malin, from the Department of Kinesiology and Health at Rutgers University. Professor Malin is dedicated to determining optimal exercise and diet prescriptions to reduce the risk of chronic diseases (22, 41, 42). His focus includes identifying how each “dose” of exercise impacts cardiovascular and metabolic insulin sensitivity in individuals at risk for diabetes (43).




Figure 3 | Authors collaboration network graph.




Table 2 | Top 5 authors by publication volume from 2013 to 2022.



The third-highest contributor in terms of publication volume is Professor Bente Klarlund Pedersen from the University of Copenhagen. Her research centers on the impact of exercise on physical health, particularly its effects on physiological processes such as metabolism, the immune system, and inflammation (44–46). Professor Pedersen has achieved noteworthy results in exercise and chronic diseases (47–49). Additionally, she advocates combining different types of exercise to enhance health and prevent chronic diseases. Her research indicates that both supervised high-intensity interval endurance training and resistance training effectively reduce cardiac fat in individuals with abdominal obesity, with resistance training specifically targeting pericardial adipose tissue (50). Furthermore, her studies demonstrate that high-intensity interval training (HIIT) can offer similar or superior benefits in physical fitness, body composition, and glycemic control compared to endurance training, making HIIT a time-efficient option for managing T2D (51).

The largest connected component showcases the collaboration network of Professor Toshinari Takamura’s team at Kanazawa University in Japan. The team rediscovered Selenoprotein P (SeP) as a hepatokine overproduced in T2D, leading to insulin and exercise resistance (52). As early as 2017, the team demonstrated that the anti-oxidative hepatokine SeP induces exercise resistance through its muscle receptor, low-density lipoprotein receptor-related protein 1 (LRP1) (53). Subsequently, the team delved further into the mechanisms of exercise resistance in individuals with T2D.

Utilizing the collaborative network established by the authors facilitates the identification of influential contributors in specific fields. It also allows for the exploration of potential research teams or collaborative partnerships. This functionality is essential for understanding the dynamics, trends, and patterns of research collaboration within the academic community. According to the results, John P. Kirwan, Steven K. Malin, Bente Klarlund Pedersen have made significant contributions to the field of exercise intervention for T2D. However, a stable core network of author collaborations has not yet been formed, the betweenness centrality among authors appears modest, suggesting restricted collaboration in this research domain and highlighting the necessity for future efforts to promote more robust and extensive collaborations.




3.2.2 Institutions collaborative network

Figure 4 depicts an institutional network graph comprising 348 nodes and 558 links, with the top ten prolific institutions marked in the graph. In addition, Table 3 presents the years of their initial related article publications spanning from 2013 to 2022, along with betweenness centrality. The top three institutions in terms of publication volume are the University of Copenhagen, Harvard Medical School, and the University of Colorado. Notably, the University of Copenhagen has the highest publication volume and demonstrates the strongest betweenness centrality among these institutions. Sustaining an annual research output, the University of Copenhagen exhibits a consistent upward trend in publication volume. As evidenced by the results, the University of Copenhagen has showcased remarkable research achievements in this field. Examining the previously discussed collaborative network, it is evident that Bente Klarlund Pedersen, affiliating with this institution, enjoys a strong reputation for her contributions to improving metabolic diseases through exercise.




Figure 4 | Institutions collaboration network graph.




Table 3 | Top 10 institutions by publication volume from 2013 to 2022.






3.2.3 National collaborative network

The network graph for national collaboration comprises 80 nodes and 438 links. We analyzed 1,210 articles from 80 different countries. The findings revealed that the top three countries were USA (n = 382, 31.57%), China (n = 154, 12.73%), and England (n = 111, 9.17%), accounting for over 50% of the total publications, as outlined in Table 4. Furthermore, Figure 5 illustrates collaborative relationships among countries, with node size representing the number of published documents. Interconnections between nodes signify collaborations between countries. Notably, the United States demonstrated significantly higher total link strength than other nations, indicating more substantial collaborations with other countries. The volume of publications in China ranks second only to that of the United States. However, when considering measures such as centrality in comparison with other countries, it appears relatively lower. This suggests that there is room for closer collaboration between China and international counterparts. Strengthening partnerships with institutions from other countries is essential for future endeavors.


Table 4 | Top 10 countries by publication volume from 2013 to 2022.






Figure 5 | National collaboration network graph.







3.3 Co-citation network

The co-citation network in CiteSpace serves as a network model for examining mutual citation relationships among academic publications. In this network model, nodes signify distinct publications, and links denote instances where these publications are co-cited simultaneously by others. Constructing such a network proves valuable in revealing the interrelations among publications. Co-citation networks are commonly used to discern pivotal publications and thematic clusters and comprehend research focal points within academic disciplines.



3.3.1 Co-citation network of references

Co-cited references denote citations found in two or more publications concurrently. The formation of a co-citation relationship occurs when a third publication references two other publications jointly (54). This interconnection positions co-cited references as a significant knowledge repository within a specific academic domain (55). The importance of a scholarly work in that field increases with the frequency of its citations (37).

The findings from the co-citation analysis applied to the cited literature are presented in this section. The co-cited references map reveals 77,107 references cited across 1,210 articles. The co-citation network of references, consisting of 580 nodes and 2,027 edges, illustrates the complex network of co-citation relationships among these references in the academic literature. This observation suggests that, within the subset of 1,210 articles, 580 references were co-cited, resulting in 2,027 instances of simultaneous co-citation. Figure 6 provides a visual representation of the co-citation network involving frequently cited references, while Table 5 presents a summary of the top 5 co-cited references.




Figure 6 | Co-citation network of references.




Table 5 | Top 5 co-cited references by publication volume from 2013 to 2022.



The most extensively cited reference, authored by Bostrom et al. in 2012 and published in Nature, clarified the PGC-1α-dependent myokine irisin. It was revealed that the increased exercise-induced irisin contributes to elevated energy expenditure. Moreover, it is suggested that irisin could have therapeutic potential for human metabolic diseases and other disorders that benefit from exercise (56). Following this, the second most frequently co-cited reference, presented by Zinman et al. in 2015 and published in the New England Journal of Medicine, emphasizes the importance of a comprehensive approach to managing diabetes, encompassing pharmacotherapy and lifestyle modifications such as increased physical activity (57). Colberg’s study in 2016, published in Diabetes Care and ranking third in co-citation count, offers a clinically oriented review along with evidence-based recommendations concerning physical activity and exercise in people with T2D, highlights the significant benefits of physical activity and exercise in reducing blood glucose levels, improving insulin sensitivity, promoting weight reduction, and reveals the importance of personalized exercise programs (12). Occupying the fourth position in co-citation count is Petersen’s study from 2018, published in Physiological Reviews, which underscores the critical role of physical activity and exercise in the management and prevention of diabetes. The research explores the role of insulin and its resistance mechanisms, advocating for comprehensive health management approaches in T2D exercise interventions (58). Lastly, Wiviott’s study from 2017, published in the New England Journal of Medicine and ranking fifth in citation count, provides information on the cardiovascular safety profile of dapagliflozin in individuals with T2D (59).




3.3.2 Co-citation network of keywords

Keywords in CiteSpace play a critical role in defining key terms and facilitating scientific literature’s systematic analysis and visualization of citation networks. These keywords are instrumental in discerning primary themes and pivotal points, enabling researchers to gain detailed insights into developmental trends, research hotspots, and critical contributors within a specific field. The selection of precise and comprehensive keywords ensures the accurate indexing of research articles, as evidenced by previous research (60). Clear and concise presentation of keywords reflects the fundamental themes and perspectives of a scholarly article. As elucidated in earlier studies, it establishes a vital link between diverse research domains (32, 38).

In this study, we conducted a time-slicing analysis of annually published papers. Figure 7A illustrates the top 10 keywords with high frequency, covering topics such as “type 2 diabetes,” “insulin resistance,” “physical activity,” “skeletal muscle,” “exercise,” “mechanism,” “oxidative stress,” “obesity,” “cardiovascular disease,” and “metabolic syndrome.” Furthermore, we showcased keywords with a centrality exceeding 0.1, as depicted in Figure 7B. These keywords, including “disease (0.21),” “glucagon like peptide 1 (0.18),” “cardiovascular risk factor (0.17),” “all cause mortality (0.16),” “heart failure (0.14),” “mortality (0.14),” “Alzheimer’s disease (0.13),” “exercise capacity (0.13),” “hyperglycemia (0.13),” “impact (0.13),” “C-reactive protein (0.12),” “blood pressure (0.12),” “endothelial dysfunction (0.11),” “free fatty acid (0.11),” “cancer (0.11),” “glycemic control (0.1),” “molecular mechanism (0.1),” “diet-induced obesity (0.1),” “induced insulin resistance (0.1),” and “gene (0.1)” illuminate the current research focal points and trends within the field.




Figure 7 | Co-occurrence keywords from 2013 to 2022. (A) Top 10 keywords with high frequency. (B) Keywords with centrality surpassing 0.1.





3.3.2.1 Keyword network and clustering

Cluster analysis represents a machine learning technique designed explicitly for grouping observed entities, such as literature, keywords, or samples, within a given dataset based on their similarities or distances, commonly denoted as “clusters” (61). The assessment of cluster efficacy frequently relies on utilizing the silhouette coefficient, with a value exceeding 0.7 generally indicating proficient and persuasive clustering outcomes (62). Log-likelihood ratio (LLR) clustering, on the other hand, constitutes a statistically grounded textual clustering approach that computes the likelihood of vocabulary occurrences in a collection of documents (63). We identified ten keyword clusters using the LLR statistic, as illustrated in Figure 8. The result demonstrates a robust clustering effect, as evidenced by silhouette coefficients exceeding 0.7 for all clusters (Table 6). The elevated silhouette values about the keywords within the clustering process further substantiate the reliability and significance of the obtained results.




Figure 8 | Ten keyword clusters were identified by utilizing the LLR statistic.




Table 6 | The largest 10 clusters of keywords.



Based on the findings of keyword clustering, it can be concluded that scholarly research in recent years has placed growing emphasis on integrating fundamental scientific principles with clinical translation. This focus particularly highlights the widespread application of omics technologies in vivo experiments, enabling a meticulous molecular exploration to understand the mechanism of exercise’s impact on improving insulin resistance (64–67). Additionally, exercise-induced cytokines exhibit anti-inflammatory effects, contributing to the mitigation of insulin resistance in individuals with T2D and improving glucose tolerance (44).

Moreover, examinations of keyword clustering have revealed a correlation between T2D and the incidence of breast cancer (68, 69). The metabolic dysregulation state in the body fosters the development of breast cancer (70, 71), with low adiponectin levels in obese patients emerging as a significant risk factor for breast cancer occurrence (72).




3.3.2.2 Keyword citation burst

Figure 9 illustrates the top 25 keywords with the strongest citation bursts, presenting their initial appearance time, burst strength, begin and end time of burst. Figure 9A is arranged in descending order of burst strength, while Figure 9B is arranged chronologically based on the occurrence of bursts. The blue line segment shows the overall timeframe, while the red line segment highlights the precise period during which citations were most frequently referenced. The term “physical exercise” demonstrated the most substantial citation burst, attaining a burst strength of 6.42 from 2020 to 2022. Subsequently, “insulin secretion” reached a burst strength of 5.12 in 2017-2018, while “depression” exhibited a burst strength of 4.07 from 2018 to 2020. Other keywords exhibiting notable burst strength encompass nitric oxide synthase (strength: 4; period: 2014-2015), mice (3.88; 2017-2018), myocardial infarction (3.87; 2013-2016), double-blind (3.8; 2016-2017), randomized controlled trial (3.8; 2013-2017), induced insulin resistance (3.79; 2014-2018), mitochondrial dysfunction (3.31; 2019-2022), SGLT2 inhibitor (3.23; 2019-2020), response (3.23; 2017-2019), Mediterranean diet (3.16; 2017-2019), messenger RNA expression (3.14; 2014-2016), food intake (3.12; 2014-2016), dependent diabetes mellitus (3.04; 2015-2017), outcome (3, 2019–2020), population (2.98; 2019-2022), memory (2.95; 2018-2019), rat (2.94; 2016-2018), AMPK (2.83; 2020-2022), fatty acid (2.81; 2015-2016), glucose homeostasis (2.73; 2018-2019), energy expenditure (2.65; 2015-2016), and body composition (2.65; 2016-2017). Furthermore, this graphical representation delineates that AMPK, mitochondrial dysfunction, nitric oxide synthase, SGLT2 inhibitor, messenger RNA expression, exercise outcomes, and exercise response have surfaced as focal points of research attention in recent years. Future research may focus on these aspects.




Figure 9 | Top 25 keywords with strongest citation bursts. (A) Arranged in descending order based on burst strength. (B) Arranged in chronological order according to the appearance of bursts.









4 Discussion



4.1 Collaborative analysis of scientific research networks

The collaborative networks in scientific research constitutes a pivotal aspect of the CiteSpace software. Through the analysis of research collaboration networks generated by CiteSpace, researchers can acquire a comprehensive understanding of collaborative patterns within the research domain, formulate effective collaboration strategies, and identify the research trend and hotspots.

A total of 1210 relevant publications spanning from 2013 to 2022 were retrieved. Over the past decade, an increasing number of researchers have focused on the mechanisms of exercise intervention in T2D, which could be attributed to the increasing prevalence of diabetes over the past decade and the growing recognition of the importance of exercise. Aerobic and resistance exercises have been widely acknowledged as crucial methods for improving glycemic control in T2D individuals. However, the optimal exercise prescription remains unclear, and the mechanisms by which different types of exercise improve T2D are still under investigation. These factors have collectively driven more focused and intensive research in this field, leading to a significant rise in publication volume. The outcome of these research efforts has led to the emergence of a prolific group of authors, including John P. Kirwan, Steven K. Malin, Bente Klarlund Pedersen, Ricardo Augusto Leoni de Sousa, and Hadi Al-Hasani. Analysis of national collaboration networks reveals that the United States holds a prominent position in this research domain, displaying a robust intermediary role in international collaborations. Research institutions and universities in China have demonstrated noteworthy research outcomes in recent years, marked by a substantial increase in published papers. However, compared to the United States, Chinese scholars operate within a relatively closed research circle in this field, with limited international collaboration. Institutional-level analysis indicates that over the past decade, among the top 10 institutions with the highest publication volume, the University of Copenhagen in Denmark claims the foremost position with the highest publication count (39 papers) and the highest intermediary centrality (0.33), signifying substantial research influence in this field.

Highly cited authors and literature primarily focus on the epidemiology and characteristics of T2D, emphasizing that comprehensive health management is a crucial determinant in improving diabetes symptoms. The results of keyword clustering indicate that terms such as “in vivo,” “heart failure,” “breast cancer,” “insulin sensitivity,” “gut microbiome,” “glucose uptake,” “cardiovascular disease,” “skeletal muscle,” “insulin resistance,” and “high-fat diet” reflect research trends over the past decade. Recent additions such as “pancreatic β-cell,” “exerkines,” and “microRNA” highlight current focal points in mechanistic research. Additionally, terms like “circadian clock,” “HIIT,” and “responsiveness” shed light on hot topics within the realm of exercise interventions for T2D. Subsequent discussion and analysis will be structured around these aspects.




4.2 Biological effects and molecular mechanisms related to exercise



4.2.1 Enhancement of mass and function in pancreatic β-cell

T2D is characterized by a progressive decline in pancreatic β-cell function and insulin resistance (73, 74), where pancreatic β-cell plays a central role in the pathogenesis of this complex multi-organ disease. Current approaches to diabetes treatment focus on strategies aimed at enhancing β-cell signal transduction and function. Exercise has emerged as an effective intervention to improve pancreatic β-cell function (73, 75), particularly in the early stages of the disease, leading to increased insulin secretion and reduced blood glucose levels. However, the complete exploration of the impact of physical exercise on β-cell remains an ongoing focus in current research.

Various forms of exercise have been demonstrated to effectively enhance the functionality of pancreatic β-cell. A study in diabetic fatty rats indicates that a 13-week swimming training regimen effectively enhances β-cell insulin signal transduction and secretion. This improvement is associated with increased cell surface levels of GLUT2, intracellular glucose kinase, and insulin vesicles within β-cell (76). Additionally, another research showcases that a ten-week regimen of resistance exercise training in healthy mice enhances glucose-stimulated insulin secretion and improves β-cell function (77). After an 8-week period of low-volume HIIT in individuals with T2D, there was a notable improvement in overall blood glucose control and pancreatic β-cell function (78).

Numerous studies have examined two distinct exercise modalities: moderate- and vigorous-intensity exercise. Multiple research findings indicate moderate and vigorous exercise improves β-cell function, although through distinct mechanisms (79, 80). The specific mechanisms responsible for the positive impact of exercise on β-cell in T2D patients remain unclear. Future investigations should explore critical regulatory factors influencing exercise-induced enhancements in both β-cell mass and function.




4.2.2 The role of exerkines in metabolic regulation

Current research indicates that bioactive molecules activated by physical activity, referred to as exerkines, may play a crucial role in regulating metabolic balance, thereby reducing the risk of metabolic disorders. Exerkines are identified as signaling molecules released in response to acute or chronic exercise, exerting their effects through endocrine, paracrine, and autocrine pathways (27), with potential implications in improving cardiovascular and metabolic functions. Exerkine research primarily focuses on myokines (49), hepatokines, and adipokines (81).

Interleukin-6 (IL-6) stands as one of the earliest-discovered exerkines. In 2000, Pedersen et al. proposed that actively contracting skeletal muscles are a source of IL-6, exerting its effects in a hormone-like manner (82). Following this, IL-6 has been identified as a myokine (83, 84), demonstrating the capability to augment basal glucose uptake and facilitate the translocation of the glucose transporter GLUT4 (85). Additionally, IL-6 can induce the production of anti-inflammatory cytokines, such as interleukin-1 receptor agonist (IL-1ra) and interleukin-10 (IL-10) (86), while inhibiting the production of tumor necrosis factor-α (TNF-α) (87), thereby manifesting anti-inflammatory effects.

Various exerkines have been extensively studied, including irisin, myostatin, SeP, fetuin-A, fibroblast growth factor 21 (FGF21), interleukin-15 (IL-15), follistatin (FST), β-aminoisobutyric acid (BAIBA), angiopoietin-like 4 (ANGPTL4), chitinase 3-like protein 1 (CHI3L1), cysteine-rich angiogenic inducer 61 (CYR61), and connective tissue growth factor (CTGF) (88–93).

Consequently, these bioactive molecules may represent viable therapeutic avenues for conditions such as cardiovascular diseases, T2D, and obesity.




4.2.3 miRNAs as early indicators in T2D

The concept of the “developmental origins of health and disease” (DOHaD) is based on epidemiologic observations, linking the health status and disease risk in late childhood and adulthood to early-life environmental conditions. This concept involves research on organ development and epigenetic mechanisms, suggesting that chronic non-communicable diseases result from the combined influence of genetic, environmental, and behavioral factors (94).

MicroRNAs (miRNAs), short regulatory RNAs involved in post-transcriptional gene regulation (95), play a fundamental role in the post-transcriptional regulation of gene expression, and participate in various physiopathological processes (96). The secretion of miRNAs into the blood can reveal subtle alterations in key metabolic organs. Changes in the miRNAs profile in the blood are associated with the occurrence of T2D (97). Research has found that in both healthy individuals and those with diabetes, different types of exercise training can regulate the expression of miRNAs (98, 99). Notably, some miRNAs exhibit opposite expression trends in T2D and post-exercise, such as miR-15a, miR-96, miR-192, and miR-532 (100). This suggests that exercise can improve T2D by modulating the expression of miRNAs.

A specific miRNA of interest is miR-126. Its primary involvement extends to angiogenesis, anti-inflammatory responses, and apoptosis, contributing to cardiovascular protection. Multiple clinical studies demonstrate a downregulation of circulating miR-126 levels in patients with T2D (101). Diverse forms of exercise have been identified as regulators of miRNA expression (100). Aerobic exercise has been shown to induce an elevation in circulating levels of miR-126 in mice and rats with metabolic disorders.

Hence, miRNAs can function as an early biomarker to assess the susceptibility to metabolic diseases in later life, assisting in identifying populations prone to obesity and metabolic disorders. This discovery presents new prospects for personalized, precision healthcare and exercise interventions.





4.3 Exercise intervention approaches



4.3.1 Exercise type and intensity

Exercise interventions play a crucial role in T2D management by enhancing insulin sensitivity, optimizing blood glucose control, and mitigating the risk of complications. Previous investigations suggest that aerobic exercise, resistance exercise, and HIIT benefit individuals with T2D.

Aerobic exercises, such as brisk walking, jogging, swimming, and cycling, are deemed preferable for patients with T2D due to their substantial enhancement of cardiovascular fitness and insulin sensitivity (102–104). Resistance training, encompassing weightlifting and resistance bands, improves muscle strength, muscle mass, and insulin sensitivity. Combining aerobic exercise with resistance training has become the most common and effective intervention for T2D. Researchers are increasingly focusing on HIIT compared to these two intervention approaches. HIIT, characterized by short bursts of high-intensity exercise followed by moderate or low-intensity recovery, has demonstrated effectiveness in enhancing insulin sensitivity, glycemic control, pancreatic β-cell function, and reducing abdominal fat mass (78).

However, the precise influence of distinct exercise modalities on the pathophysiological mechanisms of T2D still needs to be clarified. Moreover, prevailing studies predominantly emphasize the short-term ramifications of exercise interventions, primarily focusing on parameters such as blood glucose regulation and insulin sensitivity. More attention should be directed towards comprehending the prolonged consequences of exercise interventions, particularly concerning the complications associated with T2D.

In summation, exercise interventions emerge as a vital component in managing T2D. Future research endeavors should formulate and implement personalized exercise intervention programs to achieve more productive disease management and prevention. Furthermore, the temporal aspects of exercise may play a pivotal role in the treatment strategy for T2D.




4.3.2 Exercise timing

The keyword analysis found particular significance in the term “circadian clock.” Several critical physiological processes in the human body, including blood pressure regulation, temperature maintenance, and immune function, follow a day-night rhythm pattern (105). The biological clock plays a pivotal role in influencing essential processes such as the cell cycle, redox homeostasis, inflammation, and metabolism (106). The circadian clock comprises the central and peripheral clocks, with the skeletal muscle clock falling under the peripheral category. Notably, the skeletal muscle clock demonstrates heightened sensitivity to physical activity, resulting in varied transcriptional and metabolic outputs at different times of the day (107). A normal circadian rhythm is crucial for stabilizing internal glucose metabolism (108). Disruptions in circadian rhythm are closely linked to the onset of T2D (108, 109). Factors such as sleep, light exposure, and diet, which are regulated by the circadian rhythm, can significantly impact the development of T2D (108). This raises the question of whether exercising at different times of the day might have varying effects on improving T2D. This finding prompts consideration of whether exercise timing could be considered a viable therapeutic strategy for T2D (110). Nevertheless, there are relatively few studies on this topic, and the intervention durations are often short. A 12-week randomized controlled trial found that exercising three times per week in the morning compared to the evening did not lead to significant differences in glycemic control or alterations in circadian rhythm (111). Look AHEAD trial shows that afternoon bout-related moderate-to-vigorous physical activity (bMVPA) is associated with improved blood glucose control in adults with T2D, particularly within the initial 12 months of intervention (112). Future research should include more intervention studies focusing on exercise timing to gain a deeper understanding of its impact on the circadian rhythm in T2D. This would be crucial for developing precise exercise prescriptions.





4.4 Variability in exercise response

Exercise is universally acknowledged and recommended as a fundamental strategy for diabetes and obesity prevention (113, 114). However, its benefits are not universal, as some individuals experience exercise resistance (115, 116). Extensive research reveals that standardized exercise interventions do not uniformly yield improvements in metabolic and cardiorespiratory endpoints for all individuals, showcasing substantial variability in responses (117–119). The correlation between genetics and adaptability to exercise was established as early as the 1980s (120, 121). In recent years, increasing studies have delved into the intrinsic mechanisms of exercise response heterogeneity, prompting a shift in exercise interventions from standardized paradigms to precision approaches (116, 122).

Emerging research highlights that SeP, an antioxidative hepatokine, contributes to exercise resistance in T2D. Upregulated in T2D, SeP leads to increased insulin resistance. This effect occurs through SeP binding to the LRP1 receptor on the surface of skeletal muscle cells, initiating the production of endogenous antioxidants like glutathione peroxidase 1 (GPx1). These antioxidants reduce reactive oxygen species (ROS) during exercise, resulting in decreased AMPK phosphorylation and lower PGC-1α levels, minimizing the promotion of health benefits through exercise (53).

The term “non-response to exercise” refers to the absence of significant changes in specific parameters assessed after training. These parameters encompass fitness, cardiovascular events, muscle mass, metabolic risk status, lipid metabolism, insulin resistance, and glucose homeostasis, and they all require correlation with specific endpoint indicators (116). The efficacy of individual responses to exercise intervention is a relative concept. The absence of a response in one organ or physiological function does not preclude other organs or functions from benefiting from exercise intervention.

In a study of individuals with T2D undergoing ten months of moderate-intensity aerobic training, 35% of patients were classified as “non-responders” due to decreased phosphocreatine (PCr) recovery rate, increased insulin sensitivity, and elevated HbA1c levels. However, both “responders” and “non-responders” demonstrated an approximately 12% improvement in peak oxygen uptake (VO2peak) (123). These findings contrast with traditional distinctions between two different responder groups (124).

The primary reasons for variations in individual responses to exercise lie in the synergistic or antagonistic effects of multiple genetic variations (116). Therefore, it is essential to consider, within the T2D population, which type, frequency, and intensity of exercise yield optimal outcomes for individuals with diverse baseline indicators. This consideration contributes to future research and the formulation of precise exercise prescriptions.





5 Conclusions

This study used CiteSpace to analyze the hotspots and frontier issues in research on the mechanisms of exercise intervention in T2D. The results indicate that changes in biological effects and molecular mechanisms, such as improvement in pancreatic β-cell function, exerkines, and epigenetic mechanisms, have become the focus of research. Emerging research is concentrating on exercise response heterogeneity, circadian rhythm regulation, transcription factors, neurotrophic factors, and mitochondrial function. Future research directions should explore the interactions between different mechanisms and elucidate appropriate modes, dosages, and intensities of exercise for precise intervention in T2D.

However, the study has several limitations. Firstly, the analysis is based on available data from published literature, which may not encompass all relevant studies due to publication bias. Secondly, the study focuses on a limited number of databases, potentially overlooking significant research from other sources. Thirdly, the heterogeneity in study designs and participant characteristics across the included studies may affect the generalizability of the findings. Future research should aim to address these limitations by including a broader range of databases and considering unpublished data to minimize bias. Additionally, there is a need for more longitudinal studies to understand the long-term effects of exercise interventions on T2D. Finally, future studies should investigate the personalized exercise prescriptions tailored to individual genetic profiles and baseline characteristics to optimize therapeutic outcomes.





Author contributions

YJ: Conceptualization, Methodology, Writing – original draft. KW: Conceptualization, Methodology, Writing – original draft. CL: Writing – original draft. WC: Writing – review & editing. RW: Supervision, Funding acquisition, Writing – review & editing.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This research was funded by the National Key R&D Program of China (2020YFA0803800), the National Natural Science Foundation of China (32271226), Shanghai “Science and Technology Innovation Action Plan” Social Development Science and Technology Reach Project (22dz1204600), Shanghai Municipal Science and Technology Committee of Shanghai outstanding academic leaders plan (21XD1403200), Shanghai Sport Science and Technology Project (24Q005), the Construction Project of High-Level Local Universities in Shanghai, China, Research and Innovation Grant for Graduate Students, Shanghai University of Sport (YJSCX-2023-035).





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Abbreviations

GDF15, growth differentiation factor 15; GSIS, glucose-stimulated insulin secretion; SeP, selenoprotein P; LRP1, low-density lipoprotein receptor-related protein 1; AMPK, AMP-activated protein kinase; SGLT2, sodium-glucose cotransporter 2; GLUT2, glucose transporter 2; IL-6, interleukin-6; IL-1ra, interleukin-1 receptor agonist; IL-10, interleukin-10; TNF-α, tumor necrosis factor-α; FGF21, fibroblast growth factor 21; IL-15, interleukin-15; FST, follistatin; BAIBA, β-aminoisobutyric acid; ANGPTL4, angiopoietin-like 4; CHI3L1, chitinase 3-like protein 1; FGF21, fibroblast growth factor 21; CYR61, cysteine-rich angiogenic inducer 61; CTGF, connective tissue growth factor; GPx1, glutathione peroxidase 1; ROS, reactive oxygen species.




References

1. Eizirik, DL, Pasquali, L, and Cnop, M. Pancreatic β-cells in type 1 and type 2 diabetes mellitus: different pathways to failure. Nat Rev Endocrinol. (2020) 16:349–62. doi: 10.1038/s41574-020-0355-7

2. GBD 2021 Diabetes Collaborators. Global, regional, and national burden of diabetes from 1990 to 2021, with projections of prevalence to 2050: a systematic analysis for the Global Burden of Disease Study 2021. Lancet. (2023) 402:203–34. doi: 10.1016/S0140-6736(23)01301-6

3. Wu, Y, Ding, Y, Tanaka, Y, and Zhang, W. Risk factors contributing to type 2 diabetes and recent advances in the treatment and prevention. Int J Med Sci. (2014) 11:1185–200. doi: 10.7150/ijms.10001

4. Ma, C-X, Ma, X-N, Guan, C-H, Li, Y-D, Mauricio, D, and Fu, S-B. Cardiovascular disease in type 2 diabetes mellitus: progress toward personalized management. Cardiovasc Diabetol. (2022) 21:74. doi: 10.1186/s12933-022-01516-6

5. Thomas, MC, Brownlee, M, Susztak, K, Sharma, K, Jandeleit-Dahm, KAM, Zoungas, S, et al. Diabetic kidney disease. Nat Rev Dis Primers. (2015) 1:15018. doi: 10.1038/nrdp.2015.18

6. Alicic, RZ, Rooney, MT, and Tuttle, KR. Diabetic kidney disease: challenges, progress, and possibilities. Clin J Am Soc Nephrol. (2017) 12:2032–45. doi: 10.2215/CJN.11491116

7. Solomon, SD, Chew, E, Duh, EJ, Sobrin, L, Sun, JK, VanderBeek, BL, et al. Diabetic retinopathy: A position statement by the american diabetes association. Diabetes Care. (2017) 40:412–8. doi: 10.2337/dc16-2641

8. Callaghan, BC, Little, AA, Feldman, EL, and Hughes, RAC. Enhanced glucose control for preventing and treating diabetic neuropathy. Cochrane Database Syst Rev. (2012) 6:CD007543. doi: 10.1002/14651858.CD007543.pub2

9. Feldman, EL, Callaghan, BC, Pop-Busui, R, Zochodne, DW, Wright, DE, Bennett, DL, et al. Diabetic neuropathy. Nat Rev Dis Primers. (2019) 5:42. doi: 10.1038/s41572-019-0097-9

10. Thyfault, JP, and Bergouignan, A. Exercise and metabolic health: beyond skeletal muscle. Diabetologia. (2020) 63:1464–74. doi: 10.1007/s00125-020-05177-6

11. Chen, L, Pei, J-H, Kuang, J, Chen, H-M, Chen, Z, Li, Z-W, et al. Effect of lifestyle intervention in patients with type 2 diabetes: a meta-analysis. Metabolism. (2015) 64:338–47. doi: 10.1016/j.metabol.2014.10.018

12. Colberg, SR, Sigal, RJ, Yardley, JE, Riddell, MC, Dunstan, DW, Dempsey, PC, et al. Physical activity/exercise and diabetes: A position statement of the american diabetes association. Diabetes Care. (2016) 39:2065–79. doi: 10.2337/dc16-1728

13. Garber, CE, Blissmer, B, Deschenes, MR, Franklin, BA, Lamonte, MJ, Lee, I-M, et al. American College of Sports Medicine. American College of Sports Medicine position stand. Quantity and quality of exercise for developing and maintaining cardiorespiratory, musculoskeletal, and neuromotor fitness in apparently healthy adults: guidance for prescribing exercise. Med Sci Sports Exerc. (2011) 43:1334–59. doi: 10.1249/MSS.0b013e318213fefb

14. Chudyk, A, and Petrella, RJ. Effects of exercise on cardiovascular risk factors in type 2 diabetes: a meta-analysis. Diabetes Care. (2011) 34:1228–37. doi: 10.2337/dc10-1881

15.Intensive blood-glucose control with sulphonylureas or insulin compared with conventional treatment and risk of complications in patients with type 2 diabetes (UKPDS 33). UK Prospective Diabetes Study (UKPDS) Group. Lancet. (1998) 352:837–53. doi: 10.1016/S0140-6736(98)07019-6

16. Wolfe, RR. The underappreciated role of muscle in health and disease. Am J Clin Nutr. (2006) 84:475–82. doi: 10.1093/ajcn/84.3.475

17. Al-Ozairi, E, Alsaeed, D, Alroudhan, D, Voase, N, Hasan, A, Gill, JMR, et al. Skeletal muscle and metabolic health: how do we increase muscle mass and function in people with type 2 diabetes? J Clin Endocrinol Metab. (2021) 106:309–17. doi: 10.1210/clinem/dgaa835

18. Way, KL, Hackett, DA, Baker, MK, and Johnson, NA. The effect of regular exercise on insulin sensitivity in type 2 diabetes mellitus: A systematic review and meta-analysis. Diabetes Metab J. (2016) 40:253–71. doi: 10.4093/dmj.2016.40.4.253

19.American College of Sports Medicine position stand. Progression models in resistance training for healthy adults. Med Sci sports Exercise. (2009) 41(3):687–708. doi: 10.1249/MSS.0b013e3181915670

20. Xing, H, Lu, J, Yoong, SQ, Tan, YQ, Kusuyama, J, and Wu, XV. Effect of aerobic and resistant exercise intervention on inflammaging of type 2 diabetes mellitus in middle-aged and older adults: A systematic review and meta-analysis. J Am Med Dir Assoc. (2022) 23:823–830.e13. doi: 10.1016/j.jamda.2022.01.055

21. Hordern, MD, Dunstan, DW, Prins, JB, Baker, MK, Singh, MAF, and Coombes, JS. Exercise prescription for patients with type 2 diabetes and pre-diabetes: a position statement from Exercise and Sport Science Australia. J Sci Med Sport. (2012) 15:25–31. doi: 10.1016/j.jsams.2011.04.005

22. Kanaley, JA, Colberg, SR, Corcoran, MH, Malin, SK, Rodriguez, NR, Crespo, CJ, et al. Exercise/physical activity in individuals with type 2 diabetes: A consensus statement from the american college of sports medicine. Med Sci Sports Exerc. (2022) 54:353–68. doi: 10.1249/MSS.0000000000002800

23. Schwingshackl, L, Missbach, B, Dias, S, König, J, and Hoffmann, G. Impact of different training modalities on glycaemic control and blood lipids in patients with type 2 diabetes: a systematic review and network meta-analysis. Diabetologia. (2014) 57:1789–97. doi: 10.1007/s00125-014-3303-z

24. Swift, DL, McGee, JE, Earnest, CP, Carlisle, E, Nygard, M, and Johannsen, NM. The effects of exercise and physical activity on weight loss and maintenance. Prog Cardiovasc Dis. (2018) 61:206–13. doi: 10.1016/j.pcad.2018.07.014

25. Look AHEAD Research Group, Wing, RR, Bolin, P, Brancati, FL, Bray, GA, Clark, JM, et al. Cardiovascular effects of intensive lifestyle intervention in type 2 diabetes. N Engl J Med. (2013) 369:145–54. doi: 10.1056/NEJMoa1212914

26. McGee, SL, and Hargreaves, M. Exercise adaptations: molecular mechanisms and potential targets for therapeutic benefit. Nat Rev Endocrinol. (2020) 16:495–505. doi: 10.1038/s41574-020-0377-1

27. Chow, LS, Gerszten, RE, Taylor, JM, Pedersen, BK, van Praag, H, Trappe, S, et al. Exerkines in health, resilience and disease. Nat Rev Endocrinol. (2022) 18:273–89. doi: 10.1038/s41574-022-00641-2

28. Pessin, V, Yamane, L, and Siman, R. Smart bibliometrics: an integrated method of science mapping and bibliometric analysis. Scientometrics. (2022) 127:1. doi: 10.1007/s11192-022-04406-6

29. Song, M, Kim, S, Freeman, G, Ding, Y, and Chambers, T. Productivity and influence in bioinformatics: A bibliometric analysis using pubMed central. J Am Soc Inf Sci Technol. (2014) 65:2–3. doi: 10.1002/asi.22970

30. Heo, GE, Kang, KY, Song, M, and Lee, J-H. Analyzing the field of bioinformatics with the multi-faceted topic modeling technique. BMC Bioinf. (2017) 18:251. doi: 10.1186/s12859-017-1640-x

31. Chen, X, Xie, H, Wang, FL, Liu, Z, Xu, J, and Hao, T. A bibliometric analysis of natural language processing in medical research. BMC Med Inf Decision Making. (2018) 18:14. doi: 10.1186/s12911-018-0594-x

32. Chen, C. CiteSpace II: Detecting and visualizing emerging trends and transient patterns in scientific literature. J Am Soc Inf Sci. (2006) 57:359–77. doi: 10.1002/asi.20317

33. Xia, L, Chai, L, Zhang, H, and Sun, Z. Mapping the global landscape of long-term care insurance research: A scientometric analysis. Int J Environ Res Public Health. (2022) 19:7425. doi: 10.3390/ijerph19127425

34. Chen, C. Science mapping: A systematic review of the literature. J Data Inf Sci. (2017) 2:1–40. doi: 10.1515/jdis-2017-0006

35. Falagas, ME, Pitsouni, EI, Malietzis, GA, and Pappas, G. Comparison of PubMed, Scopus, Web of Science, and Google Scholar: strengths and weaknesses. FASEB J. (2008) 22:338–42. doi: 10.1096/fj.07-9492LSF

36. Skute, I, Zalewska-Kurek, K, Hatak, I, and de Weerd-Nederhof, P. Mapping the field: a bibliometric analysis of the literature on university–industry collaborations. J Technol Transf. (2019) 44:916–47. doi: 10.1007/s10961-017-9637-1

37. Li, Q, Yang, W, Li, J, and Shan, Z. Emerging trends and hot spots in autoimmune thyroiditis research from 2000 to 2022: A bibliometric analysis. Front Immunol. (2022) 13:953465. doi: 10.3389/fimmu.2022.953465

38. Chen, C. Searching for intellectual turning points: progressive knowledge domain visualization. Proc Natl Acad Sci U.S.A. (2004) 101 Suppl 1:5303–10. doi: 10.1073/pnas.0307513100

39. Zhong, D, Li, Y, Huang, Y, Hong, X, Li, J, and Jin, R. Molecular mechanisms of exercise on cancer: A bibliometrics study and visualization analysis via citeSpace. Front Mol Biosci. (2021) 8:797902. doi: 10.3389/fmolb.2021.797902

40. Zhang, H, Mulya, A, Nieuwoudt, S, Vandanmagsar, B, McDowell, R, Heintz, EC, et al. GDF15 mediates the effect of skeletal muscle contraction on glucose-stimulated insulin secretion. Diabetes. (2023) 72:1070–82. doi: 10.2337/db22-0019

41. Kirwan, JP, Malin, SK, Scelsi, AR, Kullman, EL, Navaneethan, SD, Pagadala, MR, et al. A whole-grain diet reduces cardiovascular risk factors in overweight and obese adults: A randomized controlled trial. J Nutr. (2016) 146:2244–51. doi: 10.3945/jn.116.230508

42. Malin, SK, Kullman, EL, Scelsi, AR, Haus, JM, Filion, J, Pagadala, MR, et al. A whole-grain diet reduces peripheral insulin resistance and improves glucose kinetics in obese adults: A randomized-controlled trial. Metabolism. (2018) 82:111–7. doi: 10.1016/j.metabol.2017.12.011

43. Fealy, CE, Nieuwoudt, S, Foucher, JA, Scelsi, AR, Malin, SK, Pagadala, M, et al. Functional high-intensity exercise training ameliorates insulin resistance and cardiometabolic risk factors in type 2 diabetes. Exp Physiol. (2018) 103:985–94. doi: 10.1113/EP086844

44. Pedersen, BK. Anti-inflammatory effects of exercise: role in diabetes and cardiovascular disease. Eur J Clin Invest. (2017) 47:600–11. doi: 10.1111/eci.12781

45. Karstoft, K, and Pedersen, BK. Exercise and type 2 diabetes: focus on metabolism and inflammation. Immunol Cell Biol. (2016) 94:146–50. doi: 10.1038/icb.2015.101

46. Bay, ML, and Pedersen, BK. Muscle-organ crosstalk: focus on immunometabolism. Front Physiol. (2020) 11:567881. doi: 10.3389/fphys.2020.567881

47. Pedersen, BK. From the discovery of myokines to exercise as medicine. Dan Med J. (2023) 70:A12220766.

48. Pedersen, BK, and Saltin, B. Exercise as medicine - evidence for prescribing exercise as therapy in 26 different chronic diseases. Scand J Med Sci Sports. (2015) 25 Suppl 3:1–72. doi: 10.1111/sms.12581

49. Severinsen, MCK, and Pedersen, BK. Muscle–organ crosstalk: the emerging roles of myokines. Endocrine Rev. (2020) 41:594–609. doi: 10.1210/endrev/bnaa016

50. Christensen, RH, Wedell-Neergaard, A-S, Lehrskov, LL, Legaard, GE, Dorph, E, Larsen, MK, et al. Effect of aerobic and resistance exercise on cardiac adipose tissues: secondary analyses from a randomized clinical trial. JAMA Cardiol. (2019) 4:778–87. doi: 10.1001/jamacardio.2019.2074

51. Winding, KM, Munch, GW, Iepsen, UW, Van Hall, G, Pedersen, BK, and Mortensen, SP. The effect on glycaemic control of low-volume high-intensity interval training versus endurance training in individuals with type 2 diabetes. Diabetes Obes Metab. (2018) 20:1131–9. doi: 10.1111/dom.13198

52. Takamura, T. Hepatokine selenoprotein P-mediated reductive stress causes resistance to intracellular signal transduction. Antioxid Redox Signal. (2020) 33:517–24. doi: 10.1089/ars.2020.8087

53. Misu, H, Takayama, H, Saito, Y, Mita, Y, Kikuchi, A, Ishii, K-A, et al. Deficiency of the hepatokine selenoprotein P increases responsiveness to exercise in mice through upregulation of reactive oxygen species and AMP-activated protein kinase in muscle. Nat Med. (2017) 23:508–16. doi: 10.1038/nm.4295

54. Liu, S, and Chen, C. The proximity of co-citation. Scientometrics. (2012) 91:495–511. doi: 10.1007/s11192-011-0575-7

55. Zhang, T, Zhang, B, Tian, W, Ma, X, Wang, F, Wang, P, et al. A bibliometric analysis of atrophic gastritis from 2011 to 2021. Front Med. (2022) 9:843395. doi: 10.3389/fmed.2022.843395

56. Boström, P, Wu, J, Jedrychowski, MP, Korde, A, Ye, L, Lo, JC, et al. A PGC1α-dependent myokine that drives browning of white fat and thermogenesis. Nature. (2012) 481:463–8. doi: 10.1038/nature10777

57. Zinman, B, Wanner, C, Lachin, JM, Fitchett, D, Bluhmki, E, Hantel, S, et al. Empagliflozin, cardiovascular outcomes, and mortality in type 2 diabetes. New Engl J Med. (2015) 373:2117–28. doi: 10.1056/NEJMoa1504720

58. Petersen, MC, and Shulman, GI. Mechanisms of insulin action and insulin resistance. Physiol Rev. (2018) 98:2133–223. doi: 10.1152/physrev.00063.2017

59. Wiviott, SD, Raz, I, Bonaca, MP, Mosenzon, O, Kato, ET, Cahn, A, et al. Dapagliflozin and cardiovascular outcomes in type 2 diabetes. New Engl J Med. (2019) 380:347–57. doi: 10.1056/NEJMoa1812389

60. Fang, Y, Yin, J, and Wu, B. Climate change and tourism: a scientometric analysis using CiteSpace. J Sustain Tourism. (2017) 26:1–19. doi: 10.1080/09669582.2017.1329310

61. Chen, C, Ibekwe-SanJuan, F, and Hou, J. The structure and dynamics of cocitation clusters: A multiple-perspective cocitation analysis. J Am Soc Inf Sci. (2010) 61:1386–409. doi: 10.1002/asi.21309

62. Dalmaijer, ES, Nord, CL, and Astle, DE. Statistical power for cluster analysis. BMC Bioinf. (2022) 23:205. doi: 10.1186/s12859-022-04675-1

63. Qi, S, Hua, F, Xu, S, Zhou, Z, and Liu, F. Trends of global health literacy research (1995-2020): Analysis of mapping knowledge domains based on citation data mining. PloS One. (2021) 16:e0254988. doi: 10.1371/journal.pone.0254988

64. Goodpaster, BH, and Sparks, LM. Metabolic flexibility in health and disease. Cell Metab. (2017) 25:1027–36. doi: 10.1016/j.cmet.2017.04.015

65. Grajales, D, Ferreira, V, and Valverde, ÁM. Second-generation antipsychotics and dysregulation of glucose metabolism: beyond weight gain. Cells. (2019) 8:1336. doi: 10.3390/cells8111336

66. Mezghenna, K, Leroy, J, Azay-Milhau, J, Tousch, D, Castex, F, Gervais, S, et al. Counteracting neuronal nitric oxide synthase proteasomal degradation improves glucose transport in insulin-resistant skeletal muscle from Zucker fa/fa rats. Diabetologia. (2014) 57:177–86. doi: 10.1007/s00125-013-3084-9

67. Kruse, R, Sahebekhtiari, N, and Højlund, K. The mitochondrial proteomic signatures of human skeletal muscle linked to insulin resistance. Int J Mol Sci. (2020) 21:5374. doi: 10.3390/ijms21155374

68. Vincent, EE, and Yaghootkar, H. Using genetics to decipher the link between type 2 diabetes and cancer: shared aetiology or downstream consequence? Diabetologia. (2020) 63:1706–17. doi: 10.1007/s00125-020-05228-y

69. Jones, VC, Dietze, EC, Jovanovic-Talisman, T, McCune, JS, and Seewaldt, VL. Metformin and chemoprevention: potential for heart-healthy targeting of biologically aggressive breast cancer. Front Public Health. (2020) 8:509714. doi: 10.3389/fpubh.2020.509714

70. Chen, Y, Wen, Y, Li, Z, Luo, D, and Zhang, X. The molecular mechanisms between metabolic syndrome and breast cancer. Biochem Biophys Res Commun. (2016) 471:391–5. doi: 10.1016/j.bbrc.2016.02.034

71. Naaman, SC, Shen, S, Zeytinoglu, M, and Iyengar, NM. Obesity and breast cancer risk: the oncogenic implications of metabolic dysregulation. J Clin Endocrinol Metab. (2022) 107:2154–66. doi: 10.1210/clinem/dgac241

72. Naimo, GD, Gelsomino, L, Catalano, S, Mauro, L, and Andò, S. Interfering role of ERα on adiponectin action in breast cancer. Front Endocrinol. (2020) 11:66. doi: 10.3389/fendo.2020.00066

73. Curran, M, Drayson, MT, Andrews, RC, Zoppi, C, Barlow, JP, Solomon, TPJ, et al. The benefits of physical exercise for the health of the pancreatic β-cell: a review of the evidence. Exp Physiol. (2020) 105:579–89. doi: 10.1113/EP088220

74. Taylor, R. Insulin resistance and type 2 diabetes. Diabetes. (2012) 61:778–9. doi: 10.2337/db12-0073

75. Lyngbaek, MPP, Legaard, GE, Bennetsen, SL, Feineis, CS, Rasmussen, V, Moegelberg, N, et al. The effects of different doses of exercise on pancreatic β-cell function in patients with newly diagnosed type 2 diabetes: study protocol for and rationale behind the “DOSE-EX” multi-arm parallel-group randomised clinical trial. Trials. (2021) 22:244. doi: 10.1186/s13063-021-05207-7

76. Király, MA, Bates, HE, Kaniuk, NA, Yue, JTY, Brumell, JH, Matthews, SG, et al. Swim training prevents hyperglycemia in ZDF rats: mechanisms involved in the partial maintenance of beta-cell function. Am J Physiol Endocrinol Metab. (2008) 294:E271–283. doi: 10.1152/ajpendo.00476.2007

77. Bronczek, GA, Soares, GM, de Barros, JF, Vettorazzi, JF, Kurauti, MA, Marconato-Júnior, E, et al. Resistance exercise training improves glucose homeostasis by enhancing insulin secretion in C57BL/6 mice. Sci Rep. (2021) 11:8574. doi: 10.1038/s41598-021-88105-x

78. Madsen, SM, Thorup, AC, Overgaard, K, and Jeppesen, PB. High intensity interval training improves glycaemic control and pancreatic β Cell function of type 2 diabetes patients. PloS One. (2015) 10:e0133286. doi: 10.1371/journal.pone.0133286

79. Slentz, CA, Tanner, CJ, Bateman, LA, Durheim, MT, Huffman, KM, Houmard, JA, et al. Effects of exercise training intensity on pancreatic beta-cell function. Diabetes Care. (2009) 32:1807–11. doi: 10.2337/dc09-0032

80. Nieuwoudt, S, Fealy, CE, Foucher, JA, Scelsi, AR, Malin, SK, Pagadala, M, et al. Functional high-intensity training improves pancreatic β-cell function in adults with type 2 diabetes. Am J Physiol Endocrinol Metab. (2017) 313:E314–20. doi: 10.1152/ajpendo.00407.2016

81. Saeidi, A, Haghighi, MM, Kolahdouzi, S, Daraei, A, Abderrahmane, AB, Essop, MF, et al. The effects of physical activity on adipokines in individuals with overweight/obesity across the lifespan: A narrative review. Obes Rev. (2021) 22:e13090. doi: 10.1111/obr.13090

82. Steensberg, A, van Hall, G, Osada, T, Sacchetti, M, Saltin, B, and Klarlund Pedersen, B. Production of interleukin-6 in contracting human skeletal muscles can account for the exercise-induced increase in plasma interleukin-6. J Physiol. (2000) 529 Pt 1:237–42. doi: 10.1111/j.1469-7793.2000.00237.x

83. Pedersen, BK, Steensberg, A, Fischer, C, Keller, C, Keller, P, Plomgaard, P, et al. Searching for the exercise factor: is IL-6 a candidate? J Muscle Res Cell Motil. (2003) 24:113–9. doi: 10.1023/a:1026070911202

84. Pedersen, BK, and Febbraio, MA. Muscle as an endocrine organ: focus on muscle-derived interleukin-6. Physiol Rev. (2008) 88:1379–406. doi: 10.1152/physrev.90100.2007

85. Carey, AL, Steinberg, GR, Macaulay, SL, Thomas, WG, Holmes, AG, Ramm, G, et al. Interleukin-6 increases insulin-stimulated glucose disposal in humans and glucose uptake and fatty acid oxidation in vitro via AMP-activated protein kinase. Diabetes. (2006) 55:2688–97. doi: 10.2337/db05-1404

86. Steensberg, A, Fischer, CP, Keller, C, Møller, K, and Pedersen, BK. IL-6 enhances plasma IL-1ra, IL-10, and cortisol in humans. Am J Physiol Endocrinol Metab. (2003) 285:E433–437. doi: 10.1152/ajpendo.00074.2003

87. Starkie, R, Ostrowski, SR, Jauffred, S, Febbraio, M, and Pedersen, BK. Exercise and IL-6 infusion inhibit endotoxin-induced TNF-alpha production in humans. FASEB J. (2003) 17:884–6. doi: 10.1096/fj.02-0670fje

88. Fox, J, Rioux, BV, Goulet, EDB, Johanssen, NM, Swift, DL, Bouchard, DR, et al. Effect of an acute exercise bout on immediate post-exercise irisin concentration in adults: A meta-analysis. Scand J Med Sci Sports. (2018) 28:16–28. doi: 10.1111/sms.12904

89. Polyzos, SA, Anastasilakis, AD, Efstathiadou, ZA, Makras, P, Perakakis, N, Kountouras, J, et al. Irisin in metabolic diseases. Endocrine. (2018) 59:260–74. doi: 10.1007/s12020-017-1476-1

90. Qiu, S, Cai, X, Sun, Z, Schumann, U, Zügel, M, and Steinacker, JM. Chronic exercise training and circulating irisin in adults: A meta-analysis. Sports Med. (2015) 45:1577–88. doi: 10.1007/s40279-014-0293-4

91. Allen, DL, Hittel, DS, and McPherron, AC. Expression and function of myostatin in obesity, diabetes, and exercise adaptation. Med Sci Sports Exerc. (2011) 43:1828–35. doi: 10.1249/MSS.0b013e3182178bb4

92. Sabaratnam, R, Pedersen, AJT, Kristensen, JM, Handberg, A, Wojtaszewski, JFP, and Højlund, K. Intact regulation of muscle expression and circulating levels of myokines in response to exercise in patients with type 2 diabetes. Physiol Rep. (2018) 6:e13723. doi: 10.14814/phy2.13723

93. Gonzalez-Gil, AM, and Elizondo-Montemayor, L. The role of exercise in the interplay between myokines, hepatokines, osteokines, adipokines, and modulation of inflammation for energy substrate redistribution and fat mass loss: A review. Nutrients. (2020) 12:1899. doi: 10.3390/nu12061899

94. Kappeler, L. Role of adipose tissue microRNAs in the onset of metabolic diseases and implications in the context of the DOHaD. Cells. (2022) 11:3711. doi: 10.3390/cells11233711

95. Hrdlickova, B, de Almeida, RC, Borek, Z, and Withoff, S. Genetic variation in the non-coding genome: Involvement of micro-RNAs and long non-coding RNAs in disease. Biochim Biophys Acta (BBA) - Mol Basis Dis. (2014) 1842:1910–22. doi: 10.1016/j.bbadis.2014.03.011

96. Guay, C, and Regazzi, R. Circulating microRNAs as novel biomarkers for diabetes mellitus. Nat Rev Endocrinol. (2013) 9:513–21. doi: 10.1038/nrendo.2013.86

97. Improta Caria, AC, Nonaka, CKV, Pereira, CS, Soares, MBP, Macambira, SG, and Souza BS de, F. Exercise training-induced changes in microRNAs: beneficial regulatory effects in hypertension, type 2 diabetes, and obesity. Int J Mol Sci. (2018) 19:3608. doi: 10.3390/ijms19113608

98. Nielsen, S, Åkerström, T, Rinnov, A, Yfanti, C, Scheele, C, Pedersen, BK, et al. The miRNA plasma signature in response to acute aerobic exercise and endurance training. PloS One. (2014) 9:e87308. doi: 10.1371/journal.pone.0087308

99. Zhou, Q, Shi, C, Lv, Y, Zhao, C, Jiao, Z, and Wang, T. Circulating microRNAs in response to exercise training in healthy adults. Front Genet. (2020) 11:256. doi: 10.3389/fgene.2020.00256

100. Improta-Caria, AC, De Sousa, RAL, Roever, L, Fernandes, T, de Oliveira, EM, Aras Júnior, R, et al. MicroRNAs in type 2 diabetes mellitus: potential role of physical exercise. Rev Cardiovasc Med. (2022) 23:29. doi: 10.31083/j.rcm2301029

101. Zhang, W, Wang, Y, and Kong, Y. Exosomes derived from mesenchymal stem cells modulate miR-126 to ameliorate hyperglycemia-induced retinal inflammation via targeting HMGB1. Invest Ophthalmol Vis Sci. (2019) 60:294–303. doi: 10.1167/iovs.18-25617

102. Lin, C-H, Ho, C-W, Chen, L-C, Chang, C-C, Wang, Y-W, Chiou, C-P, et al. Effects of a 12-week exercise training on insulin sensitivity, quality of life, and depression status in patients with type 2 diabetes. J Med Sci. (2017) 37:227. doi: 10.4103/jmedsci.jmedsci_68_17

103. Gregory, JM, Muldowney, JA, Engelhardt, BG, Tyree, R, Marks-Shulman, P, Silver, HJ, et al. Aerobic exercise training improves hepatic and muscle insulin sensitivity, but reduces splanchnic glucose uptake in obese humans with type 2 diabetes. Nutr Diabetes. (2019) 9:25. doi: 10.1038/s41387-019-0090-0

104. Støa, EM, Meling, S, Nyhus, L-K, Strømstad, G, Mangerud, KM, Helgerud, J, et al. High-intensity aerobic interval training improves aerobic fitness and HbA1c among persons diagnosed with type 2 diabetes. Eur J Appl Physiol. (2017) 117:455–67. doi: 10.1007/s00421-017-3540-1

105. McClean, C, and Davison, GW. Circadian clocks, redox homeostasis, and exercise: time to connect the dots? Antioxidants. (2022) 11:256. doi: 10.3390/antiox11020256

106. Zhang, R, Lahens, NF, Ballance, HI, Hughes, ME, and Hogenesch, JB. A circadian gene expression atlas in mammals: Implications for biology and medicine. Proc Natl Acad Sci. (2014) 111:16219–24. doi: 10.1073/pnas.1408886111

107. Martin, RA, Viggars, MR, and Esser, KA. Metabolism and exercise: the skeletal muscle clock takes centre stage. Nat Rev Endocrinol. (2023) 19:272–84. doi: 10.1038/s41574-023-00805-8

108. Cheng, H, Zhong, D, Tan, Y, Huang, M, Xijie, S, Pan, H, et al. Advancements in research on the association between the biological CLOCK and type 2 diabetes. Front Endocrinol (Lausanne). (2024) 15:1320605. doi: 10.3389/fendo.2024.1320605

109. Gabriel, BM, Altıntaş, A, Smith, JAB, Sardon-Puig, L, Zhang, X, Basse, AL, et al. Disrupted circadian oscillations in type 2 diabetes are linked to altered rhythmic mitochondrial metabolism in skeletal muscle. Sci Adv. (2021) 7:eabi9654. doi: 10.1126/sciadv.abi9654

110. Martin, RA, and Esser, KA. Time for exercise? Exercise and its influence on the skeletal muscle clock. J Biol Rhythms. (2022) 37:579–92. doi: 10.1177/07487304221122662

111. Teo, SYM, Kanaley, JA, Guelfi, KJ, Marston, KJ, and Fairchild, TJ. The effect of exercise timing on glycemic control: A randomized clinical trial. Med Sci Sports Exercise. (2020) 52:323. doi: 10.1249/MSS.0000000000002139

112. Qian, J, Xiao, Q, Walkup, MP, Coday, M, Erickson, ML, Unick, J, et al. Association of timing of moderate-to-vigorous physical activity with changes in glycemic control over 4 years in adults with type 2 diabetes from the look AHEAD trial. Diabetes Care. (2023) 46:1417–24. doi: 10.2337/dc22-2413

113. Dvorák, M, Tóth, M, and Ács, P. The role of individualized exercise prescription in obesity management-case study. Int J Environ Res Public Health. (2021) 18:12028. doi: 10.3390/ijerph182212028

114. Tuomilehto, J, Lindström, J, Eriksson, JG, Valle, TT, Hämäläinen, H, Ilanne-Parikka, P, et al. Prevention of type 2 diabetes mellitus by changes in lifestyle among subjects with impaired glucose tolerance. N Engl J Med. (2001) 344:1343–50. doi: 10.1056/NEJM200105033441801

115. Stephens, NA, and Sparks, LM. Resistance to the beneficial effects of exercise in type 2 diabetes: are some individuals programmed to fail? J Clin Endocrinol Metab. (2015) 100:43–52. doi: 10.1210/jc.2014-2545

116. Böhm, A, Weigert, C, Staiger, H, and Häring, H-U. Exercise and diabetes: relevance and causes for response variability. Endocrine. (2016) 51:390–401. doi: 10.1007/s12020-015-0792-6

117. Bajpeyi, S, Tanner, CJ, Slentz, CA, Duscha, BD, McCartney, JS, Hickner, RC, et al. Effect of exercise intensity and volume on persistence of insulin sensitivity during training cessation. J Appl Physiol (1985). (2009) 106:1079–85. doi: 10.1152/japplphysiol.91262.2008

118. Church, TS, Blair, SN, Cocreham, S, Johannsen, N, Johnson, W, Kramer, K, et al. Effects of aerobic and resistance training on hemoglobin A1c levels in patients with type 2 diabetes: a randomized controlled trial. JAMA. (2010) 304:2253–62. doi: 10.1001/jama.2010.1710

119. Sparks, LM, Johannsen, NM, Church, TS, Earnest, CP, Moonen-Kornips, E, Moro, C, et al. Nine months of combined training improves ex vivo skeletal muscle metabolism in individuals with type 2 diabetes. J Clin Endocrinol Metab. (2013) 98:1694–702. doi: 10.1210/jc.2012-3874

120. Bouchard, C, Rankinen, T, and Timmons, JA. Genomics and genetics in the biology of adaptation to exercise. Compr Physiol. (2011) 1:1603–48. doi: 10.1002/cphy.c100059

121. Hamel, P, Simoneau, JA, Lortie, G, Boulay, MR, and Bouchard, C. Heredity and muscle adaptation to endurance training. Med Sci Sports Exerc. (1986) 18:690–6.

122. Marsh, CE, Thomas, HJ, Naylor, LH, Scurrah, KJ, and Green, DJ. Exploring human trainability: Design and rationale of Studies of Twin Responses to Understand Exercise as a Therapy (STRUETH) study. Contemp Clin Trials Commun. (2020) 19:100584. doi: 10.1016/j.conctc.2020.100584

123. Stephens, NA, Brouwers, B, Eroshkin, AM, Yi, F, Cornnell, HH, Meyer, C, et al. Exercise response variations in skeletal muscle PCr recovery rate and insulin sensitivity relate to muscle epigenomic profiles in individuals with type 2 diabetes. Diabetes Care. (2018) 41:2245–54. doi: 10.2337/dc18-0296

124. Bouchard, C, An, P, Rice, T, Skinner, JS, Wilmore, JH, Gagnon, J, et al. Familial aggregation of VO(2max) response to exercise training: results from the HERITAGE Family Study. J Appl Physiol (1985). (1999) 87:1003–8. doi: 10.1152/jappl.1999.87.3.1003




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2024 Jin, Wan, Liu, Cheng and Wang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fendo.2024.1401342_cover.jpg
, frontiers | Frontiersin Endocrinology

Mechanisms of exercise intervention
in type 2 diabetes: a bibliometric and
visualization analysis based on CiteSpace





OEBPS/Images/fendo-15-1401342-g009.jpg
A B

Top 25 Keywords with the Strongest Citation Bursts Top 25 Keywords with the Strongest Citation Bur:

Keywords Year Strength Begin End 2013 - 2022 Keywords Year Strength Begin End 2013 - 2022
physical exercise 2020 6.42 2020 2022 s myocardial infarction 2013 387 2013 2016
insulin secretion 2013 512 2017 2018 o randomized controlled trial 2013 38 2013 2017
depression 2018 4.07 2018 2020 ——— nitric oxide synthase 2014 42014 2015
nitric oxide synthase 2014 42014 2015 induced insulin resistance 2014 37912014 2013 _ s
mice 2014 3.88 2017 2018 messenger rna expression 2014 316 2014 2016
myocardial infarction 2013 3.87 2013 2016 p— food intake 2014 312 2014 2016
double blind 2014 3.8 2016 2017 dependent diabetes mellitus 2015 304 2015 2017
randomized controlled trial 2013 3.8 2013 2017 fatty acid 2015 281 2015 2016
induced insulin resistance 2014 3.79 2014 2018 energy expenditure 2013 265 2015 2016 __
mitochondrial dysfunction 2019 331 2019 2022 — double blind 2014 38 2016 2017 e
sght2 inhibitor 2019 323 2019 2020 — rat 2016 294 2016 2018 —
response 2017 323 2017 2019 —e body composition 2016 265 2016 2017 g
mediterranean diet 2017 316 2017 2019 e insulin secretion 2013 512 2017 2018
messenger ma expression 2014 3.16 2014 2016 m— mice 2014 388 2017 2018 o ——
food intake 2014 312 2014 2016 e response 2017 323 2017 2019 e —
dependent diabetes mellitus 2015 3.04 2015 2017 mediterranean diet 2017 316 2017 2019 ==
outcm 2019 3 2019 2020 —— depression 2018 4.07 2018 2020 i
population 2019 2.98 2019 2022 e ‘memory 2018 295 2018 2019 P
memory 2018 2.05 2018 2019 — ghucose homeostasis 2013 273 2018 2019 o
rat 2016 2.94 2016 2018 — mitochondrial dysfunction 2019 331 2019 2022 —
ampk 2014 2.83 2020 2022 sght2 inhibitor 2019 323 2019 2020 s
fatty acid 2015 2.81 2015 2016 — outcm 2019 32019 2020 e —
ghucose homeostasis 2013 273 2018 2019 o population 2019 298 2019 2022 —
energy expenditure 2013 2.65 2015 2016 ___ physical exercise 2020 6.42 2020 2022 i
body composition 2016 2.65 2016 2017 — ampk 2014 283 2020 2022





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Mechanisms of exercise intervention in type 2 diabetes: a bibliometric and visualization analysis based on CiteSpace

      

        		

          Objective

        



        		

          Method

        



        		

          Results

        



        		

          Conclusion

        



        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Search strategy

          



          		

            2.2 Inclusion and exclusion criteria

          



          		

            2.3 Bibliometric and visualization analysis

          



        



        



        		

          3 Results

        

          		

            3.1 Annual growth trend

          



          		

            3.2 Authors, institutions, and national collaborative network

          

            		

              3.2.1 Authors collaborative network

            



            		

              3.2.2 Institutions collaborative network

            



            		

              3.2.3 National collaborative network

            



          



          



          		

            3.3 Co-citation network

          

            		

              3.3.1 Co-citation network of references

            



            		

              3.3.2 Co-citation network of keywords

            

              		

                3.3.2.1 Keyword network and clustering

              



              		

                3.3.2.2 Keyword citation burst

              



            



            



          



          



        



        



        		

          4 Discussion

        

          		

            4.1 Collaborative analysis of scientific research networks

          



          		

            4.2 Biological effects and molecular mechanisms related to exercise

          

            		

              4.2.1 Enhancement of mass and function in pancreatic β-cell

            



            		

              4.2.2 The role of exerkines in metabolic regulation

            



            		

              4.2.3 miRNAs as early indicators in T2D

            



          



          



          		

            4.3 Exercise intervention approaches

          

            		

              4.3.1 Exercise type and intensity

            



            		

              4.3.2 Exercise timing

            



          



          



          		

            4.4 Variability in exercise response

          



        



        



        		

          5 Conclusions

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Abbreviations

        



        		

          References

        



      



      



    



  



OEBPS/Images/fendo-15-1401342-g002.jpg
180

160

140

120

100

80

60
40

20

OW

2013 2014 2015 2016 2017 2018 2019 2020 2021 2022





OEBPS/Images/table6.jpg
CUSe size sihouette VM Label (LLR)
0 49 0.904 2015 in vivo
1 38 0.855 2016 ‘ heart failure
2 31 0.847 2014 breast cancer
3 31 0.842 2018 insulin sensitivity
4 ' 29 0.829 2016 gut microbiome
5 28 0.828 2015 glucose uptake
" 26 0911 2015 ‘ cardif)vascular

disease

7 V 25 V 0.798 2014 7 skeletal muscle
8 24 0.938 2017 insulin resistance
9 » 23 0914 2015 high-fat diet






OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fendo-15-1401342-g008.jpg
{

#6 cardiovas

10

CciteSpace
ey






OEBPS/Images/fendo-15-1401342-g006.jpg
| Py *11 )" S Ib 2016 . ad
| | ,” a | o | Ny
o— 7 VR ¥ ',"r e‘grgen MC (2018) x e . “(J'/Q) P . o =
. Vi e} DleTbet Assoc (2013)
= »

m| P (261 2) |

.
\ “\ & S TNNK
° == 0'¢\lea| B(2017) S &
o A LR e R

o2\ . ZinmanB (2015 - ¢

@
[
L
N

L ]

e I PSS g

e R e






OEBPS/Images/table2.jpg
Publication Publication

Author e Institution Ve Citations
Kirwan, John P 6 USA Case Western Reserve University 2014 129
Malin, Steven K 5 USA Rutgers University 2014 304

Pedersen, Bente Klarlund 4 Denmark University of Copenhagen 2016 320
RI;::; od; :;l‘xls:l,o 4 Brazil Federal University :f‘ ;h:/‘ \::‘]i:ys of Jequitinhonha 2021 37

Al-Hasani, Hadi 4 Germany Heinrich Heine University Diisseldorf 2016 264





OEBPS/Images/fendo-15-1401342-g004.jpg
. . L@Univ Sao Paulo

(

h ®

VAL 2 7 .Ohlo State Univ P
' @pmv Mlssourl- \/ V/T/

\Ri \ /' , /
@ Ha‘*rvard Un|v

arvard Med Sch Ml
{ ~, \X/f .S —

nw Colorado

/ k
i ‘ .
\ \/
\ X

o o

[Karolinska Inst \

- Univ Copenhagen

r/’ ’

onash Univ





OEBPS/Images/table4.jpg
Publica-

Rank tion Centrality il e Country
Volume year
1 382 0.38 2013 USA
PEOPLES

2 154 0.05 2013 sy
3 111 0.23 2013 ENGLAND
4 85 0.16 2013 GERMANY
5 80 0.13 2013 AUSTRALIA
6 73 0.09 2013 ITALY
7 67 0.04 2013 CANADA
8 66 0.02 2013 BRAZIL
9 63 0 2013 JAPAN
10 57 0.04 2013 DENMARK






OEBPS/Images/fendo-15-1401342-g005.jpg
ARK

YPLES R CHINA

RALIA





OEBPS/Images/table3.jpg
Publica-

Publication

Rank tion Centrality Institution
Year
Volume
1 39 033 2013 niv
Copenhagen
2 23 0.09 2016 Hume
’ Med Sch
3 20 0.04 2013 Univ Colorado
4 19 0.03 2013 Univ Sao Paulo
5 16 0.14 2014 Monash Univ
6 12 0.03 2016 Karolinska Inst
7 12 0.01 2015 Univ Missouri
8 12 0.06 2014 Harvard Univ
9 11 0 2014 Ohio State Univ
Univ
10 11 0.01 2018 Southern
Denmark






OEBPS/Images/logo.jpg
, frontiers ’ Frontiers in Endocrinology





OEBPS/Images/fendo-15-1401342-g007.jpg
Te > @Ibcgﬁ.sé mortality

. ’ O. @zhelmgrs dlseasp e e

. o e °5 lobdpre sure

6o glucaﬁonl ¢ peptide1 - ©
i ) ~  -cancer. .
i P icedke,

°

o St JmPac‘ % éleertfallure Yl
@Mbthe'ﬁ' dysf"w'g“ &ardlové‘scular.rlsk factdr °

@' _— dndrtallty J\yperglycemla
L= "'e o .frgefé'ttyacm T ® .

i B [
78 - g@‘actlvepﬁotem «
> . ®.® ° & ) ® e

. .
) ° .'.

e
\ Te - @Ibcghsé mo.ftality
o S . ) . .
o - glzheimers disgase - °
. ° ° O o

N b .. i' .@® 4 :9' s @Iogd-pressure ®
- e glucaﬂon Ilképepfldg1 - e

» NS J:ancer . .

éxef%lsﬁ capac.ty @ ® o .

. - slisease

25 4 @eaﬁfallure g

o &afdmvakcular risk factor

@gne

NS ﬁ;mpac’t
@ndbthehgl dysfu&iglgn

0@@

o G}
A @ g dﬁb‘rtahty y @° < e
SR J@%fafg‘asld @ dwperglycémia
- @ s ® .g:.’reacxl\Ie protgﬁ-. . e

. .
[ ] ) e« ® o






OEBPS/Images/fendo-15-1401342-g001.jpg





OEBPS/Images/table1.jpg
Set Search query

#1 TS=(type 2 diabetes) OR TS=(Diabetes Mellitus, Noninsulin-Dependent) OR TS=(Diabetes Mellitus, Ketosis-Resistant) OR TS=(Diabetes Mellitus,
Ketosis Resistant) OR TS=(Ketosis-Resistant Diabetes Mellitus) OR TS=(Diabetes Mellitus, Non Insulin Dependent) OR TS=(Diabetes Mellitus, Non-
Insulin-Dependent) OR TS=(Non-Insulin-Dependent Diabetes Mellitus) OR TS=(Diabetes Mellitus, Stable) OR TS=(Stable Diabetes Mellitus) OR
TS=(Diabetes Mellitus, Type II) OR TS=(NIDDM) OR TS=(Diabetes Mellitus, Noninsulin Dependent) OR TS=(Diabetes Mellitus, Maturity-Onset)
OR TS=(Diabetes Mellitus, Maturity Onset) OR TS=(Maturity-Onset Diabetes Mellitus) OR TS=(Maturity Onset Diabetes Mellitus) OR TS=(MODY)
OR TS=(Diabetes Mellitus, Slow-Onset) OR TS=(Diabetes Mellitus, Slow Onset) OR TS=(Slow-Onset Diabetes Mellitus) OR TS=(Type 2 Diabetes
Mellitus) OR TS=(Noninsulin-Dependent Diabetes Mellitus) OR TS=(Noninsulin Dependent Diabetes Mellitus) OR TS=(Maturity-Onset Diabetes)
OR TS=(Diabetes, Maturity-Onset) OR TS=(Maturity Onset Diabetes) OR TS=(Type 2 Diabetes) OR TS=(Diabetes, Type 2) OR TS=(Diabetes
Mellitus, Adult-Onset) OR TS=(Adult-Onset Diabetes Mellitus) OR TS=(Diabetes Mellitus, Adult Onset)

#2 TS=(Exercises) OR TS=(Physical Activity) OR TS=(Activities, Physical) OR TS=(Activity, Physical) OR TS=(Physical Activities) OR TS=(Exercise,
Physical) OR TS=(Exercises, Physical) OR TS=(Physical Exercise) OR TS=(Physical Exercises) OR TS=(Acute Exercise) OR TS=(Acute Exercises) OR
TS=(Exercise, Acute) OR TS=(Exercises, Acute) OR TS=(Exercise, Isometric) OR TS=(Exercises, Isometric) OR TS=(Isometric Exercises) OR TS=
(Isometric Exercise) OR TS=(Exercise, Aerobic) OR TS=(Aerobic Exercise) OR TS=(Aerobic Exercises) OR TS=(Exercises, Aerobic) OR TS=(Exercise
Training) OR TS=(Exercise Trainings) OR TS=(Training, Exercise) OR TS=(Trainings, Exercise)

#3 (#1) AND (#2)

# [TS=(mechanism)] AND (#3)





OEBPS/Images/fendo-15-1401342-g003.jpg
.._u
2
=
E
©






OEBPS/Images/table5.jpg
Publication
year

2012

2015

2016

2018

2017

First author

Pontus Bostrom

Bernard Zinman

Sheri R. Colberg

Max C. Petersen

Wiviott SD

Country/

region

A PGClo-dependent myokine
USA that drives browning of white
fat and thermogenesis

Empagliflozin, Cardiovascular
USA Outcomes, and Mortality in
Type 2 Diabetes

Physical Activity/Exercise and
Diabetes: A Position

USA
Statement of the American
Diabetes Association
Mechanisms of Insulin Action
USA

and Insulin Resistance

Dapagliflozin and
USA Cardiovascular Outcomes in
Type 2 Diabetes

Randomized
Controlled
Trial

Randomized
Controlled
Trial

Review

Review

Randomized
Controlled
Trial

Nature

The
New England

Diabetes Care

Physiological
Reviews

The New
England
Journal
of Medicine

Eo=
Citations

21

20

18

16

16

Centrality

0.14

0.09

0.21

0.04

0.04

2022
Impact
factor

69.504

176.079

17.152

46.500

176.079






