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In recent years, ferroptosis has become a research hotspot in programmed cell death. Since the concept of ferroptosis was proposed, a growing number of articles have been published on this topic. Nevertheless, to our knowledge, these ferroptosis-related publications that have received a great deal of attention have not been quantitatively evaluated. In this study, we analyzed the top 100 most influential articles over the past decade through a bibliometric method to characterize the research status and trends in this field. Web of Science Core Collection was searched to identify relevant studies. After being manually screened, the top 100 most cited studies with original data were identified and analyzed. Bibliometric software including VOSviewer and R-Bibliometrix were used to perform visualization analysis. The citation frequency for the top 100 selected articles ranged from 135 to 3603 (326.6 citations on average). These articles originated from 25 countries/regions, with more than half originating from the United States and China. The most frequently nominated author was Stockwell BR from the Columbia University, and of the top 100 articles, 19 listed his name. Three core journals were Nature, Cell and Proceedings of the National Academy of Sciences of the United States of America. In addition to term of ferroptosis, these terms or phrases including cell death, cancer cell, GPX4, pathway, inhibitor, mechanism, iron, lipid peroxidation, resistance, erastin, sorafenib, P53, reactive oxygen species, necroptosis, apoptosis, glutathione peroxidase, ACSL4, autophagy, and SLC7A11 appeared more frequently in the top 100 articles. Overall, although much progress has been made, the research on ferroptosis is still at an early stage. The current attention in this field mainly focuses on potential regulatory mechanism and pathways including key ferroptosis-related genes/molecules, oxidant and antioxidant system, ferroptosis-inducing agents or nanomedicine for cancer therapy, as well as the role of ferroptosis in non-neoplastic disorders. Meanwhile, combination therapeutic strategies targeting ferroptosis in radiotherapy or immunotherapy also deserve further attention.
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Introduction

Cell death is generally classified into two main distinct categories: accidental cell death (ACD) and regulated cell death (RCD) (1). Unlike ACD, RCD follows multiple subroutines, which could be mediated through a series of molecular cascades and regulatory pathways. Although initial studies on RCD have focused on apoptosis, several other novel forms of non-apoptotic cell death such as ferroptosis, pyroptosis, necroptosis, NETosis, etc., have drawn extensive attention recently (2–4). Among them, ferroptosis, an iron-dependent cell death modality, is characterized by iron overload and lipid reactive oxygen species (ROS) accumulation (5, 6). Meanwhile, it displays unique morphological features such as shrinkage of the mitochondria, reduction or disappearance of mitochondrial ridges, and a ruptured outer mitochondrial membrane. Since the term “ferroptosis” was coined in 2012, a notable amount of works has been devoted to identifying the underlying regulation mechanisms and signaling pathways of ferroptosis (7). In brief, multiple ferroptosis-inducing factors are able to affect glutathione peroxidase directly or indirectly via different pathways, resulting in an imbalance between oxidant and antioxidant ability, and elevated lipid peroxidation in cells, ultimately leading to irreversible oxidative damage and cell death (8, 9). Lipid peroxidation products generated in this process can be pharmacologically inhibited by iron chelators (e.g., deferoxamine) or lipid peroxidation inhibitors (e.g., eugenol), and lipophilic antioxidants (e.g., ferrostatin-1, liproxstatin-1, vitamin E) (10–12). Besides, Glutathione, GSH peroxidase 4 (GPX4), nuclear factor erythroid 2-related factor 2 (Nrf2), heat shock protein beta-1 (HSPB1) exert negative regulatory roles in ferroptosis by limiting the production of ROS or altering cellular iron uptake (13–15).

In recent year, an increasing number of studies have found that ferroptosis played an important regulatory role in the initiation and development of various diseases including almost all cancers (16–19) (Figure 1), ischemia reperfusion injury (20), neurological diseases (21–23), digestive disorders (24), hematological system diseases (25), as well as diseases of other systems. Take tumor diseases as examples, ferroptosis inducers such as erastin, sulfasalazine, and sorafenib, several conventional drugs or natural compounds have been extensively examined as novel anti-cancer therapeutics (26–28). In addition, further investigations revealed that erastin combining with traditional chemotherapeutic drugs including temozolomide, cisplatin, and doxorubicin offered remarkable synergistic therapeutic effect on their anti-tumor activity, compared with chemotherapy alone (29, 30).




Figure 1 | Ferroptosis in various cancers from different systems.



In view of this, a plethora of work related to ferroptosis have been published and added our understanding to this field. Generally speaking, citation analysis is a widely accepted index for evaluating the impact of scientific articles (31, 32);. These studies with a higher number of citations are often considered as pioneering articles or hot research topics in an area. Thus, highly cited publications in a certain field could provide valuable evidence and information on research trends and scientific progress (33). In previous studies, many special fields have summarized the most-cited studies in their specialty with bibliometric method, such as hepatocellular carcinoma (34), gastric cancer (35), psychosomatic research (36), programmed cell death 1 (PD-1)/programmed cell death ligand 1 (PD-L1) inhibitors (37), metabolic disorders (38, 39), and so on. Nevertheless, no work has been published on the top 100 most cited studies regarding ferroptosis.

In this study, we analyzed the characteristics of these top 100 most influential papers in the field of ferroptosis over the past decade. In turn, the data could help researchers better understand the influential works in the evolution of the specialty, as well as provide meaningful insight to conduct further studies. To the best of our knowledge, this work is not the first to evaluate the publications in the field of ferroptosis with bibliometric methods (40), but is the first bibliometric analysis dedicated to ferroptosis related studies with high levels of influence.



Materials and methods


Search strategies

The top 100 most cited articles on ferroptosis were retrieved from Science Citation Index Expanded (SCIE) of Web of Science Core Collection (WoSCC, Clarivate Analytics, Philadelphia, PA, USA) on the same day. Data were collected based on the titles (TI), abstracts (AB) and author keywords (AK) with the following strategy: TI=(ferroptosis OR ferroptotic) OR AK=(ferroptosis OR ferroptotic) OR AB=(ferroptosis OR ferroptotic). The period of the publication for selection was from January 2012 to May 2022, with no limitations on languages.



Data extraction

Firstly, records were placed in descending order based on their frequency of citations in WoSCC. Two researchers (CKM and GQ) independently screened the title, abstract and document type, if necessary, reading the full article for a more detailed assessment, to confirm if it should be included. The inclusion criterion was ferroptosis related studies with original data. Review articles or meta-analysis without original data were excluded. To our knowledge, some reviews articles have been mis-annotated as articles in WoSCC. Discrepancies were resolved via discussion until the two researchers reached an agreement under the verification of senior experts. Then, these top 100 articles were downloaded and exported in plain text format for further analysis. A similar procedure was employed to identify the top 50 highly-cited reviews. Journal impact factors were obtained from 2021 Journal Citation Reports. The citation density of each article was defined as the average citations since published, that is the ratio of total citations and literature age (41).



Statistical analysis

Microsoft Excel 2019 and R software (v 4.1.0) software was used for descriptive statistical analysis and generating diagrams. VOSviewer 1.6.16 (Leiden University, the Netherlands) software were used to perform country/institutional co-authorship analysis, author/journal co-citation analysis, terms co-occurrence analysis. VOSviewer, developed by van Eck and Waltman, is a literature knowledge visualization software for constructing bibliometric networks (42). In the network visualization maps, different nodes represent different elements such as countries, institutions, authors or terms. The links between nodes represent relationships such as co-authorship, co-citation or co-occurrence, and weighted by total link strength (TLS) (43). Co-authorship analysis measures collaboration links between countries or institutions. The relatedness of nodes is determined based on the number of coauthored documents. While co-citation analysis measures the relationship among nodes based on the times they are cited by the same document. As for co-occurrence analysis, the relatedness of nodes is determined according to the number of documents in which they occur together (42). The size of the nodes reflects the number of outputs, citations or occurrences and the color indicates different clusters or average appearing year (AAY) of these elements. The “bibliometrix” package of R software was used for mapping historical direct citation network and cloud map of author keywords (44).




Results

The top 100 highly cited articles are listed in descending order based on their total citation number in Table 1. The citation frequency received by these 100 studies ranged from 135 to 3603 (mean: 326.6). About half of the articles (n=54) received more than 200 citations, and only 3 articles were cited more than 1000 times. The citation density of each article was ranged from 18.56 to 327.55 (mean: 53.1, Supplementary Figure 1). As is apparent, the pioneering study titled “Ferroptosis: An Iron-Dependent Form of Nonapoptotic Cell Death”, by Dixon SJ et al., published in Cell in 2012, has received the most citations either total citation or adjusted citation count over the past 11 years. As shown in Figure 2, the top100 articles were published between 2012 and 2020. The year that yielded the greatest number of high-impact articles was in 2017 (n=24), followed by the year in 2016 (n=19), and 2018 (n=18). Additionally, the top 50 highly cited reviews on ferroptosis were summarized in Supplementary Table1.


Table 1 | Top 100 highly cited articles on ferroptosis ranked according to their total citations counts.






Figure 2 | Number of top-cited publications from 2012 to 2020.



A total of 25 countries/regions worldwide contributed to the top 100 most cited articles, and 12 countries/regions had more than 3 articles, as shown in Figure 3A. Of them, the United States dominated the area with 68 articles and 26087 citations (shown in Figure 3B). China ranked second with 35 articles and 8173 citations, followed by Germany (20 articles and 7358 citations), France (8 articles and 1684 citations), and Japan (7 articles and 2691 citations). Figure 3C depicted the annual number of publications among the top 10 countries with the most outputs from 2012 to 2020. In addition, the network visualization map of co-authorship analysis among countries/regions, which could illustrate the collaboration network of countries/regions was conducted by VOSviewer in Figure 3D.




Figure 3 | (A) Number of top-cited publications by countries/regions. (B)Total citations and average citations per document of top 10 most prolific countries/regions. (C) The number of annual publications of top 10 countries/regions on ferroptosis research from 2000 to 2020. (D) Network visualization map of country co-authorship analysis.



As for institutions, more than 200 institutions contributed to the top 100 research. Of them, Columbia University produced the most top-cited articles (n=25), followed by University of Pittsburgh (n=15). As for institutional co-authorship analysis in Figure 4, only institutions with more than 3 documents were included. Of the 33 institutions met the threshold, Columbia University, University of Pittsburgh, and Guangzhou Medical University were the top 3 institutions with the largest TLS.




Figure 4 | Network visualization map of institution co-authorship analysis.



The top 10 authors involved in the top 100 articles were listed in Table 2. The list was led by Stockwell BR from the Columbia University, who participated 19 of the top 100 articles. Meanwhile, four other authors in the list also came from this university. Figure 5A depicted the annual outputs of these top 10 authors between 2012 and 2020. As for author co-citation analysis in Figure 5B, Dixon SJ, Yang WS, and Angeli JPF were the top three authors with the greatest TLS, and occupied the central position in the network map.


Table 2 | Top 10 authors with the most publications.






Figure 5 | (A) Top 10 authors’ production over time. (B) Network visualization map of author co-citation analysis.



The top 100 articles were published in 54 different journals. Journals with more than 2 publications were listed in Table 3 with their citations and impact factors. Nature published the most (n=9), followed by Cell (n=5) and Proceedings of the National Academy of Sciences of the United States of America (n=5). Journal co-citation analysis was conducted in Figure 6. According to the density visualization map, Nature, Cell, and Proceedings of the National Academy of Sciences of the United States of America were also the top 3 most co-citation journals in this field.


Table 3 | Top 10 journals with the most publications.






Figure 6 | Density visualization map of journal co-citation analysis.



Figure 7 presented the historical direct citation network map of these top 100 articles. It can be seen that there are extensive connections among these studies. In addition, we also analyzed the terms or phrases appeared in the author keywords, titles and abstracts. A cloud map of author keywords is shown in Figure 8, apart from the keywords of ferroptosis (n=27), iron (n=8), reactive oxygen species (n=5), cell death (n=4), erastin (n=4), GPX4 (n=3), autophagy (n=3), hepatocellular carcinoma (n=3), head and neck cancer (n=3), necroptosis (n=3), and sorafenib (n=3) were these keywords with more than 3 times of frequency. As for network visualization map using terms from the titles and abstracts of the 100 most-cited articles, terms or phrases with a minimum of 7 occurrences were included (Figure 9). The 30 most frequent occurrences terms or phrases were listed in Table 4. In addition, all the included terms or phrases were scored according to the average publication year of the publications.




Figure 7 | Historical direct citation network map of the top 100 articles.






Figure 8 | Cloud map of author keywords. Note: the keyword of “ferroptosis” was not included in this map.






Figure 9 | Overlay visualization map of terms generated with words from titles and abstracts by VOSviewer. Each node represents a term or phrase and the node size is proportional to occurrences. Distances between nodes indicates relatedness of words in terms of co-occurrence links. Different terms were given different colors based on their AAY.




Table 4 | Top 30 most frequent occurrences terms in titles and abstracts.





Discussion

With rapid development of biomedicine, the amount of literature in biomedical domain is growing exponentially. It is reported that the volume of biomedical publications has exceeded 21 million with an annual average increase of nearly 1 million recently (45). Thus, the massive data poses a significant challenge for researchers to efficiently filter out useful information from it. Bibliometric analysis, a well-established research method using mathematical and statistical approaches, has been commonly used for revealing pervious research efforts. It is also a feasible tool to comprehensively evaluate the research advances of a certain scientific area quantitatively and qualitatively, and could predict the trends and hotspots in a specific field through information visualization (40, 46, 47). In the field of cell biology, mechanism of cell death has always been a hot topic in life science research for decades. Since the concept of ferroptosis was first proposed in 2012, endless efforts have been put into revealing its underlying molecular mechanisms and potential applications (7). In our pervious study, we have conducted a comprehensive bibliometric analysis based on the literature related to ferroptosis from 2012 to 2020 (40). Nevertheless, this study was powered based on all publications regarding ferroptosis, and top highly cited studies were not analyzed in detail. The most−cited studies in a certain field are generally considered landmarks, which have important reference value for further analysis owing to their ground−breaking contributions. In this study, we aimed to provide a comprehensive overview of the top 100 most influential studies with original data in the field of ferroptosis.

From the time distribution of these top100 articles, all of them were published between 2012 and 2020, and the years that yielded the relatively large number of high-impact articles were in 2017, 2016, and 2018. This result is consistent with our previous study. Our findings revealed that the number of publications in this domain has been continuously growing since 2012, and the past five years have witnessed an exponential growth (40). Therefore, these three years could be regarded as the inflection points for explosive growth. In addition, it must be emphasized that the total citation counts of publications in the last three years could be underestimated, considering the fact that the citations after publication usually need at least 3 years to accumulate. In order to balance the citations and temporal factors, we therefore adopted the citation density as another index to assess the average citations per year (41). The results showed that, although the total number of citations for recently published articles was lower than earlier publications, the citation densities of recently published articles were non-inferior and even higher than these early studies. It can be speculated that more and more recently published studies have chances to become highly cited articles over time.

As regards countries, the major part of the top 100 most-cited articles in the ferroptosis field was from the United States, which also owns the overwhelming number of total citation counts, indicating that the United States was the most influential country in this domain. As the largest high-tech power after the Second World War, the United States occupies a leading position in multiple global research areas (40, 48). The development of science and technology cannot be separated from the contribution from these first-class academic institutions and scholars. According to statistics, the United States owns the largest number of famous scholars and leads the tide of ferroptosis research around the world. Our result showed that nearly all of the top 10 highly cited authors were from the United States (9/11). As we all know that the concept of ferroptosis was first proposed by scholars in Columbia University (7). Columbia University and University of Pittsburgh were the institutions with the most top-cited articles among all institutions, reflecting their authority in the field of ferroptosis. In terms of the cooperation of countries or institutions, the United States collaborated most closely with China and Germany. When it comes to an institutional level, University of Pittsburgh and Guangzhou Medical University worked most closely among all institutions. This result might mainly be associated with several common research projects and Professor Tang’s team is an important nexus of them (49–52).

The top-cited studies within the research field were more likely to be published in high impact journals such as Nature, Cell and Proceedings of the National Academy of Sciences of the United States of America, as well as the authoritative journals of cell biology including Cell Death and Differentiation, Nature Cell Biology, Cell Death Disease, and Cell Reports, suggesting that these journals are prone to publishing original research in ferroptosis. Meanwhile, as can be seen that most of these journals have a high Impact factor value. This result also supports the well-known paradigm that high‐quality studies are often published in these journals topping the impact factor list, and in turn, maintain the high impact factor of these journals (53). Additionally, except for the field of cell biology, several studies published in these journals belonging to other fields such as materials science, nanoscience & nanotechnology, gastroenterology & hepatology, suggesting that numerous groundbreaking advances regarding ferroptosis have been made in these research directions. Take these studies published in ACS Nano as examples, Wang et al., reported a ferroptosis-inducing agent based on arginine-rich manganese silicate nanobubbles (AMSNs). They found that AMSNs have highly efficient glutathione depletion capabilities and subsequently leads to ferroptosis by inactivating GPX4, which provide important insights for tumor targeting with nanomedicines (54). Concurrently, Liu and colleagues from Wuhan University have constructed a ferrous-supply-regeneration SRF@FeIIITA nanoparticles. In brief, Fe3+ ion and naturally derived tannic acid formed a network-like corona onto sorafenib nanocrystal. Their results showed that SRF@FeIIITA can serve as an effective ferroptosis-inducing nanotherapeutic through interfering tumorous iron metabolism (55). Two other studies revealed that nanocatalysts such as PEGylated single-atom Fe-containing nanocatalysts (PSAF NCs) and Fenton-reaction-acceleratable magnetic nanoparticles could effectively trigger or accelerate tumor-specific Fenton reaction to generate abundant reactive oxygen species to induce cancer cell death (23, 56). In recent years, as nanotechnology has rapidly developed, many engineered nanomaterials that could induce ferroptosis have been developed for applications in cancer therapy. Although ferroptosis-inducing nanomedicines show some unique advantages such as increasing the active targeting to tumors, prolong the half-life in the blood, and improving antitumor ability with the synergy effect, most of the current research was only based on cell lines or animal models (57). And the biosecurity, specific mechanisms, and potential clinical application of these emerging treatments remain to be further investigated.

As shown in Figure 7, the citation network revealed that the study titled “Ferroptosis: An Iron-Dependent Form of Nonapoptotic Cell Death”, published in Cell in 2012 is the seminal article of this field (7). In this study, they have found that erastin, a small molecule compound, could selectively kill RAS-mutated cancer cells by overwhelming lipid peroxidation. This regulated cell death process depends on iron rather than other metals, and could be suppressed by iron chelators or lipophilic antioxidants like ferrostatin-1. Thus, such iron-dependent form of cell death was termed as “ferroptosis” since then. However, it is worth noting that before ferroptosis was officially named, this nonapoptotic form of cell death has already been observed in vitro. As early as 2003, erastin was first found through synthetic lethal high-throughput screening for tumor therapeutic drugs, and it could induce a nonapoptotic cell death process (58). Subsequently, two small molecules compounds, named RSL3 and RSL5, were found that they could increase lethality in the presence of oncogenic RAS, and activate a similar death mechanism like erastin (59). Although these two studies were not included in the top 100 articles of this field due to the setting of keywords search. They are also worth emphasizing as they have laid important groundwork for future studies. At the same time, Professor Stockwell BR and colleagues have made tremendous contributions to the establishment and progression of this field. In terms of these the top 100 articles, 19 listed his name.

Through the analysis of high-frequency terms and phrases extracted from the titles and abstracts, the top 100 most-cited articles covered a wide range of topics regarding ferroptosis. As evident from Table 4, in addition to term of ferroptosis, these terms or phrases including cell death, cancer cell, GPX4, pathway, inhibitor, mechanism, iron, lipid peroxidation, resistance, erastin, sorafenib, P53, reactive oxygen species, necroptosis, apoptosis, glutathione peroxidase, ACSL4, autophagy, and SLC7A11 appeared more frequently in the top 100 articles. From these terms, we could find that the current attentions of ferroptosis mainly focus on potential regulatory mechanism and pathways, key ferroptosis-related genes/molecules such as GPX4 (60, 61), P53 (62), SLC7A11 (63), ACSL4 (49, 64, 65), NRF2 (16, 66), ALOX15 (67, 68), oxidant and antioxidant system (69, 70), ferroptosis-inducing agents or nanomedicine for cancer therapy (23, 55, 56, 71), as well as the role of ferroptosis in non-neoplastic disorders such as renal failure and tubular necrosis (60, 72, 73), cardiomyopathy (74), hemorrhagic stroke (22, 75), intestinal ischemia/reperfusion (20), and neurodegenerative diseases (21, 76). Meanwhile, as shown in Figure 9, the combination therapeutic strategies targeting ferroptosis in radiotherapy or immunotherapy are gradually being valued (77, 78).

Regarding the potential regulatory mechanism and pathways on ferroptosis, there have been many high quality systematic and narrative reviews in Supplementary Table1 (8, 79), and thus will not be discussed further here. In brief, the key regulatory mechanisms and pathway of ferroptosis includes iron metabolism, lipid metabolism, amino-acid metabolism, as well as other factors such as GSH-dependent pathway, transsulfuration pathway, thioredoxin, peroxiredoxin, and so on (80, 81). With increasing ferroptotic mechanisms were clarified and ferroptosis inducers/inhibitors were found, there is increasing number of studies focusing on the discovery of ferroptosis-inducing agents such as small molecules and nanomaterials to eradicate malignancies (82–84). Ferroptosis inducers such as erastin, could be used with various chemotherapeutic agents including temozolomide, doxorubicin, cisplatin, and cytarabine in different type of cancers (66, 85). However, ferroptosis is also considered to be related to the onset of various diseases (74, 86). Thus, controlling the dosage of ferroptosis inducers and improving the specificity are essential for reducing the adverse events on normal tissues. And it is also of great clinical significance to clarify the key mechanism regulating ferroptotic sensitivity to tumor cells and avoiding the escape of malignancies from anticancer modalities.

Additionally, an increasing number of studies have confirmed that ferroptosis could interact with immune cells and enhance the immunogenicity of cancer cells. A study by Wang and colleagues found that CD8+ T cells activated by immune checkpoint blockade were able to promote ferroptosis-specific lipid peroxidation in tumor cells by secreting interferon gamma (IFNγ). Mechanistically, IFNγ significantly downregulated the expression of SLC3A2 and SLC7A11, and then impaired the uptake of cystine by tumor cells, which resulted in enhanced lipid peroxidation and ferroptosis (77). Meanwhile, ferroptosis can expose tumor antigens and improve the immunogenicity of tumor microenvironment and thereby promoting T-cell activation and facilitating antitumor T-cell immune response (87, 88). A study conducted by Lang et al. found that ferroptosis was a novel point of synergy between radiotherapy and immunotherapy. Immunotherapy sensitizes tumors to radiotherapy by promoting tumor-cell ferroptosis and SLC7A11 was a critical regulator in this process (78). Consequently, ferroptosis plays an essential role in the regulation of T-cell-mediated cellular immunity. Induction of ferroptosis through iron deposition-based combination strategies with direct or indirect ferroptosis inducers emerges to be promising therapeutic approaches to improve anti-PD-1/PD-L1 immunotherapy.



Limitations

This study has several limitations of note. First, we only used WoSCC database as data source, which may miss several related publications in other databases such as Scopus and Pubmed. However, different databases have different ways to count citations, this may be inappropriate to merge data from different databases. Among these databases, WoSCC is the most commonly used for analyzing the highly cited articles in a certain field (34, 35, 38). And it is generally thought that WoSCC is able to represent the condition of most publications in a field and is a reliable source of international peer-reviewed publications (89–91). Second, it should be noted that the frequency of citations in earlier studies should be higher than the recently published ones owing to the time factor, though the academic impact of former ones may be not really stronger than that of later ones (92). Thus, some breakthrough works published recently might be excluded due to lack of sufficient time to accumulate citations. Third, it remains controversial whether citations counts could reflect academic influence, though it is a widely used reference index (93). We are in agreement with the viewpoint that citations might not be fully representative of real academic values and the impact of one study should be evaluated comprehensively. In spite of this, the results of this study still could answer several important questions.



Conclusion

Overall, based on bibliometric analysis of the publications over the past decade, the top 100 most influential articles regarding ferroptosis were identified to provide a comprehensive and quantitative analysis of the key contributions made to drive the evolution of this field. Moreover, the current hotspots were also identified to provide useful insights for scholars. Since the ferroptosis concept was proposed in 2012, it has been noted that the ferroptosis related domain is developing tremendously. The USA could be viewed as the dominant country in terms of the number of high-impact articles, world-class academic institutions, and leading scientists in this research field. Currently, research in the field of ferroptosis is mainly focused on potential regulatory mechanism and pathways, key ferroptosis-related genes/molecules, oxidant and antioxidant system, ferroptosis-inducing agents or nanomedicine for cancer therapy, as well as combination therapeutic strategies. Continued in-depth studies in this area will contribute to a better understanding of the molecular pathophysiological mechanisms of multiple diseases and help to discover more potential therapeutic targets.
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