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research hotspots and
frontiers (2012-2025)
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Yixuan Cai1, Linyu Guan2, Jiaqi Guan1*‡ and Lei Wang1*‡

1School of Pharmaceutical Sciences, Zhejiang Chinese Medical University, Hangzhou, China, 2School
of Public Health, Zhejiang Chinese Medical University, Hangzhou, China
Background: Ferroptosis is a form of programmed cell death triggered by iron-
dependent lipid peroxidation. Accumulating evidence has revealed potential
associations between cellular Ferroptosis and infection, in�ammation, and
immunity. Given the substantial literature in this �eld, the present study aims
to comprehensively overview the research hotspots and knowledge
structure underlying the interplay between Ferroptosis and immunity via
bibliometric analysis.
Methods: Relevant literature focusing on Ferroptosis and immunity—published
between January 1, 2012, and August 31, 2025—was retrieved from the Web of
Science, PubMed, and Scopus databases. Bibliometric analyses, encompassing
evaluations of national contributions, institutional collaborative networks, journal
outputs, and keyword co-occurrence, were conducted using CiteSpace,
VOSviewer, and Origin software. These analyses aimed to delineate research
trends and project future research trajectories.
Results: A total of 3,436 publications relevant to Ferroptosis and immunity were
included in this study. The analysis revealed a continuous and steady growth in
the number of articles published in this �eld over the past 12 years. At the national
level, China leads in both publication output (H-index = 99) and institutional
contributions, with Central South University and Sun Yat-sen University each
accounting for 154 papers. In contrast, the United States (average citations per
paper: 114.11) and Germany (average citations per paper: 142.92) demonstrate
outstanding performance in research impact. Frontiers in Immunology stands
out as the most proli�c journal, with 162 published articles in this �eld. Keyword
co-occurrence analysis indicated that the application of Ferroptosis in cancer
immunotherapy currently constitutes the most prominent research focus.
Conclusion: This study represents the �rst systematic bibliometric analysis of
literature on Ferroptosis and immunity, leveraging data from the Web of Science,
PubMed, and Scopus databases. These �ndings underscore that oncology and
immunology are the dominant disciplines in this �eld, with Ferroptosis-targeted
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cancer immunotherapies and the modulation of the tumor immune
microenvironment (TME) emerging as key frontiers. Strengthening international
collaboration and focusing on high-impact research will facilitate the clinical
translation of therapeutic strategies for immunity-related diseases.
KEYWORDS

bibliometrics, cancer immunotherapy, ferroptosis, immunity, tumor immune microenvironment
1 Introduction

Ferroptosis, a distinct form of iron-dependent regulated cell
death triggered by iron overload and lipid peroxidation (1), has
emerged as a rapidly growing research focus across multiple
disciplines since its �rst identi�cation in 2012. This unique cell
death modality is tightly regulated by a spectrum of cellular
metabolic processes, including redox homeostasis, iron
metabolism, mitochondrial activity, and the metabolism of amino
acids, lipids, and carbohydrates. Additionally, it is modulated by a
numerous disease-associated signaling pathways (2). Notably,
Ferroptosis servers as a key driver of organ damage and
degenerative pathologies in numerous clinical contexts. For
instance, it has been implicated in diverse pathological conditions
such as cancer, eurodegenerative diseases, tissue damage, infection,
in�ammation, and immunity, all of which exhibit close associations
with the human immune system (3). The crosstalk between cellular
Ferroptosis and infection, in�ammation, as well as the immune
system is rooted in their profound interactions at the levels of
oxidative stress and metabolism. Emerging evidence has
demonstrated that pathogen infection can directly induce
mitochondrial oxidative stress and iron metabolism dysregulation,
thereby triggering the ferroptotic program in host cells (4).
Concomitantly, the release of alarm signals such as damage-
associated molecular patterns (DAMPs) during this process
potently activates the innate immune response (5). In the context
of in�ammation, classical pro-in�ammatory cytokines modulate
cellular susceptibility to Ferroptosis, while lipid peroxidation
products generated by Ferroptosis act as potent pro-in�ammatory
mediators per se, thus forming a self-amplifying pathological
cycle (6).

The immune system serves as the body’s core defense against
pathogen invasion and a key regulator of internal homeostasis,
orchestrating the recognition and elimination of abnormal cells
through the synergistic coordination of innate and adaptive
immunity. Emerging evidence over recent years has underscored
that Ferroptosis plays a pivotal role in regulating the function of
innate immune cells (7). Notably, this regulation operates
bidirectionally: On one hand, the immune system can precisely
modulate Ferroptosis progression by secreting cytokines,
chemokines, and metabolites. On the other hand, conversely,
02
ferroptotic cells release a spectrum of signaling molecules—
including Damage-Associated Molecular Patterns (DAMPs)—
which are readily detected by immune cells; this detection, in
turn, modulates immune cell differentiation, activation, migration,
and other biological behaviors, thereby reshaping the immune
microenvironment (8). These two interconnected and synergistic
processes play a critical role in driving the pathogenesis and
progression of diverse diseases, such as cancer, neurodegenerative
diseases, cardiovascular diseases, and autoimmune disorders (9, 10).
Elucidating the intrinsic crosstalk between Ferroptosis and
immunity is essential for deepening our understanding of
disease pathogenesis. Targeting these interaction nodes could
therefore enable effective disease intervention, offering
new prospects for improving patient prognosis (11). Consequently,
in-depth investigation into the Ferroptosis-immunity axis
carries substantial theoretical value and broad clinical
translational potential.

Since its discovery in 2012, the volume of publications on
Ferroptosis research has expanded exponentially over the past
decade. By clarifying the regulatory mechanisms governing
Ferroptosis and its associations with diverse diseases, Ferroptosis
has emerged as a highly promising therapeutic target (12).
However, the rapid advancement of this research �eld has also
brought new challenges—particularly limitations in experimental
methodologies—that may lead to misinterpretation of Ferroptosis
assessment. Thus, synthesizing recent literature on the interplay
between Ferroptosis and immunity is essential, with the goal of
offering practical recommendations to guide future in-depth
investigations in this �eld.

Distinct from traditional narrative reviews, bibliometric
analysis utilizes statistical methodologies to quantitatively analyze
scienti�c literature. It identi�es leading institutions/countries, core
authors, key journals, and highly cited references, while also
characterizing research trends or hotspots. Furthermore, it
facilitates the accurate identi�cation of research foci and
exploration of novel research directions via software-assisted
visual analysis of literature—including tools such as CiteSpace,
VOSviewer, and Origin (13). Given the complexity and vastness
of the existing literature on the Ferroptosis-immunity axis,
traditional narrative reviews may not be suf�cient to
comprehensively grasp the research landscape. Therefore, this
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study employs a bibliometric framework to conduct a visual
analysis of relevant literature, aiming to provide a more
systematic and in-depth understanding of their interplay. This
approach can not only identify key research areas and emerging
trends but also offer valuable insights for future research directions.
2 Materials and methods

2.1 Data sources

This study retrieved literature on Ferroptosis and immunity
from three databases: Web of Science Core Collection (WoSCC),
PubMed, and Scopus. All searches were conducted on the same day
to avoid potential bias introduced by daily database updates.
2.2 Search strategy

The search strategy employed in the WoS database was
formulated as follows: TS=((Ferroptosis) AND (Immune OR
Immunity)). The search was restricted to English-language
articles and reviews published between January 1, 2012, and
August 31, 2025.

For the PubMed database, the search query was de�ned as:
((Immune[Title/Abstract]) OR (Immunity[Title/Abstract])) AND
(Ferroptosis[Title/Abstract]). The following �lters were applied to
re�ne the search results: document type (Article or Review),
language (English), and publication date (January 1, 2012, to
August 31, 2025).

In the Scopus database, the search formula used was: (TITLE-
ABS-KEY (Ferroptosis) AND TITLE-ABS-KEY (Immune OR
Immunity)). The retrieval was limited to English-language
Frontiers in Immunology 03
Articles and Reviews, with the publication time frame spanning
from 2012 to 2025.
2.3 Data screening

2.3.1 Inclusion criteria
Literature related to Ferroptosis and immunity was retrieved,

and the assessment of literature relevance was conducted via
independent review by two researchers. The review criterion was
that both Ferroptosis-associated terms (e.g., Ferroptosis) and
immunity-associated terms (e.g., Immune, Immunity) were
present in the title or abstract. A total of 4451 publications were
obtained through this retrieval process.

2.3.2 Exclusion criteria
(1) Duplicate records; (2) Featured journals, scienti�c and

technological achievements, newspaper articles, and conference
proceedings; (3) Publications unrelated to Ferroptosis and
immunity. A total of 3,436 publications ultimately met the
inclusion criteria. The search results are illustrated in Figure 1.
2.4 Data visualization

Retrieve the relevant literature and export it in both RefWorks
and plain text formats, naming the �les as “download-0*.txt”.
Utilize CiteSpace 6.4.R1 to perform data deduplication and
format conversion. Con�gure the following parameters: (1) Time
slicing: January 1, 2012 – August 31, 2025; set the slice length to “1”.
(2) Node types: Select “Author”, “Institution”, and “Keyword” for
analysis. (3) Selection criteria: Con�gure g-index (K = 25), Top N =
50, and Top N%=10.0%. (4) Pruning method: Apply “Path�nder”
FIGURE 1

Literature screening �owchart.
frontiersin.org

https://doi.org/10.3389/fimmu.2025.1739210
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Huang et al. 10.3389/fimmu.2025.1739210
and “Pruning sliced network” algorithms. Conduct data
preprocessing followed by visual analytics to investigate
publication trends, institutional co-occurrence, research
collaboration patterns, keyword clustering hotspots, and
disciplinary orientations. Generate foundational statistical tables
using Excel to enhance data interpretability. Employ VOSviewer to
analyze keyword co-occurrence networks based on the exported
RefWorks �les.
3 Results

3.1 Publication trends

To characterize publication trends in Ferroptosis-immunity
research, this study retrieved relevant literature (published
January 1, 2012–August 31, 2025) from the WoSCC, PubMed,
and Scopus databases via subject term-based searches. Following
the exclusion of irrelevant articles per prede�ned criteria, a total of
3,436 publications were included—consisting of 2,742 research
articles and 694 review articles (Figure 2A). Analysis of these
trends indicates that Ferroptosis-immunity research had already
garnered initial attention prior to 2020. Early studies had
established that Ferroptosis occurs in tumor cells and contributes
to cancer immunity (14), laying a foundational framework for
subsequent investigations. From 2021 to 2025, the annual number
of publications increased markedly, solidifying Ferroptosis-
immunity as a globally prominent research focus. Two key factors
likely drove this sharp growth: �rst, the widespread adoption of
cutting-edge technologies—including gene editing (e.g., CRISPR-
Cas9), single-cell sequencing, and nanotechnology—in Ferroptosis-
immunity research (15–17); second, signi�cant advances in
elucidating the roles of Ferroptosis in tumor immunotherapy and
autoimmune diseases (18). These developments have collectively
established Ferroptosis-immunity as a research hotspot in the
medical �eld (Figure 2B). Looking forward, as Ferroptosis-
immunity research advances—coupled with expanded research
funding support and strengthened academic exchanges—the
number of publications is projected to keep growing over the next
decade. Importantly, this progress may also facilitate the translation
of key theoretical �ndings into clinical practice. For the subject
categories of the included literature (Figure 2C), the top �ve �elds
were as follows: Oncology (578 publications, 16.8%), Biochemistry
Molecular Biology (454 articles, 13.2%), Cell Biology (431 articles,
12.5%), Immunology (421 articles, 12.3%), and Pharmacology
Pharmacy (301 articles, 8.8%).
3.2 Analysis of countries, institutions, and
journals

3.2.1 Geographical distribution map of countries
and regions

Globally, research on Ferroptosis and immunity is being
conducted across 70 countries and regions, with their respective
Frontiers in Immunology 04
publication contributions visualized in Figure 3A. China leads with
the highest number of publications—its output far surpassing the
combined total of all other countries and regions. Beyond China,
the United States, Germany, Italy, and South Korea have also
produced substantial research output in this �eld. Notably, China
also ranks �rst in the overall H-index (99) of publications in this
FIGURE 2

Number and type of literature related to ferroptosis and immunity.
(A) Literature type distribution. (B) Annual publications quantitative
distribution. (C) Subject categories distribution.
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domain. However, it lags behind other leading countries in average
citations per article (19.52), a trend that suggests room for
improvement in the impact of Chinese publications. The United
States performs strongly in both metrics: it ranks second in overall
H-index (71) and second in average citations per article (114.11),
re�ecting a balanced strength in both research quantity and
publication in�uence. Germany presents a distinct pattern:
despite a lower overall publication volume, it ranks �rst in
Frontiers in Immunology 05
average citations per article (142.92), highlighting the high impact
of its research in this �eld (Figure 3B). China leads in the number of
publications, which may be attributed to the inclusion of “tumor
immunity and cell death regulation” as a key research priority
in China’s “14th Five-Year Plan”. In contrast, the average
citation frequency of papers from the United States is higher than
that from China, which is presumably due to two factors: �rst,
U.S. research focuses more on original innovative mechanisms;
FIGURE 3

Global contribution map of scienti�c publications. (A) Overall situation of number of publications worldwide. (B) Number of publications, sum of
citations (×0.05), H-index (×5), and average citations in the top 10 countries or regions. (C) International Collaborative Publication Relationships
among Countries.
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second, a larger proportion of U.S. studies are published in high-
impact journals.

Figure 3C presents a network visualization of international
collaborative publications derived from the WOS database.
Within this �gure, node size corresponds to the volume of
publications, while node color encodes the chronological
sequence of publication. Analysis parameters (top-left corner)
reveal 70 nodes and 183 edges in total—an observation that
re�ects intensive international research collaboration in this �eld.
Notably, the connecting edges are predominantly yellow, green, and
blue; this color distribution indicates that cross-country
collaborative publications over the past �ve years have been
highly frequent, constituting the overwhelming majority of total
collaborative publications. Looking ahead, the volume of literature
focusing on Ferroptosis and immunity is anticipated to keep
expanding over the next 5–10 years, with international
collaborative efforts becoming increasingly intensive.
3.2.2 Institutional collaboration network map
The collaborative network of research institutions, constructed

based on publication data, is presented in Figure 4, which includes
391 nodes and 1,009 edges. Across the three databases, the
institutions ranked top in publication output are Central South
University and Sun Yat-sen University, each with 154 publications.
They are followed by Fudan University and Shanghai Jiao Tong
University, both recording 123 publications, and then Zhejiang
University, with 116 publications. Analysis of this institutional
collaboration network further indicates that the top three
institutions in terms of publication volume are all Chinese higher
education institutions—and these leading entities exhibit extensive
inter-organizational collaborative ties. This observation
underscores the growing integration of Chinese higher education
institutions into the global academic community, as evidenced by
Frontiers in Immunology 06
the active publication of research �ndings by numerous domestic
universities in international journals and platforms. This trend
re�ects the advancing internationalization of China’s higher
education system and the expanding global academic impact of
its institutions.

3.2.3 Author publication contribution map
An analysis of the retrieved literature demonstrates that a total

of 19,846 authors have contributed to Ferroptosis-immunity
research. Figure 5 and Table 1 summarize the most proli�c
authors in this �eld. Notably, Kang, Rui emerges as the most
productive contributor, with 29 publications over the past 13
years, followed by Tang, Daolin and Zhang, Yu (each with 28
publications) and Wang, Wei (27 publications). Notably, however,
the number of publications alone is not a reliable metric for
evaluating research output—citation counts better re�ect an
author’s academic in�uence (19). Among the top 10 authors
listed in Table 1, seven have an average number of citations per
publication surpassing 500. Furthermore, Tang, Daolin has the
highest total citations (5,286) across his publications, indicating
that his work has exerted a profound impact on Ferroptosis-
immunity research.

3.2.4 Journal publication contribution map
Figure 6A illustrates the journal publication network, which

comprises three distinct clusters—evidenced by the three distinct
colors in the visualization. The top three journals ranked by
publication output are detailed in Figure 6B: Frontiers in
Immunology (162 articles, impact factor: 5.9, average citations per
paper: 19.88), Frontiers in Oncology (111 articles, impact factor: 3.3,
average citations per paper: 16.45), and Frontiers in Genetics (97
articles, impact factor: 2.8, average citations per paper: 10.99).
Frontiers in Immunology has the highest publication output (162
FIGURE 4

Collaboration network diagram of research institutions in the literature.
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articles), which is highly aligned with its journal positioning of
“focusing on immunology-related interdisciplinary research.”
Notably, the “Cell Death and Immunity” Research Topic
launched by this journal has further attracted high-quality
submissions in the relevant �eld.

As depicted in Figure 6C, the journal co-citation network is
delineated into three distinct clusters, with each cluster
corresponding to one of the three color-coded groups in the
visualization. Among these, the three most highly cited journals
are Nature (with 7,059 citations), Cell (with 6,407 citations), and
Nature Communications (with 4,678 citations). Notably, all three
journals fall within the Q1 category of the Journal Citation Reports
(JCR), as classi�ed by the Institute for Scienti�c Information (ISI).
Frontiers in Immunology 07
3.2.5 Analysis of top-cited literature
Citation frequency serves as a pivotal metric for gauging current

research dynamics and predicting future trends. Table 2 enumerates
the top 10 most highly cited articles across the three databases. The
most highly cited publication—”Ferroptosis: mechanisms, biology
and role in disease” (with 4,698 citations), published in Nature
Reviews Molecular Cell Biology—offers a comprehensive and
critical overview of Ferroptosis, including its molecular
mechanisms, regulatory networks, potential physiological roles in
tumor suppression and immune surveillance, as well as its
pathological implications and therapeutic prospects (2). The
second most highly cited article—”Ferroptosis: process and
function” (with 2,854 citations), published in Cell Death and
Differentiation—systematically summarizes the regulatory
mechanisms and signaling pathways of Ferroptosis, while also
discussing its pathophysiological signi�cance in human
diseases (10).
3.3 Keywords analysis

Keywords represent the essence of literature content. Through
analytical examination, they can effectively reveal the core
intentions of research articles and help identify critical domains
and exploration directions in scienti�c investigations. A visual co-
occurrence analysis of the literature on Ferroptosis and immunity in
the three databases was performed, and the results were shown in
Supplementary Figure 1. The top 30 high-frequency keywords are
shown in Supplementary Table 1. We classi�ed 97 keywords with
frequency �15 occurrences from 3,436 publications. The keywords
TABLE 1 Top 10 authors by publication volume.

Rank Author Documents Citations

1 Kang, Rui 29 5170

2 Tang, Daolin 28 5286

3 Zhang, Yu 28 746

4 Wang, Wei 27 879

5 Zhang, Wei 22 419

6 Zhang, Hao 22 335

7 Liu, Yang 21 680

8 Wang, Yi 21 266

9 Yang, Yang 19 410

10 Li, Hui 19 240
FIGURE 5

Author contributions �gure. Node size represents the number of articles published by the author, while the connections represent collaborative
relationships between authors.
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