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ARTICLE INFO ABSTRACT
Keywords: Ferroptosis is a form of regulated cell death that was first formally proposed a decade ago. While
Ferroptosis its role in cancer cell death was initially understudied, it has recently gained considerable interest

Cancer therapy
Bibliometric analysis
CiteSpace
VOSviewer

from researchers. In recent years, a growing number of studies have focused on the role of fer-
roptosis in cancer progression, with the goal of developing novel ferroptosis-inducing cancer
therapies. This study aims to present the developmental trend and hotspots of research on
ferroptosis-inducing cancer therapy using bibliometric analysis. A literature search was con-
ducted using the Web of Science Core Collection on October 1st, 2022, to retrieve articles and
reviews pertaining to ferroptosis and cancer published from 2012 to 2022. Microsoft Excel 2016,
VOSviewer 1.6.18 and CiteSpace (version 6.1. R6) were utilized to conduct the bibliometric
analysis of publication trends, authorship, and citation networks, with a focus on identifying
countries, institutions, journals, and authors contributing to the field. These analyses were used to
predict future trends in this area. A total of 2839 articles were identified and extracted for
analysis. The number of publications has increased almost every year, with a sharp increase after
2018. China produced the most publications in this area, followed by the United States. Central
South University was the institution that published the most papers. Frontiers in Oncology was the
journal with the highest number of publications, while Cell had the greatest impact factor. Daolin
Tang was the most productive author and Dixon SJ was the most influential author. Co-
occurrence and burst analyses of keywords and references were conducted to identify the
developmental trends and hotspots in ferroptosis-inducing cancer therapy research. Main
research directions have shifted from investigating the mechanism of ferroptosis to developing
novel ferroptosis-targeting cancer therapies. Emerging topicsfocus on the role of ferroptosis in
solid tumor therapy. Based on our bibliometric analysis, we predict that research on ferroptosis in
cancer therapy will continue to be a hot topic in the future, with a growing number of treatment
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modalities related to ferroptosis being developed. Our study provides valuable insights into the
current state and future trends of research in this field, serving as a useful guide for researchers
seeking to make important contributions in this area.

1. Introduction

Ferroptosis is a form of regulated cell death that was first proposed by Dixon et al., in 2012 [1]. Unlike other types of cell death,
ferroptosis is triggered by the accumulation of lipid peroxides and the production of reactive oxygen species (ROS) on cellular
membranes, both of which are driven by active ferrous ions [2,3]. Ferroptosis occurs when the accumulation of lipid peroxide exceeds
the upper limit of cell tolerance [4,5]. Evidence of ferroptosis has been observed in various diseases, including cancers [6], neuro-
degenerative diseases [7], cardiovascular diseases [8,9], stroke [10] and so on. As a novel form of regulated cell death, ferroptosis has
garnered significant attention from researchers seeking new therapeutic strategies for cancer.

Over the years, researchers have achieved significant progress in understanding the relationship between ferroptosis and cancer.
Polyunsaturated fatty acid-containing membrane-localized lipids is the key factor in the occurrence of ferroptosis [11]. In the past few
years, researchers have identified four currently recognized ferroptosis suppressing pathways. The latest advances suggested that
GSH-GPX4 (glutathione peroxidase-4) pathway is one of the most common pathways that resists ferroptosis. The
glutathione-dependent lipid hydroperoxidase GPX4 can reduce the accumulation of lipid hydroperoxides by converting them into
non-toxic lipid alcohols on cellular membrane, thereby preventing ferroptosis in cancer cells [5]. Ferroptosis suppressor protein 1
(FSP1)/CoQq is another ferroptosis suppressing pathway. In plasma membrane, FSP1 could mediate the reduction of CoQ, which is an
antioxidant, thus protecting cancer cells from ferroptosis [12]. In 2020, a novel system was found to suppress ferroptosis by James
et al. In their study, they found tetrahydrobiopterin (BH4), a radical-trapping antioxidant, which restrains ferroptosis by protecting
lipid membranes from autoxidation [13]. Moreover, dihydroorotate dehydrogenase (DHODH) was identified to function parallelly to
GPX4 and FSP1 [14]. DHODH could reduce ubiquinone to ubiquinol and suppress ferroptosis in mitochondria, inactivation of DHODH
in GPX4!°"cancer cells could induce ferroptosis. These findings suggest that ferroptosis plays a suppressor role in the development of
cancer, indicating that targeting ferroptosis in cancer could be a novel therapeutic therapy.

Bibliometric analysis is a valuable tool for quantitative analysis of literature and statistical analysis of developmental trends and
hotspots in a given field [15]. It is also using for describing the contributions of countries, institutions, journals and authors. Through
the intuitive cooperation network, bibliometric analysis can effectively present the collaboration relationship between countries,
institutions and authors [16,17]. As previously mentioned, considerable progress has been made in the study of ferroptosis targeted
cancer treatments in recent years. Herein, we conducted a bibliometric analysis to evaluate the research focus, emerging trends and
future research priorities in the field of targeted therapy of ferroptosis in cancer.

2. Method
2.1. Data source and search strategy

Web of science is a widely recognized academic database that contains a plethora of valuable global academic information in the
world. The Science Citation Index Expanded (SCIE) database of the Web of Science Core Collection (WoSCC), which is a central
database with mainstream journals in natural science, was employed for literature retrieval in this study. To avoid citation duplication
and database updating, all source publication searches and data download were performed on October 1st, 2022. The following search
formulas: TS= (ferroptosis OR ferroptotic) AND TS= (cancer OR tumor OR neoplasm OR carcinoma OR

Adenocarcinoma OR leukemia OR sarcoma OR lymphoma OR oncology OR melanoma OR osteosarcoma OR maligancy). We
limited the publication time range from January 1st, 2010 to October 1st, 2022, the document types to articles or reviews and the
document language to English. The search yielded a total of 3269 papers. Two independent researchers filtered the title, abstract of
these articles to determine that these articles focus on the relationship between tumor and ferroptosis. Ultimately, 2839 studies were
included and applied in this study. We extracted some important information of these articles such as title, keywords, authors, in-
stitutions, countries and regions, publication year, publishing journals and saved them in plain files for further analysis.

2.2. Bibliometric analyzing

All data was imported to Microsoft Excel 2016, VOSviewer 1.6.18 and CiteSpace (version 6.1. R6) for further analysis.

Microsoft Excel 2016 was used to analyze trend of annual publications of countries/institutions, number of citations of top
countries, top publication and citations of journals, most productive authors, maximum occurrences keywords and most cited
references.

CiteSpace is a citation visualization software developed by Chaomei Chen[18], which was used to analyze the basic article in-
formation like authors, keywords and so on. It provides an experimental platform to preform co-occurrence visual network, observe the
research development process, detect topic change trends in a specific field and predict the future research direction[19]. We visu-
alized collaboration relationship between countries, institutions, authors and co-citation relationship of authors. Moreover, we
employed CiteSpace to conduct a burst analysis and a timeline view of keywords to demonstrate research hotpots and cited references
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with strong burst was also done to present the high influential references. The high-frequency keywords were clustered by CiteSpace.
Furthermore, in order to explore the scientific distribution, we made a dual-map overlay of journals.

VOSviewer was developed by Nees Jan van Eck and Ludo Waltman in 2009 and used to analyze bibliographic coupling indicators
[20]. VOSviewer is also a powerful tool which can display large bibliometric network maps. In this study, we used it to analysis the
co-occurrence of keywords.

3. Results
3.1. Global publications trend analysis

The search yielded a total of 2839 articles on the relation between tumor and ferroptosis from WoSCC with 2144 papers (75.52%)
classified as articles and 694 papers (24.48%) as reviews. The distribution of publications and citations over time can reflect the
evolution of a research field. Fig. 1A and B presents the cumulative and annual number of papers published from 2012 to 2022. The
first article was published in 2012 [1], which was a pioneering work in this field. However, the number of annual publications
remained low in the following four years. Since 2016, the number of papers has gradually increased. From 2018 to the present, there
has been an apparent and qualitative leap, and the cumulative number of papers is increasing dramatically. In 2022, the annual
number of publications has already exceeded 1000, indicating that research on ferroptosis and oncology has become a hotspot and that
scholars are enthusiastic about it.

3.2. Country and institution analysis

Over the past decade, numerous institutions from 76 countries have contributed papers to this field. As illustrated in Table 1, among
these 76 countries, only the top 8 countries have produced more than 50 publications, primarily from Asia, America, and Europe. The
People’s Republic of China leads the way with the largest output of publications (2008, 70.73%), followed by the United States (506,
25.20%), Germany (139, 4.90%) and Japan (122, 4.30%). While the first fundamental paper was published in USA, China has far
surpassed other countries in terms of the number of documents issued. But there are different results when concerning the citation
time, the frequency of citations of China (41,965 times) is lower than that of American (50,809 times). This discrepancy may be
attributed to the large number of papers published in China were in recent years and needed to be verified. As depicted in Fig. 2A, a
network visualization map of international research collaboration among the leading countries, China has the biggest node. The width
of the connection indicates the degree of cooperation between countries. Strong connections between countries denote dense co-
operations between countries. For example, the People’s Republic of China has a close collaboration with the USA, Germany co-
operates tightly with USA. Additionally, countries such as USA (0.43), Germany (0.36) and People’s Republic of China (0.21) has high
centrality, implying that these countries played a crucial role as a bridge in international cooperation between countries.

All these papers were published in 424 institutions, of which the leading top 10 productive were listed in Table 2. Among them, the
top five institutions are Cent South Univ (113, 3.98%), Zhejiang Univ (106, 3.73%), Shanghai Jiao Tong Univ (99, 3.49%), Guangzhou
Med Univ (90, 3.17%) and Fudan Univ (85, 2.99%). The top 15 institutions are all from People’s Republic of China, with Columbia
University from the United States ranking 16th, reflecting the popularity of this field in China. As shown in Fig. 2B, collaboration
between institutions is more prevalent than between countries. Columbia Univ has a broad collaboration with other institutions. The
top institutions for centrality are Chinese Acad Sci (0.28), followed by Columbia Univ (0.24) and Harvard Med Sch (0.21), highlighting
their critical role in facilitating cooperation between institutions. Furthermore, Chinese institutions’ articles appear to be younger than
those of other countries, with Columbia University being the earliest institution to publish research in this field.

3.3. Journal and co-cited journal analysis

A total of 2839 papers were published in 634 journals. Table 3 presents the top 10 journals that contribute to this field. Frontiers in
oncology published the most articles as the leading journal with 126 publications representing 4.44% of all publications. It was fol-
lowed by frontiers in cell and developmental biology (102, 3.59%), cell death & disease (64, 2.25%), biochemical and biophysical research
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Fig. 1. The annual number (A) and cumulative number(B) of publications on ferroptosis and cancer from 2012 to 2022.
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Table 1

List of top 10 countries publishing research on ferroptosis in cancer therapy.
Ranking Country Number of publications Citation Average citation
1st CHINA 2008 41,965 20.90
2nd USA 506 50,809 100.41
3rd GERMANY 139 12,651 91.01
4th JAPAN 122 8185 67.09
5th ITALY 69 1739 27.60
6th FRANCE 61 4356 71.41
7th SOUTH KOREA 50 2234 44.68
8th AUSTRALIA 46 3992 86.78
9th CANADA 38 2843 74.82
10th RASSIA 38 2054 54.05

A B

Fig. 2. Analysis of countries (A) and institutions (B) engaged in ferroptosis in cancer therapy.

Table 2

List of top 10 productive institutions related to ferroptosis in cancer therapy.
Ranking Institution Country Count %
Ist Cent South Univ China 113 3.98%
2nd Zhejiang Univ China 106 3.73%
3rd Shanghai Jiao Tong Univ China 99 3.49%
4th Guangzhou Med Univ China 90 3.17%
5th Fudan Univ China 85 2.99%
6th Sun Yat Sen Univ China 84 2.96%
7th Chinese Acad Univ China 82 2.89%
8th Shandong Univ China 58 2.04%
9th Sichuan Univ China 57 2.01%
10th Wuhan Univ China 57 2.01%

communications (55, 1.94%), frontiers in genetics (54, 1.94%). These journals accounted for 20.57% of all publications in this field.

The impact factor (IF) is a widely used metric to judge the authority of a journal in particular fields which is related to its co-citation
frequency [21]. Higher IF means publications in that journal have more citations and journals is more important in its field. Journals
with higher IFs are considered to be more important in their respective fields. As can be seen in Table 3, Cell is the most frequently cited
journal with its cited frequency exceeding 7000. Nature was the second with cited frequency of 6632, followed by P Natl Acad Sci USA
(3720), J Biol Chem (3247) and Cell Death Differ (3100).

To further explore the relationships between citing and cited journals, we used CiteSpace to create a dual-map overlay of journals.
The left side represents citing journals, while the right side represents cited journals. The color path that is from left side to right side
represents the relationship of their citation relationship. In Fig. 3, there are mainly one orange path, which indicates that papers
published in “Molecular, Biology, Genetics” journals were mostly frequently cited in papers published in “Molecular, Biology,
Immunology” journals.

The analysis of the top contributing journals and their impact factors, as well as the relationship between citing and cited journals,
provides valuable insights into the publishing trends and the most influential sources in this field.

3.4. Author and co-cited author analysis

More than 1,5000 researchers co-authored these publications related to ferroptosis and cancer. Among them, Daolin Tang headed
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Table 3
List of top 10 journals and co-cited journal related to ferroptosis in cancer therapy.
Ranking  Journal Count IF Country JCR Co-cited Journal Citation IF Country  JCR
(2022) (2022) (2022) (2022)
1st Frontiers in oncology 126 5.738 Switzerland Q2 Cell 7238 66.85 USA Q1
2nd Frontiers in cell and 102 6.081 Switzerland Q1 Nature 6632 69.504 England Q1
developmental
biology
3rd Cell Death & Disease 64 9.685 England Q1 Proceedings Of the 3720 12.779 USA Q1

National Academy of
Sciences of The United
States of America

4th Biochemical and 55 3.322 USA Q3 Journal Of Biological 3247 4.7 USA Q2
Biophysical Research Chemistry
Communications
5th Frontiers in genetics 54 4.772 Switzerland Q1 Cell Death and 3100 12.067 England Q1
Differentiation
6th Frontiers in 49 5.988 Switzerland Q1 Cancer Research 3090 13.312 USA Q1
pharmacology
7th Oxidative Medicine 49 7.21 USA Q1 Free Radical Biology and 2726 8.101 USA Q1
and Cellular Longevity Medicine
8th International Journal 46 6.208 Switzerland Q1 Cell Death & Disease 2571 9.685 England Q1
of Molecular Sciences
9th Redox Biology 39 10.787 Netherlands Q1 Nature Communications 2514 17.694 England Q1
10th Frontiers in 39 8.786 Switzerland Q1 Biochemical And 2311 3.322 USA Q1
immunology Biophysical Research
Communications
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Fig. 3. A dual-map overlay of journals related to ferroptosis in cancer therapy.

the list with 58 documents, followed by Rui Kang (n = 54), Conrad Marcus (n = 29), Jiao Liu (n = 28), and Stockwell Brent R (n = 26)
(Table 4). We set the minimum number of documents of an author to 5, and 363 authors met the threshold. The collaboration map in
Fig. 4 show authors with high centrality having a purple ring around the node. As we can see, Daolin Tang (0.20), Jiao Liu (0.20) and
Stockwell Brent R (0.14) not only have the highest productivity but also high centrality, indicating their close cooperative relationship
with other authors in this field. This suggests enhanced cooperation may lead to more productive outcomes.

When two or more authors are cited by one paper simultaneously, they are considered to be co-cited authors [22]. As shown in
Table 4, the numbers of citation of the top 10 co-cited authors over 600 times. The most frequently co-cited author is Dixon Scott J
(2903 citations), far ahead of the authors behind, who also has a high article output, which indicates that he has achieved a lot of
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Table 4
List of top 10 productive and co-cited authors.

Ranking Author Count Country Co-cited Author Count Country

Ist Tang DL 58 57 China Dixon SJ 2903 USA

2nd Kang R 54 54 China Yang WS 2291 USA

3rd Conrad M 29 26 Germany Stockwell Brent R 1227 USA

4th LiuJ 28 28 China Angeli JPF 1007 Germany

5th Stockwell Brent R 26 26 USA Doll S 978 Germany

6th Dixon SJ 19 21 USA Gao MH 978 USA

7th Chen X 1819 China Jiang L 707 USA

8th Kroemer G 16 17 France Hassannia B 646 Belgium

9th Gan BY 1517 USA Chen X 633 China

10th Guw 1516 USA Sun XF 611 China
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Fig. 4. Collaboration map of author of the articles related to ferroptosis in cancer therapy.

convincing and impactful results.

Keywordanalysis; Keyword co-occurrence analysis can well illustrate the research frontiers and hotspots in research on ferroptosis
and cancer. This analysis was performed on the 2839 articles mentioned above. We merged similar keywords (immune therapy and
immunotherapy, cell-death and cell death) and generated a keyword co-occurrence map using VosViewer to analyze the relationship
between different subjects (Fig. 5A). Fig. 5B shows a density map, which can intuitively display frequency of keywords. Table 5 shows
the frequency of keywords. The frequency of keyword “ferroptosis” is far ahead (n = 1872), followed by cell-death (n = 636), cancer (n
= 631), apoptosis (n = 461) and iron (n = 448). In Fig. 5A, the node represents keywords, and the size of node corresponds to the
frequency of the keywords. The colors of the nodes represent particular year: color from purple to yellow indicates time from far to

Table 5

List of top 20 keywords.
Ranking Keyword Count Ranking Keyword Count
Ist ferroptosis 1872 11th activation 290
2nd cell death 636 12th autophagy 244
3rd cancer 631 13th cancer cell 243
4th apoptosis 461 14th cell 241
5th iron 448 15th resistance 231
6th expression 437 16th inhibition 219
7th death 411 17th lipid-peroxidation 202
8th metabolism 402 18th prognosis 181
9th oxidative stress 390 19th pathway 157
10th mechanism 345 20th gpx4 151
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near. In early years, keywords “cell death, cancer, apoptosis” appear more frequently, while keyword “hepatocellular cancer, gastric
cancer, prognosis” appear more in recent years. This trend shows that the research focus in this field is shifted to specific cancer
diseases.

By clustering common keywords, a total of 10 clusters were obtained, each cluster represents a research direction (Fig. 5C). For
instance, cluster O is the largest cluster with 86 keywords, the most common keywords are gastric cancer, pancreatic cancer, invasion,
immune infiltration and receptor, indicating that tumor of digestive tract was a popular research topic and attracted more attention of
researchers in last decade. Cluster 1 was the earliest cluster based on the time whose keyword first appeared, the most used keywords
are cell death, cancer, expression, oxidative stress and metabolism. In the cluster 2, the most used keywords are lipid peroxidation,
peroxidation, homeostasis, polyunsaturated fatty acid and hydrogen peroxide. Cell, sensitivity, target, nrf2 and gpx4 are the most
frequent keywords in cluster 3. In cluster 4, keywords with the most repetition are colorectal cancer, biology, molecular mechanism,
gene expression and metastasis. There are 62 keywords in cluster 5, including immunotherapy, immune microenvironment, long
noncoding RNA, endoplasmic reticulum, stress and prognostic signature. Cluster 6 contains 56 keywords, including breast cancer,
therapy, proliferation, survival and lung cancer. In the cluster 7, tumor microenvironment, photodynamic therapy, delivery, drug
delivery are the most frequent keywords in all 55 keywords. There are 47 keywords in cluster 8, including promotes ferroptosis,
cystine/glutamate, antiporter, gene signature, cisplatin resistance and inhibits ferroptosis. Cluster 9 contains the minimal keywords.
There are 37 keywords in cluster 9, including promote, artemisinin, complex, temozolomide and cycle arrest. Moreover, a time line
viewer of keywords based on the keywords clustering was built using CiteSpace, which could explain the trend of research topics in this
field over time (Fig. 5D). It is intuitive to see the research focus at each stage and explore the evolution track.

“Burst” means that the frequency of keywords suddenly rises sharply and lasts for a period of time. Keyword burst analysis can
reflect the evolution of frontier hotspots in a field and predict the future direction to a certain extent. The top 30 keywords with the
strongest citation bursts were presented by CiteSpace (Fig. 6). In Fig. 6, the blue line represents the time span, while the red line
represents the time period of keyword burst. Among the top 20 keywords with citation bursts, “tumor suppression” has the strongest
burst, suggesting ferroptosis in tumor suppression is a hotspot from 2016 to 2018. This indicated that ferroptosis may play an
important role in anti-tumor. “Cancer cell” and “hydrogen peroxide” is the keyword with the longest burst duration (6 years), meaning
researchers have focused on biochemical mechanism of cancer cell metabolism for a long time. Moreover, in recent years, keyword
“tumor immunity” and “immunity status” began to explode, showing that attention had shifted to finding immune therapy of cancer
through ferroptosis pathway.

3.5. References analysis and co-cited reference analysis

Co-cited references refer to a group of articles that are frequently cited together in other articles. The frequency of co-citations can
present the academic value of articles and the evolutionary process in a research field [23,24]. Highly cited articles mean they play a
pivotal role in the cooperation with other articles. Table 6 summarizes the top ten most cited references. These articles were mainly
published between 2012 and 2019, which may be because the articles published in the past 3 years need more time and more ex-
periments to be verified. Among these ten articles, most articles were cited more than 500 times. All these articles are published in
journals with high impact factors, the top 3 references were all from cell. Dixon SJ is the only author who has two papers in the top ten
most cited references. The titles of these two references are “Ferroptosis: an iron-independent form of nonapoptotic cell death” [1] and
“Pharmacological inhibition of cystine-glutamate exchange induces endoplasmic reticulum stress and ferroptosis” [25]. The former
was groundbreaking work, who first proposed the concept of ferroptosis. In their statement, ferroptosis is an iron-dependent form of
nonapoptotic cell death that is morphologically, biochemically, and genetically distinct from known forms of cell death, which can be
triggered by erastin through inhibiting system X. -mediated cystine-glutamate exchange. And activation of ferroptosis results in the
destruction of certain cancer cells, and could protect organisms against neurodegeneration when inhibiting this process. The study
further identified that ferroptosis is regulated by a distinct set of genes including acyl-CoA synthetase family member 2 (ACSF2), citrate
synthase (CS) and so on,. Moreover, they found a compound named ferrostatin-1 that could effectively inhibit ferroptosis in cancer cell.

Table 6
List of top 10 cited references related to ferroptosis in cancer therapy.
Ranking  Year Author Journal Title Citation
1st 2012  Dixon SJ Cell Ferroptosis: an iron-dependent form of nonapoptotic cell death 1819
2nd 2014  Yang WS Cell Regulation of ferroptotic cancer cell death by GPX4 1151
3rd 2017  Stockwell Brent  Cell Ferroptosis: A Regulated Cell Death Nexus Linking Metabolism, Redox Biology,and 975
R Disease
4th 2015 Jiang L Nature Ferroptosis as a p53-mediated activity during tumor suppression 599
5th 2016 XieY Cell Death Ferroptosis: process and function 585
Differentiation
6th 2014  Angeli JPF Nature Cell Biology Inactivation of the ferroptosis regulator Gpx4 triggers acute renal failure in mice 527
7th 2019 Wang WM Nature CD8™ T cells regulate tumor ferroptosis during cancer immunotherapy 505
8th 2019  Hassannia B Cancer Cell Targeting Ferroptosis to Iron Out Cancer 494
9th 2017 Doll S Nature Chemistry ACSL4 dictates ferroptosis sensitivity by shaping cellular lipid composition 490
Biology
10th 2014  Dixon SJ Elife Pharmacological inhibition of cystine-glutamate exchange induces endoplasmic 464

reticulum stress and ferroptosis




J. Zhang et al. Heliyon 9 (2023) 19801

These findings provided a novel strategy for cancer therapy. Furthermore, their studies discovered sorafenib facilitated ferroptosis in
cancer cells through inhibiting system X function. This may open up new applications for sorafenib in the treatment of cancer in
future. The second most cited paper was published in 2014, titled “regulation of ferroptotic cancer cell death by GPX4” [5]. In their
mouse models experiment, they discovered the role of GPX4 in reducing lipid peroxide and the importance in protecting cells from
lipid peroxides. Moreover, they first proved that GPX4 could mitigate ferroptosis. Results of mouse xenografts model experiments
showed inactivation of GPX4 could induce ferroptosis and inhibit tumor growth, which bring hope for the applications of
ferroptosis-induced compounds. An increasing number of studies on GPX4 have further confirmed its crucial role in the ferroptosis
induced cancer therapy. The third most cited article was a review published in cell by Stockwell Brent R [26]. This article reviewed the
mechanisms underlying ferroptosis and strengthened the connection between ferroptosis and other diseases. The article titled “Fer-
roptosis as a p53-mediated activity during tumor suppression” ranked fifth [27]. It concluded that p53 and p53°K® sensitized cells to
ferroptosis by repressing the expression of SLC7A11 (a key component of the cystine/glutamate antiporter), which is highly expressed
in certain tumors. According their conclusions, p53 could suppress cystine uptake in vivo and ROS stress jointly lead to ferroptosis.
They called it “a new mode based on p53 regulation of cystine metabolism, ROS responses and ferroptosis”, which discovered a novel
mechanism of tumor suppression.

The top 25 references according to the timeline of citation bursts are shown in Fig. 7. The top-ranked article according to citation
burst strength was “regulation of ferroptotic cancer cell death by GPX4”, which ranked second in terms of citation time. Article
“Ferroptosis as a p53-mediated activity during tumor suppression” ranked second in terms of citation burst strength. The following
article is “Inactivation of the ferroptosis regulator GPX4 triggers acute renal failure in mice [28]”. In this study, researchers demon-
strated GPX4 as a protective factor in ferroptosis and they also discovered that Liproxstatin-1 was able to suppress ferroptosis in cells.
According to the year of citation burst, 12 references (48%) were from 2016 to 2020, 9 of which were about regulation of ferroptosis in
tumor cells. These studies found many novel molecular which could induce or protect cancer cells against ferroptosis. This means that
regulation pathway in ferroptosis continue to receive attention in recent years. For example, Sun XF et al. [29] have discovered that
NRF2 could prevent hepatocellular carcinoma (HCC) cells against ferroptosis. Inhibition of NRF2 expression sensitized HCC cell to
erastin and sorafenib in tumor xenograft models. NRF2 provide insight into the ferroptosis-targeted treatment of HCC. In another
study, a study in 2015 found the iron-carrier protein transferrin and amino acid glutamine can be the ferroptosis inducers [30]. And
studies have already confirmed that p53 tumor suppressor could regulates ferroptosis by the cystine/glutamate antiporter SLC7A11
[31]. Therefore, ferroptosis could be a therapeutic option. Moreover, Christophe L et al. [32] emphasized the role of retinoblastoma
(Rb) protein in modulation of ferroptosis in HCC cells. In their experiment, Rb-negative HCC cells were more likely to occur ferroptosis
when exposure to sorafenib.

4. Discussion

The developmental stage of research in the field of ferroptosis and cancer can be understood through an analysis of published
papers. Fig. 1 presents the growth trend of publication of papers related to ferroptosis and cancer. The annual growth curve can be
divided into two periods, including steady development stage (2012-2017) and rapid development stage (2018-2022). In the first 6
years, this field began to attract people’s attention and became popular since 2019. Several articles may well explain this development.
The initial publication by Dixon et al., in 2012 introduced the concept of ferroptosis and highlighted its unique morphology and
mechanism of action, generating interest and leading to further research in the field [1]. This aroused the interest of researchers, and
the researchers began to grope about the mechanism of ferroptosis. During this period, many milestone discoveries have emerged and
leaded to the rapid growth of the field. We have made some breakthrough discoveries about the mechanism of ferroptosis. Several
authoritative studies have identified the specific lipids that drive to ferroptosis in 2017, which provide key markers for detecting
ferroptosis and lay a solid foundation for subsequent research [33,34]. Moreover, in the past few year researchers have discovered
many new key ferroptosis inducers or suppressors. Researchers discovered FIN56 and FINO, acted as ferroptosis inducers in 2016 and
phospholipids promoted ferroptosis in 2017 [34,35]. Second, the development of some important technologies has further promoted
the development of the field. In 2018, Gaschler et al. firstly used stimulated Raman scattering microscopy to illustrate the role of
mitochondria and endoplasmic reticulum in contributing to ferroptosis [36]. After that, many studies began to explore the role of
various subcellular organelles in the ferroptosis [14,37,38]. Third, researchers have realized the universality and importance of fer-
roptosis. Ferroptosis has been proven to be involved in the progress of many types of cancers [26]. One of the most important functions
of ferroptosis is tumor suppression. BAP1 can promote ferroptosis and suppress tumor tumorigenesis [39]. These authoritative and
important discoveries have driven progress in the field of ferroptosis. With continued efforts by researchers, additional targets were
discovered, and studies identified several drugs that could induce ferroptosis in cancer cells [35,40,41], providing a novel approach to
treating tumors. This greatly aroused the enthusiasm of researchers. Thus, a considerable number of studies were carried out and many
high-quality articles were published in recent years. Although there are still three months left in 2022, the publication has already
exceeded that in 2021. As time going by, the research system is also constantly improving, and the quality of articles also increased in
general. First, only 80 articles published before 2018 were cited more than 100 times, while 211 articles published after 2018 were
cited more than 100 times. Of the articles published before 2018, only 92 were in Journal Citation Reports Quartile 1, far less than
those published after 2018 (Table 3). Secondly, due to breakthroughs in research technology and the emergence of more fundamental
and heavyweight research results, our current research is moving closer to clinical practice.

In terms of distribution of countries, China and USA conducted the most publication output, followed by European countries and
Japan, among which, China is the only one developing country. China and USA have contributed almost 90% of the articles, which is
attributed to the emphasis and amount of financial support of these countries on the ferroptosis in cancer. However, despite the large



J. Zhang et al. Heliyon 9 (2023) 19801

number of publications from China, their average citations were among the lowest of the top ten productive countries. There may be
several reasons for this. First, this is likely due to the fact that the research in this field in China started relatively late. More
authoritative results require more time and longer sustained research. Second, most articles from China were published in recent years
and require further verification. And due to the short publication time of the article, the citation records still need to be improved.
Third, the research scale of many studies is relatively small and lack sufficient original discoveries and significant achievements. Fig. 2
shows the collaborations between countries, and the centrality illustrates USA dominated the countries’ cooperation. The average
citation and centrality imply USA is still the most influential country in this field. Moreover, as it shows, the green connection lines are
the most, and the strength of orange lines are thicker than those of green and purple, indicating there is more international cooperation
in recent years. Distribution of institutions was generally consistent with the country distribution. In the early period, foreign in-
stitutions have ushered this field, especially Columbia University. The earliest article about ferroptosis and the top three most cited
references were from Columbia, indicating its basic groundbreaking work and major achievements. Although China was a latecomer,
the top ten productive institutions are all Chinese universities, showing that there is a research upsurge in Chinese universities. And the
collaboration network also shows most papers in Chinese agencies were published in recent years. The collaboration of institutions was
stronger than countries, suggesting most cooperation is domestic rather than international. Lack of international cooperation may
hinder the development of the field. First, tumor is a highly heterogeneous disease, the same type of tumor varies greatly in different
countries and regions. Lack of international cooperation will make research results less convincing and universal. Moreover, the lack of
international cooperation reduces opportunities for mutual learning and the sharing of research resources, slowing down the pace of
development. International cooperation can provide a larger platform for exchange of ideas and learning, where new ideas can collide
and emerge. Researchers can deeper understand the research progress in this field. In recent years, the cooperation between countries
and institutions is becoming more and more frequent, which is also one of the reasons why the quantity and quality of articles has been
improving in recent years. Therefore, international cooperation should be encouraged to generate more ideas and promote the
development of this field.

Daolin Tang is the most productive author, who is well-known for his contribution in ferroptosis field. His major contribution was
the discovery that NRF2 is a suppressing factor in regulation of ferroptosis, which could activate p62-Keap1-NRF2 pathway and protect
HCC cells against ferroptosis [29]. In another study, Tang revealed a new mechanism of acquired sorafenib resistant in HCC patients
and discovered metallothionein (MT)-1G as a ferroptosis suppressor factor [42]. Inhibiting MT-1G enhances the sensitivity of HCC cells
to sorafenib in vivo. Tang specifically focused on the ferroptosis regulation mechanism of HCC and ferroptosis-inducing HCC therapy,
whose findings positively compensate for the limitations of traditional cancer therapy. Dixon Scott J although did not publish many
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articles, he is still recognized as the most influential pioneer in ferroptosis field. He first proposed the concept of ferroptosis, which is
different from apoptosis, necrosis and other known type of cell death [1]. Dixon further illustrated the mechanism of ferroptosis and
the overwhelming, iron-dependent accumulation of lethal lipid ROS is the characterize of ferroptosis, which is considered as the
foundation and source of subsequent ferroptosis research. Moreover, he firstly discovered ferroptosis activator erastin and ferroptosis
inhibitor ferrostatin-1. This provided a research direction for later researchers, most of whom focused on finding new molecules that
regulate the ferroptosis. More and more studies have discovered novel ferroptosis inhibitors and inducers, as well as new mechanisms
of ferroptosis [5,27]. In November 2019, Dixon et al. found a novel ferroptosis suppressing pathway called ferroptosis suppressor
protein 1 (FSP1)/CoQ;p [12], which is the second discovered ferroptosis resistance mechanism that could suppress ferroptosis Wan
Seok Yang is also an influential professor from Columbia University. He also participated in the proposal of the concept of ferroptosis,
whose article found a key regulator GPX4 and played an important role in the following search on ferroptosis mechanism [5]. These
researchers are considered as the pioneers in this field and still have a profound and lasting impact on future research.

Keyword analyses have presented the evaluation of hot research topics in the field of ferroptosis targeted therapy. The most
frequent keywords are ferroptosis, cell-death, cancer, apoptosis and iron, indicating that the research mainly focus on the ferroptosis
mechanism in cancer cell. Fig. 5A shows that keyword “cell death, cancer, apoptosis” appear more actively in early stage, which meant
researchers were interested in the biochemical mechanism of cancer cell metabolism at the beginning. And cluster 1 in Fig. 5D also
confirms this conclusion. The clustering analysis of keywords can show direction and scope in this field. Cluster 0 is mainly about
research of the role of ferroptosis in progression and therapy of gastric cancer and pancreatic cancer. Cluster 1 is mainly about the
mechanism of cell death induced by ferroptosis. The keywords in cluster 2 are mainly related to the research of peroxidation of
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Fig. 6. Time trend of keyword burst related to ferroptosis in cancer.
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Top 25 References with the Strongest Citation Bursts
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Gao MH, 2016, CELL RES, V26, P1021, DOI 10.1038/cr.2016.95, DOL 2016 21.57 2017 2020 e ——
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Fig. 7. Citation bursts of references related to ferroptosis in cancer.

ferroptosis in cells. Cluster 3 may be the study of some specific drug targets that is favorable for tumor treatment. In cluster 4, most
keywords are about the research of the role of ferroptosis in progression and therapy of colorectal cancer. The keywords of cluster 5 are
mainly about the study of immune therapy targeting for ferroptosis to treat cancer. The keywords in cluster 6 is mainly about research
of the role of ferroptosis in breast cancer therapy. Cluster 7 represents the research direction on radiotherapy targeting for ferroptosis.
Cluster 8 may focus more on the ferroptosis-inducing/suppressing molecules. The keywords in cluster 9 are more related to ferroptosis
induction drugs like artemisinin. Moreover, keywords time line viewer and citation burst could reflect the evolutionary trajectory of
research on ferroptosis targeting cancer therapy. Combining the above figures, we can draw a development path for ferroptosis in the
field of cancer therapy. Early researches focused more on the mechanism of ferroptosis in cells and its role in the process of cell death.
Later, more and more ferroptosis-related pathways were discovered, researchers gradually shift research direction to specific cancers
like gastric cancer, breast cancer, colon cancer and so on. According to the reference citation burst analysis, we can find most recent
articles are about the novel regulation molecular or pathway that could promote or suppress ferroptosis in cancer cells, which means
that ferroptosis regulation continue to receive attention in recent years. Through further understanding of the mechanism of fer-
roptosis, more means will be found to regulate ferroptosis of various tumor cells in the future. And we further analyzed the changes in
methodology of ferroptosis in the literature and found that in addition to developing new compounds that could regulate ferroptosis in
cancer cells, current research also focuses on developing methods that can reliably detect ferroptosis [38,43]. The detection of markers
is very important for the determination of ferroptosis, which is of great significance for subsequent clinical research. Based on the
results of co-occurrence and burst analyses of keywords and references, it can be found that in the future the mechanism research of
ferroptosis is still a hot spot in the future, but as time goes on, the mechanism research becomes more and more sophisticated, and the
clinical research of ferroptosis inducing cancer therapy will gradually increase. More methods will be developed to treat tumors based
on known mechanisms. Furthermore, researchers discovered many novel ferroptosis inducers that may trigger ferroptosis in cancer
cells. In recent years, researchers found that some classic anti-tumor drugs like sorafenib were related to ferroptosis, which provides a
new way to treat cancer and many novel cancer treatments have been explored. Studies related to ferroptosis targeting cancer therapy
strategies may be the hotspots in future study [41,44-47].

At present, research on ferroptosis has made great achievements. Many mechanisms and pathways have been elucidated, providing
a foundation for researchers to develop corresponding cancer therapy strategies targeting these targets in future. Currently, based on
the achievements of previous predecessors, several therapies targeting ferroptosis have been applicated to treat cancer, including
chemotherapy, immunotherapy and radiotherapy. In chemotherapy, a diverse range of cancers have gradually become resistant to
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multiple chemotherapeutics drugs, leading to poor chemotherapeutic response [48]. However, studies have suggested that
ferroptosis-inducting drugs such as sorafenib, artemisinins may be promising treatment that can reversing chemotherapy resistance to
improve chemotherapeutic response [25,32,49,50]. Studies in lung cancer and HCC have shown sorafenib inhibits the activity of
system Xc- and induces ferroptosis in cancer cells. Similarly, erlotinib, selumetinib, gefitinib, and other kinase inhibitors have also been
shown to induce ferroptosis [29,32]. Artemisinins generate free radicals against cancer and promote ferritinophagy to trigger fer-
roptosis [51]. In head and neck squamous cell carcinoma, artemisinins are effective in inducing cell death and ferroptosis by cell cycle
arrest. In addition to chemotherapy, immunotherapy can also treat cancers through ferroptosis. Inmunotherapy can activate the
innate immune system to enhance our anti-cancer capacity. PD-L1 antibodies promote ferroptosis by facilitating accumulation of lipid
peroxidation. Besides, the combination of anti-PD-L1 antibodies and ferroptosis activators could suppress tumor growth more
significantly in vitro and in vivo [41]. TGFp1 inhibits SLC7A11 transcription and activate ZEB1 to result in ferroptosis [52,53], enabling
immunotherapy in cancers possible. As for radiotherapy, which used to be considered directly inducing DNA damage or other adverse
events in cancer cells and causing cell death [54,55], was also been reported that it could directly promote ferroptosis in cancer cells
[44,56]. When receiving radiotherapy, the level of SLC7A11 decreases, which is regulated by Ataxia telangiectasia-mutated (a key
protein kinase in DNA damage repair) [57]. Radiotherapy also upregulates ACSL4, leading the occurrence of ferroptosis [58]. In
addition, the anti-cancer effect is enhanced when radiotherapy is combined with ferroptosis drugs [44,58,59]. These studies have
revealed the regulatory mechanism of ferroptosis in cancers and have significant and groundbreaking implications for the application
of ferroptosis-targeted cancer therapy. However, the vast majority researches focus on precision medicine of tumors. The application of
ferroptosis in early screening and prognosis prediction of solid tumor unsatisfactory.

4.1. Limitation

This study utilized a variety of bibliometric software to provide insight into the developmental trends and research hotspots in the
field of ferroptosis-inducing cancer therapy. However, there are some limitations to this study that should be acknowledged. First, the
literature included in this study is not exhaustive as all data was downloaded from WOSCC exclusively. Excluding data from other
search engines such as Embase and PubMed may limit the comprehensiveness of the study. Additionally, the type of publications was
limited to article and review, other types of publication like books, letter, and conference abstracts were excluded from the screening
process. Second, only the English article were searched. Because it is difficult to mix different language papers in CiteSpace and
VOSviewer. Third, in some analysis process, the software was stuck due to the large amount of data, so we reduced some data, which
may cause a bias for results. Finally, this study focused primarily on high-citation references, potentially excluding high-quality papers
published more recently. The future database update may solve this problem.

5. Conclusion

In this study, we use CiteSpace and VOSviewer to visualize the developmental trend and hotspots in the field of targeted therapy of
ferroptosis in cancer, providing a landscape for the future researchers. The results demonstrate that the attention has dramatically
increased and developed rapidly in recent 5 years, thus a great many of high-quality papers publishing. The study also suggests that the
focus on ferroptosis in cancer therapy will continue in the foreseeable future and that research in the field will lead to a climax of
development. Basic study on mechanisms of ferroptosis in cancer cells will also expand and researches will focus more on the role of
ferroptosis in therapy strategy for cancer. Additionally, new treatment modalities related to ferroptosis, such as chemotherapy,
radiotherapy, or combined therapies, will continue to be explored and may provide new insights into cancer treatment. Nonetheless,
this study provides a clearer understanding of the current state of research in ferroptosis-inducing cancer therapy and can serve as a
foundation for future research in the field.
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