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Research on melatonin remains one of the major hot spots in the field of disease treatment, but relevant data are numerous. The purpose of this study was to quantitatively and qualitatively analyze the progress of melatonin research through the method of bibliometrics and to predict hot spots and trends in melatonin research. This study retrieved all the studies on melatonin from 2000 to 2019 in the Web of Science and PubMed and analysed the publishing trends in the literature on a bibliometric online analysis platform and CiteSpace software. The research results were also visually analysed to summarize melatonin research hot spots through gCLUTO and pubMR. The study retrieved a total of 20,351 publications, of which the number of US publications ranked first, accounting for 21.46%, with the greatest impact (centrality = 0.31). The University of Texas Health Science Center at San Antonio and Harvard University had the highest average number of citations at 43.19 and 33.96, respectively. Journal of Pineal Research had the highest average number of citations in 2,993 journals. Professor Reiter made the largest contribution to this area. We further analysed 100 highly cited articles for clinical applications and ongoing related clinical drug trials based on the first hot spot. We systematically analysed melatonin for nearly 20 years while predicting the main research trends in the future, which may provide new directions and ideas for melatonin research. The structure and normal physiological functions of melatonin have been intensively studied in the past few years. And clinical application research and target of melatonin treatment for different diseases and target-based drug design will certainly become the focus of melatonin research.
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Introduction

Melatonin, first discovered in the late 1950s, is a pleiotropic neurohormone secreted by the pineal gland (1). The production of melatonin is regulated by the circadian rhythm with light/dark signals, and light will inhibit the production of melatonin; therefore, the concentration in the daytime is low, whereas the concentration at night will reach a peak (2–4). With the continuous progress in melatonin research, the structure and function of melatonin and its receptors have also been gradually revealed, and an increasing number of scientific researchers have devoted themselves to this research field with fruitful results (5, 6). Melatonin can regulate many physiological processes, such as sleep rhythms, blood pressure, immune function, temperature rhythms, physiological activity rhythms, reproductive function, cell differentiation and proliferation, bone metabolism and fat metabolism, memory formation, and oxidative stress, and it is involved in the inhibition of cancer and inflammatory processes (7–18). Thus, the clinical application value of melatonin has received increasing attention.

Bibliometric analysis has become the best tool for assessing the status of and trends in a particular research field. Compared with systematic review or meta-analysis which usually pays more attention to integration and secondary analysis of the content of each included study using statistical methods, bibliometric analysis can include much more studies, analyze the literature without focusing on the content in detail. And there is specialized software to analyze the including papers comprehensively along with the visual presentation. This analysis method objectively summarizes the number of publications produced by various countries, institutions, journals and authors and their contributions to a certain scientific field via qualitative and quantitative analysis, and it forecasts the research trends or hot spots. The cooperation trends are conducive to discovering which researchers or institutions are leading and authoritative in the research field, which can provide more valuable references for later researchers. Based on this, they can get new inspirations and further study the field in more depth. In addition, bibliometrics is also applied to help guide the development of clinical policies and guidelines on many diseases, such as sepsis, sacral fracture, and childhood leukemia (19–21). However, there have been many studies on melatonin in recent years, with no bibliometric analysis on melatonin research, and even less attention has been focused on the prediction of research hot spots. Our previous research has predicted the research trends in post-menopausal osteoporosis through the biclustering method and demonstrated that biclustering not only can process the global information but also can allow the rows and columns of the matrix to be processed simultaneously so that it can detect local messages more efficiently when encountering high-dimensional data; furthermore, biclustering has great advantages in exploring key areas of research and the related representative literature (22, 23). Based on the previous foundation, our team developed a new original tool, pubMR, which is an R package designed for text mining of PubMed abstracts to perform hot spot analyses (24). Additionally, pubMR provides some highly customized metrics to evaluate and visualize results for downstream analysis, which greatly improves the efficiency and credibility of the research.

Considering the vast plethora of studies published on melatonin, there is a dire need to investigate the status of and trends in this topic. There have been few bibliometric studies on melatonin, and those few paid more attention to studying published information than future research trends (25–28). This study aimed to conduct a comprehensive investigation of the current academic literature and clinical applications of melatonin and to predict the developmental trend in melatonin research over the next decades through citation analysis combined with dual clustering analysis.



Materials and Methods


Data Extraction and Collection

We used the TI = (melatonin) AND Language = English search strategy on the Web of Science to collect all the original articles and reviews on melatonin research published from 2000 to 2019.

The Medical Subject Headings (MeSH) term is a type of standard vocabulary from the National Center for Biotechnology Information (NCBI) of the National Library of Medicine (NLM) that can be adapted to perform continuous co-word cluster analysis and reflect the main topic of the literature (29). We also conducted a similar online search in PubMed based on the screening criteria of “melatonin”[Mesh]. All the downloading processes were completed within one day, on April 2, 2020, to avoid errors caused by frequent database updates. Completed phase II clinical trials were obtained from ClinicalTrials.gov (https://clinicaltrials.gov/).

All data were independently collected by two authors (ZBT and SMZ) with an agreement rate that eventually reached 0.93 (30). The data obtained from the Web of Science were converted into text format and imported into CiteSpace V5.5.R1 SE, 64-bit, for analysis. Then, we used the Online Analysis Platform of Literature Metrology (http://bibliometric.com/) to perform a bibliometric analysis. The data obtained from PubMed were uploaded to pubMR for progressive analysis.



Bibliometric Analysis

We analysed the data; summarized the number of articles published by different countries, institutions, journals, and authors; and obtained the impact factor and H index of all publications. Moreover, the annual numbers of and growth trend in publications from various countries or regions were analysed through online platforms. The collaborations among countries, institutions and authors were identified through CiteSpace. A co-occurrence analysis of the keywords was performed to predict research fronts and new trends. The method of “time slicing” was also performed in CiteSpace, as described in our previous publication (22). Depending on the purpose of our analysis, we chose different nodes, for which the size represents the citation count or the quantity of publications.



Co-Word Biclustering Analysis

We carried out biclustering analysis of major MeSH terms/MeSH subheadings and selected publications to explore the hot spots in melatonin research. A binary matrix was constructed through pubMR and gCLUTO version 1.0 (Graphical Clustering Toolkit). The major MeSH terms/MeSH subheadings were set as rows, with the source articles as columns. The details are accessible in our published research (22). We conducted mountain and matrix visualization on the results of biclustering, which can reflect relationships between major MeSH terms/MeSH subheadings and the source articles.



Citation Analysis

The Web of Science Core Collection database was retrieved to obtain articles related to the clinical treatment of melatonin-related diseases published from 2000 to 2019 on June 16th after identifying the hot spots, with melatonin and clinical treatment as the retrieval subjects, and the language was limited to English. The search results were sorted according to the citation frequency from high to low, and the top 100 articles were selected for analysis. The analysis content includes citation frequency, author, institution, country, research direction, article type, publication journal, and publication year. Next, we read the full text of these 100 articles, summarizing the focus of melatonin clinical treatment and exploring potential new therapeutic applications. To better grasp the clinical progress of melatonin, we also collated all the completed phase II clinical trials of melatonin.




Results


Publishing Trend

As shown in Figure 1, a total of 20,351 publications (17,826 articles and 2,525 reviews) were collected that met our inclusion criteria. Publications related to melatonin research showed an increasing trend from 2000 to 2019 (an overall increase from 726 in 2,000 to 1,624 in 2019, Figure 2A).




Figure 1 | Flow chart of literature collecting.






Figure 2 | Publication trend. (A) Number of publications per year. (B) Number of publications in the top 10 countries.





Contributions of Countries and Institutions

From 2000 to 2019, at least 62 countries and regions published articles about melatonin (Figure 2B). The United States (4,978) published the most among the countries, followed by China (2,556), Spain (1,535), Turkey (1,424), and the United Kingdom (1,164). Centrality is a vital indicator reflecting the importance of a network node. A node with high centrality reflects that the node has great influence. We found that the influence of the United States is highly prominent, with centrality = 0.31, followed by France, with centrality = 0.22, which ranks 7th in the number of publications (Table 1). American universities among the top 10 institutions have posted a significant number of papers. In addition, the University of Texas Health Science Center at San Antonio and Harvard University have the highest average number of citations at 43.19 and 33.96, respectively (Table 1). The density map (Figure 3A) reflects the cooperative relationship between institutions, with density = 0.0117, which shows that the research of various institutions is relatively scattered, and the degree of cooperation is relatively low and needs to be strengthened. Figure 3B reveals that there is an absence of academic exchanges between countries with abundant publications and countries with weak publications.


Table 1 | The top 10 countries/regions and institutions contributing to publications in melatonin research.






Figure 3 | Cooperation among different countries and institutions. (A) Density map of cooperation among institutions. (B) Cooperation among different countries.





Journals Publishing Melatonin Research

The 20,351 publications covered 2,993 journals, the top 10 most popular journals published a total of 3,732 publications (18.34%), and the number of articles published in Journal of Pineal Research far exceeded that of other journals, accounting for more than 8.38% (1,705/20,351) (Table 2). Three journals had an IF> 3: Journal of Pineal Research (15.221), International Journal of Molecular Sciences (4.183), and Life Sciences (3.448). The above three journals belong to Q1, which is based on the JCR 2018 standard.


Table 2 | The top 10 most active journals that published articles in melatonin research.



Journal of Pineal Research published 1,715 articles in the field of melatonin, ranking first. In the past 20 years, the total number of citations of these articles has reached 60,052, with an average of more than 35 citations per article. The number of publications of other journals, including Chronobiology International, PloS One and Neuroendocrinology Letters, was ranked in the back of Journal of Pineal Research in order. Moreover, Journal of Pineal Research also has the highest impact factor among these journals. Thus, these findings imply that Journal of Pineal Research has extraordinary authority in melatonin research and that the journal mentioned above may publish more articles that can advance the field in the future. In addition, authors who have made outstanding contributions in the field of melatonin have also published a large number of high-quality articles in these journals. These journals have published a large number of melatonin-related articles, have a wide influence and have become an important reference for melatonin researchers. There is no doubt that these journals have laid a solid foundation for future in-depth research on melatonin.



Contributions of Authors to Melatonin Research

A total of 52,615 authors were filtered out in this study, and the top 10 authors who contributed the most to melatonin research are listed in Table 3. Two scholars, Dunxian Tan from UT Health San Antonio and Rüdiger Hardeland from the University of Göttingen, had the highest average number of citations of 92.5 and 69.54, respectively, which demonstrated that they have made great achievements in the study of melatonin and that their publications are of great academic value. Russel J Reiter (638) was the most productive author, followed by Dunxian Tan (218), Darío Acuña-Castroviejo (124) and Philippe Delagrange (121) (Table 3). These researchers have become influential experts in melatonin research, have reported a substantial amount of research, and lead the development of melatonin research in recent years.


Table 3 | The top 10 most productive authors in melatonin research.





Hot Spot Analysis

A total of 12,563 major MeSH terms/MeSH subheadings were collected with a cumulative frequency of 56,099. After considering the H index, terms with a frequency of more than 66 were defined as extreme frequency terms, and sixty-three terms extracted from publications accounting for 34.41% (19,303/56,099) are shown in Table S1. Figure 4 reflects the concentration time period of the top 25 terms and the change in hot spots with time from 2000 to 2019. The eight clusters (0-7) identified by biclustering were visualized in mountain form to indicate the quantity of extremely frequent terms and in matrix form to present the association between the terms and the source articles (Figures 5, 6). The rows of the initial matrix were reset through gCLUTO to facilitate similar row convergence in a single cluster. Each cluster was divided with a black horizontal line (Table 4).




Figure 4 | The top 25 Mesh terms and their outbreak time (Strength reflects the frequency of occurrence of the keyword).






Figure 5 | Mountain visualization of the eight hot spots by biclustering.






Figure 6 | Visualized matrix of the MeSH terms and source articles.




Table 4 | Highly frequent major MeSH terms/MeSH subheadings -source articles matrix (localized).





The Top 100 Most-Cited Articles on Clinical Treatment of Melatonin-Related Diseases

According to the first hot spot clinical application, the 100 most-cited articles on the application of melatonin in the treatment of clinical diseases were further analysed. The results showed that as of June 16, the number of citations of these 100 articles ranged from 98 to 467, and the cumulative number of citations was 16,370 (Table S2). The year with the most highly cited articles published was 2007, with 12 records; the author who contributed the most was Reiter RJ, with 13 articles; the institution that produced the most was UNIV TEXAS (9); the most influential country was the USA (49, nearly half of the total); most of the types of articles were articles (52) and reviews (47); JOURNAL OF PINEAL RESEARCH contributed 14 of these articles, more than double the number two journal, SLEEP (6), with absolute authority; and the most researched direction was NEUROSCIENCES NEUROLOGY (53), followed by ENDOCRINOLOGY METABOLISM and PHYSIOLOGY, both with 18 records (Table 5). After analyzing the context of the 100 most-cited articles, we found that melatonin is currently mainly used in the treatment of neurological and psychiatric diseases and antitumour therapy. There were 30 studies that completed phase II clinical trials that also focused on central nervous system diseases and antitumour treatment (Table S3).


Table 5 | Publication of the 100 most-cited articles on melatonin research.






Discussion

Melatonin, as an endogenous hormone in the human body, has a strong relationship with the occurrence, development and treatment of diseases. Our statistical and quantitative analysis found a significant improvement in research on melatonin from 2000 to 2019, and an increasing number of researchers are entering this research field. The United States has an absolute leading position in the field of melatonin research. Many institutions and authors who have contributed the most in this field also come from the United States. The United States has advanced equipment, a high-quality experimental environment, good clinical trial conditions, and more professional talent, far ahead of other countries. However, there is less cooperation among various countries, and research results cannot be shared efficiently, which seriously affects the world’s overall understanding of melatonin and research efficiency. If cooperation between countries can be strengthened, considerable duplication or invalid work can be avoided, and research on melatonin will surely make more progress. Although studies on melatonin have been highly extensive, they are relatively chaotic and lack hot spot analysis. In this study, we found and interpreted 8 hot spots in melatonin research and analysed the 100 most-cited articles in the field of clinical treatment of melatonin-related diseases to predict future research trends.

Cluster 0 is related to the clinical application of melatonin. At present, only a few countries have officially applied melatonin to clinical practice, and most of these treatments are limited to those of sleep disturbances with melatonin a health product; however, with the continuous deepening of clinical studies on melatonin, melatonin is being tested by scholars for a variety of diseases, and a large number of clinical trials are going hand in hand, including those of sepsis, hypertension etc. (31–34). As a physiological natural hormone, melatonin is undoubtedly more suitable for the human body than chemically synthesized drugs. Indeed, melatonin is a drug candidate with great therapeutic potential that cannot be ignored. Therefore, further exploration of the potential clinical application of melatonin in different diseases, clarification of the specific targets of melatonin action, and development of new drugs based on the efficacy of melatonin for clinical disease treatment will be of great significance and are bound to become hot spots in future melatonin research.

Given the important role of melatonin clinical application in melatonin studies, we analysed 100 highly cited articles. The results showed that the most frequently cited field, which indicated the mainstream field most pursued by scholars, was the therapeutic application of melatonin in neuropsychiatric diseases and cancer, which was consistent with the focus of our collected clinical trials. Studies have shown that melatonin can effectively protect against age-related neurodegenerative diseases, such as Alzheimer’s disease (AD) and Parkinson’s disease (PD) (35, 36), and is expected to be used in neuroprotective treatment of cerebral trauma and ischemia-reperfusion after stroke (37); melatonin has been widely applied to treat sleep disturbances, especially sleep disorders caused by jet lag and melatonin reduction in the elderly, because melatonin can adjust circadian rhythms; and melatonin has a strong relationship with mental illnesses such as depression, which may be related to its adjustment of circadian rhythms to affect sleep (38). There are many ongoing clinical trials to confirm the effect of melatonin-related drugs on depression, such as agomelatin, which is a melatonin analogue, that have made some progress (39). Melatonin also plays a role in treating tumors. Melatonin can control tumor progression and can also be used as a protective agent for other tissues after chemotherapy and radiotherapy to reduce physical damage (40, 41). To our surprise, the results also indicated that melatonin has the potential to treat osteoporosis (42). Recent studies have found that osteoporosis is associated with circadian rhythm disorders, and melatonin can regulate circadian rhythm disorders, thereby correcting metabolic abnormalities. Melatonin also improves bone protection through antioxidative stress and anti-inflammatory effects, reducing bone loss. Although melatonin has the potential to treat osteoporosis, there are few highly cited studies on this topic, and there is still substantial room for research and clinical transformation. Therefore, we predict that the effects of melatonin on osteoporosis will grow into a new hot spot for the clinical application of melatonin in the future. Determining the direct-acting targets will be a breakthrough in clinical translation. Although melatonin is effective for many diseases, long-term ingestion of exogenous melatonin may inhibit the secretion of melatonin in the brain, disrupt circadian rhythms, and cause other problems. Therefore, the usage, dosage and safety of melatonin and synthetic melatonergic drugs need to be further explored through more clinical trials.

Cluster 1 is related to treatment for sleep disorders. The levels of melatonin secretion are closely related to sleep quality at night. As an important hormone that regulates circadian rhythms, disorders of melatonin secretion seriously affect sleep quality and cause sleep disturbance. Either endogenous or exogenous melatonin will break the irregular circadian rhythm, reduce the effect of promoting wakefulness, and restore the normal sleep rhythm. There is already evidence that melatonin has therapeutic effects on sleep disorders, such as insomnia, and diseases caused by circadian rhythm alterations. Melatonin also greatly helps to treat the delayed onset of sleep due to jet lag or shift work disorder. As the effect of melatonin on sleep disorders is clear, more future research should explore which types of sleep disorders melatonin is specifically suitable for. Moreover, systematic and comprehensive studies on the duration, dosage, dosage form, effective population, and long-term efficacy and safety of treatment should be further promoted (43–46).

Cluster 2 is related to the effect of the melatonin receptor on metabolism. The mechanism of action of melatonin is divided into receptor-dependent pathways and receptor-independent pathways. The melatonin receptors MT1 and MT2 are G protein-coupled receptors. The melatonin receptor has a high affinity for melatonin. Melatonin treatment of circadian-rhythm-disorder-related diseases, such as sleep disorders, bone metabolism, drug abuse and cancer, occurs through the mechanism of receptor-dependent pathways; the non-receptor-dependent pathway of melatonin is reflected in its role in protecting nerves. Recently, Linda C Johansson first analysed the crystal structure of MT1 and MT2 and revealed the molecular basis of melatonin action, which paved the way for melatonin pharmacological research. Different subtypes of melatonin receptors have different effects. However, melatonin has no subtype selectivity. Therefore, designing selective drugs for different subtypes will be a major entry point of melatonin to be made into drugs and used in clinical practice. Future research should focus on the analysis of groups that exert drug effects at the molecular level, the relationship between the melatonin receptor and ligand affinity and molecular structure, and the exploration of subtype selectivity (47–50).

Cluster 3 is related to the phase-shifting of melatonin. As the pace of life changes, the number of night shift workers increases, while many young people’s habits are reversed day and night. Because the body’s circadian rhythm signal is not synchronized with the external environment rhythm, work and rest time are disordered, insomnia and daytime sleepiness occur repeatedly, and the sleep-wake time shifts. When appropriate melatonin treatment is given at the proper time, melatonin will shift the sleep-wake time to where it should be. Melatonin can also reduce the impact of the outside world on the sleep-wake cycle. Because melatonin can adjust the phase shift and re-synchronize the endogenous rhythm and sleep-wake rhythm, it effectively promotes sleep. At the same time, melatonin can also be used to determine the stage of the body’s circadian rhythm, for example, through the urine melatonin metabolites 6-sulphatoxymelatonin (aMT6s). By monitoring the level of melatonin in night shift workers or others, it can be determined that their body is in different circadian rhythm periods (51–54).

Cluster 4 is related to seasonal reproduction. The reproductive cycle of most mammals is seasonal, and the hypothesis exists that the sexual cycle of mammals is related to the time of light and is regulated by the endogenous annual biological clock. Seasonal changes in an animal’s reproductive cycle are regulated by light-sensitive neural pathways. The changed photoperiod can regulate the hypothalamic-pituitary-gonadal axis (HPGA) by regulating the level of melatonin secretion. The periodic effect of light signal is closely related to deiodinase 2 and 3, RF amide-related peptide (RFRP), and kisspeptin. The suprachiasmatic nucleus (SCN), as the rhythm centre of mammals, is regulated by external light signals. The SCN indirectly regulates the thyroid hormone, RFRP system, and kisspeptin system through melatonin to regulate the function of the HPGA. These systems are for different sites of action in the hypothalamus, indicating that melatonin and the hypothalamus regulate the reproductive cycle in a variety of ways. These different hypothalamic sites are the key to reproductive regulation. The melatonin signal received by photoperiod regulation acts on the hypothalamus, thereby regulating the gonadotropin/gonad cycle, leading to the formation of the reproductive cycle. In addition, previous studies also found that melatonin can restore the neuroendocrine function of ageing ewes, which provides a new perspective and hope for the seasonal study of the reproductive cycle (55–58).

Cluster 5 is related to the regulation of melatonin secretion. As the body ages, although the pineal gland does not shrink significantly, its function declines sharply, resulting in a decrease in the level of melatonin secretion, which seriously affects the functions of many body systems. Restoring the physiological level of melatonin may delay the ageing process and will contribute to the treatment of melatonin-related diseases. Melatonin secretion is regulated by various aspects of the body. It was found that basal pineal melatonin levels in old rats are more sensitive to photoperiod changes than those in young rats, but isoproterenol can stimulate both young and old rat pineal glands irrespective of time or photoperiod, which shows that the melatonin response to isoproterenol is age-dependent and that the pineal gland response to isoproterenol is not photoperiod-dependent. There are many peptides related to melatonin secretion in the pineal gland. A peptide extract from the pineal epithelium can restore the level of melatonin secretion in the pineal gland, and a synthetic tetrapeptide has the same effect; however, the role of this peptide extract and isoproterenol in regulating melatonin secretion needs further study (59–61).

Cluster 6 is related to the anti-neurotoxin effect of melatonin. Studies have shown that melatonin can play a vital role in anti-neurotoxicity. Melatonin can resist the toxic effects of free radicals on brain tissue, such as hydroxyl free radicals, peroxy free radicals, singlet oxygen and toxic nitric oxide gas. In addition, melatonin can also activate a variety of antioxidant enzymes to play a role in neuroprotection and detoxification, such as superoxide dismutase, glutathione peroxidase and glutathione reductase. Melatonin has the advantage of crossing the blood-brain barrier and has no side effects. It is an excellent neuroprotective agent that has been considered a potential preventive and therapeutic drug for neurodegenerative diseases such as Parkinson’s disease (62–65).

Cluster 7 is related to the antioxidant properties of melatonin. Existing studies have found that melatonin has the effect of treating depression, tumors and osteoporosis, the mechanism of which is that melatonin has antioxidant functions and can protect biological macromolecules from oxidative damage. Melatonin protects cells through its direct free radical scavenging action, indirect antioxidant action, and cell membrane stabilization effect. Melatonin exerts its antioxidant effect mainly through its action on mitochondria. Studies have shown that melatonin can promote the mitochondrial electron transport chain, thereby preventing the generation of free radicals, reducing electron leakage, and preventing cell damage. Melatonin has the effect of resisting mitochondrial damage, preventing energy failure, and avoiding apoptosis. Moreover, melatonin has been shown to have a positive effect on physiological abnormalities caused by mitochondrial dysfunction in experiments and clinical diseases. In the future, we should deeply study the mechanism of melatonin action to treat diseases through different antioxidant mechanisms, clarify the target of melatonin action to treat different diseases, and develop new drugs to amplify the therapeutic effect of melatonin, which will be the focus of future research (66–69).

Our research also has certain limitations. Our study included only the literature published from 2000 to 2019, without literature published in 2020, and the citation analysis ended on June 16, without a progressive follow-up data update. However, over time, melatonin-related literature will be continuously updated in the database, which will have a certain impact on the real-time results of the bibliometric analysis and may cause some deviations between our results and the actual situation. Nevertheless, the deviations will not be very large, and the research results are still credible and reliable.



Conclusions

Our results assessed the publication information regarding different countries, institutions, authors, journals, etc. and predict the future research hotspots and research trends on melatonin. The structure and normal physiological functions of melatonin have been intensively studied in the past few years. And clinical application research and target of melatonin treatment for different diseases and target-based drug design will certainly become the focus of melatonin research. Besides, reviewing previous high-cited melatonin studies help us to understand the authority in this field. Finally, clinical research on melatonin, especially randomized controlled trials, has great potential to guide the development of melatonin research in the future.
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