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Background: Prostate cancer (PCa) is a leading malignancy among men worldwide, with its progression strongly influenced by
aging-associated changes in immune function and chronic inflammation. Chronic inflammation acts as a critical mechanism linking
aging and immune dysfunction to tumor initiation, progression, and resistance to therapy. This bibliometric analysis aims to
comprehensively evaluate the research landscape on aging, immune function, and chronic inflammation in PCa, identifying key
trends, contributors, and emerging strategies for addressing these challenges.

Methods: A total of 1,556 publications, spanning January 2015 to October 2025, were retrieved from the Web of Science Core
Collection (WoSCC). Bibliometric tools, including VOSviewer, CiteSpace, and Bibliometrix, were employed to analyze publication
trends, co-authorship networks, institutional collaborations, and keyword co-occurrences. Special focus was placed on senescence-
associated secretory phenotype (SASP) factors, inflammatory biomarkers, and immune dysfunction as aging-related drivers of PCa.
Results: Research in this domain has grown significantly over the past two decades, with the United States, China, and Italy emerging
as leading contributors. Key themes include the role of SASP factors, oxidative stress, and immune evasion in aging-related PCa
progression. Biomarkers such as interleukin-6 (IL-6) and tumor mutational burden (TMB) are increasingly explored for their potential
to guide personalized interventions. Emerging therapeutic strategies involve SASP-targeting interventions, immunotherapies like
CAR-T cells, and combination approaches to reprogram the immunosuppressive tumor microenvironment.

Conclusion: This bibliometric analysis provides a comprehensive overview of research trends at the intersection of aging, immune
function, and chronic inflammation in PCa. Rather than establishing mechanistic causality, the findings highlight chronic inflammation as
a central and evolving research focus within the field. The results offer a data-driven framework for understanding current research priorities
and may inform future mechanistic and translational studies aimed at improving therapeutic strategies for aging-associated PCa.
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Introduction
PCa is the most prevalent malignancy of the male genitourinary system and the second leading cause of cancer-related
deaths among men worldwide." With the global population aging, the burden of PCa is anticipated to rise, demanding
a deeper understanding of its complex etiology and progression. Among the key factors driving PCa development and
therapeutic resistance, aging, chronic inflammation, and immune dysfunction form an intricate interplay that shapes the
tumor microenvironment and influences disease outcomes.

Chronic inflammation serves as a pivotal mechanism in cancer biology, facilitating tumor initiation, immune evasion, and
progression.> In PCa, inflammatory processes transform the tumor microenvironment, fostering immune suppression and
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enabling cancer cell survival and proliferation.* Aging compounds these effects through systemic immunological changes,
such as immunosenescence, a gradual decline in immune competence and the accumulation of senescent cells.® These
senescent cells release pro-inflammatory mediators, collectively referred to as the SASP, which amplifies chronic inflamma-
tion, impairs immune responses, and promotes tumorigenesis.” These interconnected mechanisms underscore the critical role
of chronic inflammation as a bridge linking aging and immune dysfunction in PCa progression.

Despite the transformative impact of immune checkpoint inhibitors (ICIs) in treating cancers like melanoma and non-
small cell lung cancer, their clinical success in PCa has been limited.** PCa is classified as an immunologically “cold”
tumor, characterized by low immune cell infiltration and reduced immunogenicity, which hinder the effectiveness of ICIs.
The immunosuppressive tumor microenvironment, exacerbated by aging-related immune alterations, presents substantial
barriers to effective immunotherapy.'®'" Understanding how chronic inflammation interacts with immune dysfunction
and aging is essential for addressing these therapeutic challenges and improving outcomes for PCa patients.

Bibliometric analysis offers a robust framework for systematically exploring the research landscape on these
interconnected factors.'> By examining publication trends, collaboration networks, and influential contributions, this
approach can uncover critical gaps, highlight emerging opportunities, and inform future research directions. Such an
analysis is particularly valuable for studying the intersection of chronic inflammation, immune function, and aging in
PCa, providing insights into their collective impact on disease progression and therapeutic resistance.

This study employs bibliometric methods to comprehensively analyze research trends on chronic inflammation,
immune function, and aging in PCa from January 2015 to October 2025. Using advanced tools like VOSviewer,
CiteSpace, and the R package “bibliometrix,” the analysis aims to identify key contributors, map global collaborations,
and spotlight emerging themes. Focus areas include the role of senescence and SASP, biomarker discovery, and
innovative therapeutic strategies targeting the triad of aging, immune dysfunction, and chronic inflammation. By
providing a nuanced understanding of these interconnected factors, this study seeks to inform future translational efforts
and lay the groundwork for more effective and personalized approaches to PCa management.

Methods
Search Strategy

A comprehensive literature search was performed using the WoSCC database (https://www.webofscience.com/wos/woscc/

basic-search) to identify relevant publications on the interconnections between aging, PCa, and immune function. The search
covered literature published from 2015 to 2025. The database search was conducted on 9 December 2025 (single-day search)
to ensure consistency and to avoid temporal variations in indexing and citation counts: TS = ((“prostate cancer” OR “prostate
neoplasms” OR “prostate carcinoma” OR “androgen-resistant prostate cancer” OR “hormone-sensitive prostate cancer’)
AND (“immune function” OR “immune response” OR “immune regulation” OR “immunotherapy” OR “immune checkpoint”
OR “checkpoint inhibitor” OR “tumor microenvironment” OR “tumour microenvironment” OR “tumor-infiltrating lympho-
cyte” OR “T cell” OR “T-cell” OR “lymphocyte” OR “regulatory T cell” OR “natural killer cell” OR “NK cell” OR
“inflammatory response” OR “chronic inflammation” OR “inflammation”) AND (“aging” OR “age-related” OR “senescence”
OR “immunosenescence” OR “older adults” OR “elderly” OR “‘aging population”)).

To ensure the quality and relevance of the search results, several filters were applied. Only peer-reviewed “articles”
and “reviews” written in English were included. Non-research document types such as conference abstracts, editorial
materials, letters, and non-English publications were excluded.

To further ensure the quality of the dataset, a manual screening process was conducted. Two independent reviewers
independently screened the titles and abstracts, followed by full-text assessment when necessary. Studies were excluded
if they: (1) Focused on PCa but did not examine immune or aging mechanisms; (2) Investigated immune aging in
contexts unrelated to prostate cancer; (3) Discussed PCa therapeutics without meaningful connection to aging or immune
modulation. Any disagreements between the two primary reviewers were resolved through discussion, and when
consensus could not be reached, a third senior reviewer adjudicated the final decision.

For bibliometric analysis, the study utilized several advanced software tools. VOSviewer (version 1.6.19) was
employed to construct and visualize bibliometric networks, revealing patterns in co-authorship, co-citation, and keyword
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co-occurrence.'® These visualizations provided insights into the contributions of countries, institutions, journals, authors,
and major research themes. In the bibliometric maps, nodes represented entities like institutions or keywords, with their
size proportional to frequency, while lines between nodes indicated collaboration or co-citation relationships.

CiteSpace (version 6.2.R4) was used to complement the analysis by identifying trends and significant developments
in the literature.'* This software generated dual-map overlays to illustrate connections between citing and cited journals,
offering insights into cross-disciplinary dissemination. It also identified citation bursts, revealing critical references that
had gained prominence over time. Although clustering and burst detection in CiteSpace were algorithmically generated,
major clusters were further manually cross-validated by reviewing representative high-impact and high-burst publications
within each cluster. Cluster interpretations were refined based on consistency between algorithm-derived keywords and
the core research focus of the cited studies.

The open-source R package Bibliometrix (version 4.3.1) (https://www.bibliometrix.org) further enriched the analysis

by enabling thematic evolution studies and global collaboration network visualizations.'? Additionally, quantitative
trends in publication output were analyzed and visualized using Microsoft Excel, providing a clear representation of
the annual growth in research activity. Together, these tools allowed for a comprehensive and systematic examination of
the field, uncovering key trends and facilitating the identification of research priorities.

Results

Quantitative Analysis of Publications

Based on our search criteria, a total of 1556 studies were identified in the WoSCC as shown in Figure 1, after excluding
meeting abstracts, editorial materials, book chapters, early access articles, letters, proceedings papers, news items, and
retracted publications. Subsequently, manual screening was performed to ensure relevance to the research focus on aging,
PCa, and immune function. In the end, 1399 studies focused on the connections between aging, PCa, and immune
function, including 1207 articles and 192 reviews. As shown in Figure 2, the number of publications on this topic has
shown a generally increasing trend over the past decade. In 2015, there were 83 publications, which steadily increased to
97 publications by 2017. However, there was a temporary drop in 2018, with 78 publications. Despite this, the field saw
a rapid recovery, with 128 publications in 2020 and a slight dip to 117 publications in 2021.

From 2022 to 2025, the field experienced substantial growth, with 178 publications in 2025, representing the highest
number of publications during the entire period of analysis. This reflects a growing interest and recognition of the critical
interactions between aging, immune function, and PCa, fueled by advances in immunotherapy and aging research. The citation
trends closely align with this publication growth, showing a gradual and consistent increase over the decade. By 2025,
citations reached a peak, illustrating heightened acknowledgment and validation of this field within the scientific community.

Country and Institutional Analysis

The publications analyzed in this study span across 81 countries and 1901 institutions. Among these, the top 10 countries
are primarily distributed in Europe (n = 6), as detailed in Supplementary Table 1. The combined number of publications
from the top three countries—the United States (n = 435, 31.1%), China (n = 196, 14.0%), and Italy (n = 95, 7.3%)—
accounted for more than half of the total publications. These countries represent significant contributions from North

America, Asia, and Europe, respectively. As shown in Supplementary Figure 1, the geographical distribution of research

illustrates the widespread nature of global research efforts. The chord diagram in Figure 3A provides an in-depth look at
inter-country collaboration. The diagram demonstrates the strength of cooperative ties, with the United States at the center
of global collaboration, maintaining significant partnerships with countries such as China, Germany, Italy, Japan, and
England. Notably, China has also established robust collaborations with Australia, Sweden, and France, signaling its
increasing influence in the field. The chord diagram further visualizes these relationships through line thickness, where
thicker lines represent closer collaboration. The timeline encoded in the node colors reflects the peak publication periods for
each country, with the red circle around the United States indicating its most productive period occurred between 2023 and
2024. Figure 3B visualizes the global collaboration network, further detailing inter-country partnerships in research on
aging and immune function in prostate cancer. The network highlights the United States as the central node, emphasizing its

Journal of Inflammation Research 2026:19 hetps: 3


https://www.bibliometrix.org
https://www.dovepress.com/article/supplementary_file/575832/575832%20Revised%20Supplementary%20Material.docx
https://www.dovepress.com/article/supplementary_file/575832/575832%20Revised%20Supplementary%20Material.docx

Lai et al

Rl
- - English N i 1304 papers
2
—
S Search From Jan 1,2015 to Oct Search :
e criteria | § 30,2025 > | Documents < 213 reviews
‘s‘ (1556)
Z : Web of Science Core
= collection (WoSCC) ’ = 39 others
~— | J
N ( )
Not related to agin
( Meeting abstracts, N ( gine
= editorial material, book
w All papers chapters , early access, Excluded Not related to prostate
@ (1556) < letter, proceeding paper, criteria < cancer
3 new item and retracted
publication L Not related to
= ’ inflammation/ immune

{

( Authors and cocited authors

Institutions and cocited institutions

1399 papers met the Bibliometric
selection criteria analysis <

Analysis

Journals and cocited journals

Co-occurrence keywords and burst
keywords detection

(<

General Information

a N
c Contributors
2
A Discussion on research Challenges .
- hotpots < > m— Conclusion
8]
(a) Future directions

Advantages and J
Shortcomings
N~ g J

Figure | Screening flowchart of publications included in the bibliometric analysis.

role as a leading contributor and collaborator in this field. Other key countries, such as China, Germany, and Italy, also
appear as significant nodes, demonstrating the distributed yet interconnected nature of global research efforts.

On the institutional level, research efforts are dominated by the United States and the Netherlands, with nine-tenths of
the top institutions located in the United States, as shown in Figure 4A. The leading institutions include National Cancer
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Figure 2 Annual research output and citations on aging and immune function in prostate cancer from 2015 to 2025.

Institute (USA) (n = 79), Johns Hopkins University (USA) (n = 41), and Fred Hutchinson Cancer Research Center (USA)
(n = 28), as presented in Figure 4B and Supplementary Table 1.

Journals and Co-Cited Journals

A total of 489 journals were identified publishing research on chronic inflammation, immune function, PCa progression,
and aging (Supplementary Figure 2). Table 1 shows that Prostate leads with 48 publications (12.56%), followed by
Cancers (27 publications, 7.74%), and PLOS ONE (25 publications, 6.98%). The highest impact factor (IF) among these
journals is held by JAMA Oncology (IF = 22.5, Q1). Other key journals include Prostate Cancer and Prostatic Diseases

and Cancer Epidemiology Biomarkers & Prevention, further reflecting the journal landscape’s focus on immune function
and cancer progression.

Table 1 also provides details on the top co-cited journals calculated by VOSviewer. Among them, Cancer Research takes
the lead with 1297 co-citations, followed by Nature with 1185 co-citations and PLOS ONE with 1023 co-citations. It is notable
that journals like New England Journal of Medicine (1011 co-citations) have substantial influence, further demonstrating the
multidisciplinary nature of research on PCa progression and inflammation. Figure 5 presents a co-citation network, which
illustrates the interconnections among the most frequently cited journals. For example, Prostate, Cancer Research, and Nature
display strong co-citation ties, highlighting their relevance in advancing knowledge within the field.

The dual-map overlay of journals as shown in Supplementary Figure 3 illustrates the citation relationships between
research fields. The left side shows the citing journals, while the right side reflects the cited journals. Research published

in Molecular/Biology/Genetics journals is primarily cited by literature from Molecular/Biology/Immunology disciplines.
Furthermore, research in the domain of Health/Nursing/Medicine is predominantly cited by studies in Medicine/Medical/
Clinical journals. This map provides an important insight into the flow of knowledge across disciplines, reinforcing the

broad impact and relevance of studies on chronic inflammation, immune function, and PCa progression in aging research.

Authors and Co-Cited Authors

In the study of aging, immune function, and chronic inflammation as key mechanisms in PCa progression, a total of 6828
authors have contributed to research in this area. In Figure 6A, the cooperative network of 253 authors with at least five
publications was visualized using VOSviewer, showing clusters of close collaboration. For example, Platz, Drake, and
Freedland, prominent in PCa research, demonstrated active collaboration. Additionally, many authors had overlapping

research themes, evidenced by their co-citation relationships.
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Figure 3 (A) Chord diagram of cooperation relationships between countries. Line links indicate the existence of cooperation between countries. The thicker the lines, the closer
the cooperation. (B) Visualization of the global collaboration network, depicting the inter-country collaborations in research on aging and immune function in prostate cancer.
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Figure 4 (A) Visualization of institutional collaboration networks, highlighting key institutions and their collaborative ties in research on aging and immune function in
prostate cancer. (B) Annual publication volume of the top 10 institutions. Larger circles and more intense colors indicate higher publication volumes.

The top 10 authors listed in Figure 6B and Supplementary Table 2 demonstrated substantial research output, with
James R. Hebert and Elizabeth A. Platz leading with 17 papers and 16 papers each. Hebert, with an h-index of 116,
a g-index of 198, and 37,788 total citations, and Platz, with an h-index of 113, a g-index of 201, and 44,323 citations,
highlight their broad influence in cancer epidemiology and PCa research. Figure 6C represents the co-citation network,
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Table | Journals and Co-Cited Journals Publishing Research on Chronic Inflammation, Immune Function, Prostate Cancer

Progression, and Aging

| Prostate 45 (12.56%) 26
2 Cancers 27 (7.54%) 4.5
3 PLOS ONE 25 (6.98%) 29
4 Prostate Cancer and Prostatic Diseases 20 (5.59%) 5.1

5 Cancer Epidemiology Biomarkers & 16 (4.47%) 37

Prevention
6 Frontiers in Immunology 15 (4.19%) 5.7
7 International Journal of Molecular Sciences 15 (4.19%) 4.9
8 Frontiers in Oncology Il (3.07%) 35
9 Scientific Reports 10 (2.79%) 38
10 BMC Cancer 9 (2.51%) 34
I Medicine 9 (2.51%) 1.3
12 International Journal of Cancer 8 (2.23%) 5.7
13 Cancer 7 (1.96%) 6.1
14 JAMA Oncology 7 (1.96%) 225
15 Nutrition and cancer-an international 7(1.96%) 2
journal
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including 118 authors co-cited at least 20 times. Supplementary Table 2 shows the top 10 co-cited authors, and seven
authors were co-cited more than 80 times. Notably, the co-citation network revealed that Nitin Shivappa, who is
frequently cited in this field, was the most co-cited author with 194 citations, followed by Sfanos, K. S. (167 citations)
and Angelo M. De Marzo (140 citations). This figure emphasizes their pivotal role in shaping the research direction in

PCa progression. Shivappa’s frequent co-citation, alongside other influential figures like Stephen J. Freedland, Charles

G. Drake, and Kathryn S. Sfanos, highlights their contribution to the understanding of the inflammatory microenviron-

ment in PCa and its implications for immune function and disease progression.
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Figure 5 Co-citation network of journals frequently cited in this research field.
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Figure 6 (A) Visualization of the leading authors contributing to research on aging and immune function in prostate cancer. (B) Annual publication trends of the top 10 most
productive authors. (C) Co-citation network of frequently cited authors in the field.

Co-Cited References
There are 53787 co-cited references related to PCa, inflammation, and immune function research. As shown in
Supplementary Table 3, two references were co-cited more than 70 times. A total of 26 references with at least 20 co-

citations were selected to construct the co-citation network map, as shown in the Figure 7. Notably, De Marzo A. M.,
2007 and Coussens L. M., 2002 are highly co-cited, indicating their significant influence in this field. The network shows
active relationships, such as those between De Marzo A. M. and Sfanos K. S.
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Reference with Citation Bursts
References with citation bursts indicate papers that experienced a surge in citation frequency after publication, reflecting
high relevance and attention to emerging topics in the field. Supplementary Figure 4 shows the top 25 references with the

most powerful citation bursts according to CiteSpace. The red bars in Supplementary Figure 4 highlight the periods of

intense citation activity between 2015 and 2025.

Among the references, the paper by Kantoff et al from NEJM showed the strongest citation burst (strength = 5.31),
followed by Gurel B et al (2014) from CANCER EPIDEM BILMAR (strength = 4.93) and Hanahan D et al (2011) from
Cell (strength = 4.48). The burst strength ranged from 3.68 to 5.31, with durations varying between 2 to 5 years,
indicating sustained interest in the subject matter. These references highlight key studies on chronic inflammation,
immune response, and PCa progression, contributing significantly to ongoing research in the field (Supplementary
Table 4).

Research Hotspots and Emerging Frontiers
The bibliometric analysis of research on chronic inflammation, immune function, and aging in PCa progression has
highlighted key hotspots and emerging trends within the field. High-frequency keywords such as “prostate cancer” (283
counts) and “inflammation” (153 counts) underscore their central role in ongoing research (Table 2). These terms reflect
the growing emphasis on understanding how chronic inflammation and immune responses drive PCa progression,
particularly in aging populations. Additionally, the keyword “aging” (95 counts) highlights the importance of investigat-
ing age-related changes in immune function, positioning it as a critical emerging area for therapeutic exploration. These
keywords represent research hotspots, signifying sustained interest in developing strategies to mitigate inflammation-
driven PCa risks.

Based on the analysis of research trends on aging, immune function in PCa progression, keyword analysis has
identified key thematic clusters and evolving areas of focus. As depicted in Figure 8A, five major thematic clusters
emerge, emphasizing the interconnectedness of terms related to PCa, inflammation, aging, and associated immune

EEINT3

mechanisms. The red cluster highlights keywords such as “prostate cancer,” “therapy,” and “androgen receptor,”

signifying a focus on treatment modalities and cancer biology. The green cluster centers around “inflammation,”

mantevani coussens
balkwill \
grivennik gutel b, deniis Ik
kwopmped, hanghian d de marzo
sungh, 2 demarzo nickel jc
topalian siegel rl de aunzio
kan P Jerw a, Sfaw ks
disilver
cheng i,
sfan@s ks
de hono'j chefiizb,
nguyen dp
robert g,

g%b VOSviewer copRpxJp

Figure 7 Co-citation network of references in research on aging and immune function in prostate cancer.
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Table 2 Top 30 Keywords in Research on
Chronic  Inflammation, Immune Function,
Prostate Cancer Progression, and Aging

Rank Keyword Counts
| Prostate cancer 271
2 Inflammation 138
3 Aging 82
4 Benign prostatic hyperplasia 73
5 Immunotherapy 44
6 Biomarker 29
7 Prostate specific antigen 29
8 Oxidative stress 21
9 Metabolic syndrome 20
10 Prostate biopsy 20
I Breast cancer 19
12 Prognosis 19
13 Obesity 18
14 Prostatitis 18
15 Epidemiology 15
16 Apoptosis 14
17 Diet 14
18 Dietary inflammatory index 13
19 Bladder cancer 12
20 Diabetes 12
21 Testosterone 12
22 Radical prostatectomy 10
23 Radiotherapy 9
24 Androgen deprivation therapy 8
25 Androgen receptor 8
26 Biochemical recurrence 8
27 Biopsy 8
28 Cardiovascular disease 8
29 Cohort study 8
30 Cytokines 8

EEINNT3

including terms like “oxidative stress,” “metabolic syndrome,” and ‘“cytokines,” underscoring the central role of

inflammatory processes in PCa progression. The blue cluster, associated with “aging,” incorporates keywords like

9 <

“immune therapy,” “chronic inflammation,” and “pathogenesis,” reflecting the increasing recognition of age-related
changes in immune function as a driver of PCa.

Figure 8B provides a temporal analysis of emerging topics and hot areas of research. The trend analysis reveals a shift
in focus from foundational studies of PCa biology to more integrated approaches targeting inflammation and aging.

9 <

Topics such as “prostate-specific antigen,” “androgen receptor signaling,” and “chronic inflammation” gained promi-
nence early in the analyzed timeframe. Recent years have seen increased attention to “immunotherapy,” “dietary
inflammatory index,” and “obesity,” reflecting a growing emphasis on lifestyle factors and immunomodulatory treat-
ments. This shift indicates the field’s evolving interest in addressing chronic inflammation and its impact on PCa
progression, particularly in aging populations.

The combined analysis of keyword clusters and temporal trends highlights the multidisciplinary nature of this
research area. It underscores the importance of targeting chronic inflammation, immune evasion, and age-associated
mechanisms to develop comprehensive therapeutic strategies for PCa. These findings provide a roadmap for future
research, encouraging exploration into immunotherapy integration, SASP modulation, and the influence of systemic
aging processes on PCa.
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Figure 8 (A) Keyword cluster analysis, revealing the main research topics and thematic concentrations in studies on aging and immune function in prostate cancer. (B)
Trend topic analysis, highlighting emerging research areas and hot topics in recent years, signaling the evolving focus of the research community.
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Discussion

As a bibliometric analysis, this study does not aim to generate novel mechanistic insights or direct clinical evidence
regarding PCa progression. Instead, it provides a quantitative and structured overview of how scientific attention has
evolved at the intersection of aging, immune function, and chronic inflammation in prostate cancer. Bibliometric
approaches inherently reflect patterns of research focus, intellectual influence, and thematic development rather than
biological causality. Accordingly, the primary contribution of this study lies in mapping research trajectories, identifying
collective research priorities, and highlighting translational gaps that warrant further mechanistic and clinical
investigation.

General Research Trends

This bibliometric analysis of research on aging, immune function, and chronic inflammation as key mechanisms in PCa
reveals a significant and consistent growth in scientific interest from 2015 to 2025. The number of publications rose from
83 in 2015 to a peak of 178 in 2025, underscoring the increasing recognition of chronic inflammation as a central
mechanism connecting aging and immune dysfunction to PCa progression.””’ This upward trend reflects growing
optimism regarding the potential of inflammation-targeted and immune-based interventions for PCa, particularly in the
context of aging populations. Periodic fluctuations, such as a decline in publications in 2018, may indicate shifting
research priorities or challenges in integrating these interconnected fields.

Citation trends parallel the growth in publications, further emphasizing the field’s impact and maturity. Over the decade,
citations consistently increased, peaking alongside publication output in 2025. This pattern suggests that influential and
foundational studies have progressively shaped the intellectual framework of the field, particularly in areas related to
immune regulation and senescence-associated processes. The alignment between publication and citation trends highlights
the increasing integration of aging-related immune mechanisms into PCa research and therapeutic exploration.

Geographical analysis highlights the United States as the leading contributor, with 435 publications, followed by
China (196) and Italy (95). These countries’ substantial outputs are supported by strong research infrastructures,
sustained funding, and the growing clinical burden of prostate cancer. The United States functions as a central hub for
international collaboration, maintaining extensive partnerships with China, Germany, and Italy. Meanwhile, Chinese
institutions, including Sun Yat-sen University, have rapidly increased their international visibility through collaborations
with Australia, Sweden, and France, underscoring the expanding global engagement in this field.

Beyond descriptive collaboration networks, these patterns likely reflect broader structural and strategic factors. The
central position of the United States may be attributed to its long-standing integration of aging biology, cancer
immunology, and large-scale clinical trial infrastructures, whereas China’s rapid rise likely reflects national prioritization
of aging-related diseases and expanding investment in immuno-oncology. European countries such as Italy and Germany
appear as important bridging nodes, consistent with a strong tradition of translational research linking molecular
mechanisms with clinical applications. Collectively, these findings suggest that international collaboration in this field
is shaped by research capacity, funding strategies, and demographic pressures associated with population aging.

The journal analysis reveals that Prostate, Cancers, and PLOS ONE play pivotal roles in disseminating research on this
topic, reflecting the interdisciplinary nature of the field. Foundational journals such as Cancer Research and Nature, alongside
clinical journals like the New England Journal of Medicine, significantly influence this area, as evidenced by co-citation
analyses. These patterns underscore the integration of molecular biology, immunology, and clinical medicine in advancing
knowledge on PCa progression. Consistently, the dual-map overlay demonstrates strong citation links between molecular and
clinical research, highlighting active knowledge exchange between basic and translational domains.

Building upon this structural integration, the networks and clusters generated by VOSviewer and CiteSpace were interpreted
not as isolated visual outputs, but as reflections of collective research priorities and intellectual consensus. By integrating co-
authorship, co-citation, and keyword evolution analyses, this study moves beyond descriptive mapping to provide interpretative

insights into how research focus, collaboration patterns, and conceptual frameworks have co-evolved in the field.
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Contributors

Among the most influential researchers in the study of aging, immune function, and chronic inflammation in PCa, James
R. Hebert and Elizabeth A. Platz stand out for their substantial contributions to the field. Both have extensively published
on the relationship between systemic inflammation and PCa progression, with 17 and 16 publications each. Dietary
Inflammatory Index (DII) development by R. Hebert has been pivotal in linking dietary patterns to systemic inflamma-
tion, providing a framework for lifestyle interventions aimed at mitigating inflammation-driven PCa risks.'>'® The
research conducted by Elizabeth A. Platz has advanced the understanding of inflammatory biomarkers, such as cytokines,
and their role in PCa progression, emphasizing the integration of aging-related immune dysfunction into therapeutic
strategies.*' "' Together, their work highlights the importance of addressing modifiable risk factors and systemic
inflammation in PCa, particularly in aging populations. Charles G. Drake has contributed significantly to the under-
standing of ICIs in PCa therapy, highlighting their potential when combined with radiotherapy, chemotherapy, or agents
targeting tumor immunosuppression to overcome the immunologically “cold” tumor microenvironment.’*?' These
findings have informed the development of combination therapeutic strategies aimed at enhancing T-cell-mediated anti-
tumor responses, especially in the context of aging-related immune dysfunction.

In the co-citation network, authors such as Nitin Shivappa (194 citations) and Sfanos, K. S. (167 citations) have
further enriched the field. Shivappa’s work on the DII has established links between diet, inflammation, and PCa
progression, offering actionable insights for prevention.”? >* Sfanos has focused on the interplay between infectious
agents, immune dysfunction, and inflammation in PCa, providing critical data on the inflammatory microenvironment’s
role in tumor evolution. This research highlights the critical role of chronic inflammation and the urinary microbiome in
driving PCa development, emphasizing oxidative stress, epigenetic alterations, and persistent inflammatory states as key
mechanisms.?> 2’

Further, Angelo M. De Marzo’s research has underscored the pivotal role of chronic inflammation in PCa, particularly
proliferative inflammatory atrophy (PIA) as a precursor lesion to PCa. His studies have advanced biomarker development
and explored the role of the MYC oncogene in tumorigenesis and stem cell regulation.’*** ! Similarly, studies by Zena
Werb and Lisa M. Coussens have identified immune-regulated pathways and highlighted the dual roles of tumor-
associated macrophages (TAMs) in PCa. Their work emphasizes the contribution of TAMs to therapy resistance and
metabolic reprogramming in the tumor microenvironment, as well as their potential as therapeutic targets.>>>* Finally,
D. Hanahan and R. A. Weinberg have incorporated chronic inflammation into the broader conceptual framework of
cancer hallmarks, identifying senescent cells as critical players in chronic inflammation and tumor progression. Their
insights provide a deeper understanding of PCa biology and its interplay with aging and immune dysfunction.*>>’

In conclusion, the collective efforts of these researchers have laid a strong foundation for integrating biomarkers,
lifestyle interventions, and innovative therapeutic strategies to address inflammation-driven PCa progression. Their
insights continue to shape future research priorities, particularly for aging populations at heightened risk of inflammation-
mediated cancer progression, paving the way for more effective and personalized approaches to PCa management.

Challenges, Limitations, and the Shift Toward Combination Therapies

PCa poses significant therapeutic challenges due to its immunologically “cold” tumor microenvironment and its tight
association with aging-related processes, such as chronic inflammation and cellular senescence.*®*° These factors create
a tumor-permissive environment characterized by low immunogenicity and resistance to conventional therapies. Despite
the effectiveness of androgen deprivation therapy (ADT), chemotherapy, and ICIs in certain cases, their limited efficacy
in PCa highlights the need for strategies targeting the fundamental drivers of immune dysfunction and chronic
inflammation.®**

The prominence of regulatory T cells (Tregs), myeloid-derived suppressor cells (MDSCs), and TAMs in PCa research
is strongly supported by co-citation networks and keyword clustering analyses, reflecting a growing consensus that
immune regulation plays a decisive role in PCa progression, particularly in aging contexts. Aging further exacerbates
these challenges through genomic instability, mitochondrial dysfunction, and the accumulation of senescent cells.'***!

Bibliometric analyses indicate that SASP has emerged as a central research theme linking aging, chronic inflammation,
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and immune suppression in prostate cancer. Notably, the prominence of these themes reflects a convergence of research
attention rather than direct biological causality, underscoring the role of bibliometric analysis in identifying research
priorities rather than mechanistic dominance.'®**

Despite this emerging consensus, several important controversies remain unresolved. While chronic inflammation is
often characterized as tumor-promoting, evidence suggests that inflammatory and immune responses may exert context-
dependent or even anti-tumor effects, particularly during early disease stages or following therapy-induced tissue
damage. Similarly, although SASP is frequently associated with immune suppression and tumor progression, its temporal
dynamics and cell-type specificity remain incompletely understood. These inconsistencies highlight a critical gap
between descriptive associations and causal mechanisms.

Established treatments such as radiotherapy and chemotherapy have been shown to partially modulate the tumor
microenvironment by inducing immunogenic cell death and enhancing antigen presentation. For instance, radiotherapy
promotes the release of tumor-associated antigens and improves T-cell priming, while chemotherapeutic agents such as
docetaxel and cabazitaxel can increase tumor immunogenicity.*>*” The long-term clinical benefits of these approaches
remain constrained by the persistent immunosuppressive landscape of PCa, particularly in older patients, supporting
a shift toward more integrative and combination-based therapeutic strategies.

Insights from other malignancies provide a conceptual framework for addressing these challenges in PCa. In
pancreatic ductal adenocarcinoma (PDAC) and non-small-cell lung cancer (NSCLC), senescence-inducing therapies
such as MEK and CDK4/6 inhibitors have been shown to reshape the tumor microenvironment by enhancing vascular-
ization and facilitating immune cell infiltration.*” Consistent with these findings, bibliometric keyword evolution and
thematic analyses reveal a growing research focus on senolytic and senomorphic strategies as potential approaches to
mitigate SASP-driven inflammation in prostate cancer. Influential studies suggest that targeting senescent cells may
represent a promising avenue for reprogramming the tumor microenvironment and enhancing immune responsiveness in
aging-associated disease settings.*®*’

Epigenetic regulation and targeting the SASP offer complementary strategies to overcome the immunosuppressive
tumor microenvironment and address aging-related dysfunction in PCa.’*>' Bibliometric trends indicate increasing
attention to epigenetic regulators such as EZH2 and innate immune pathways including STING signaling. Highly cited
studies associate EZH2 inhibition with enhanced CD8" T-cell infiltration and interferon activation, supporting epigenetic
modulation as a rational strategy to counteract immune suppression, particularly when combined with ICIs.>%>*7°

Beyond epigenetic regulation, targeting SASP components through mechanisms such as JUN regulation, KDM4 inhibi-
tion, and senolytic or senomorphic therapies has been shown to attenuate inflammation, enhance immune surveillance, and
reshape the tumor microenvironment.’®>° These strategies collectively highlight the potential of integrative, combination-
based approaches to address aging-driven immune dysfunction and therapeutic resistance in prostate cancer.*!

Future Directions
The future directions proposed in this study are derived from convergent signals identified through keyword evolution,
co-citation clustering, and publication trend analyses. The increasing prominence of themes related to SASP, immune
checkpoint regulation, epigenetic modulation, and combination therapies suggests that future advances in PCa are likely
to increasingly emphasize integrative strategies targeting aging-associated inflammation and immune dysfunction.®% %2

Targeting SASP represents a promising avenue, given its context-dependent roles in tumor suppression and progres-
sion. Senotherapeutic approaches, including senolytics and senomorphics, have emerged as potential strategies to
mitigate SASP-driven inflammation and immune suppression, particularly when combined with existing
therapies. $8:49:56:60-62

Emerging immunotherapies, such as PSMA-targeted CAR-T cells and ICIs, also hold substantial promise for PCa
treatment but face challenges related to immune suppression in aging patients. Bibliometric trends indicate increasing
interest in combining immunotherapies with SASP-modulating or epigenetic strategies, aiming to reprogram the tumor
microenvironment and enhance immune responsiveness.>”

Consistent with these observations, the growing co-occurrence of keywords related to immunotherapy, radiotherapy,

senescence, and epigenetic regulation reflects an expanding research emphasis on combination therapeutic strategies.
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These data-driven trends suggest that multimodal approaches may be required to overcome immune resistance and aging-
associated tumor biology in prostate cancer.’*>'>> Future research should focus on identifying biomarkers to stratify
patients based on therapeutic responsiveness and on conducting well-designed clinical trials to translate these integrative
strategies into clinical practice. By addressing the complex interplay between aging, chronic inflammation, and immune
dysfunction, such approaches have the potential to substantially improve outcomes for patients with prostate cancer.

Advantages and Shortcomings of the Study

This bibliometric analysis provides a comprehensive quantitative assessment of research trends, collaborative networks,
and influential contributors in the field of aging, immune function, and chronic inflammation in prostate cancer. By
integrating multiple bibliometric tools, including VOSviewer, CiteSpace, and Bibliometrix, the study systematically
maps the intellectual structure and emerging research trajectories, identifying key research hotspots such as SASP-related
processes, immune dysfunction, and chronic inflammation, while highlighting translationally relevant themes.

One key strength of this study lies in its objective evaluation of research productivity and intellectual influence.
Analyses of publication trends, citation networks, and co-citation relationships identify critical research themes, includ-
ing oxidative stress, biomarkers, and chronic inflammation, that are central to advancing precision medicine and targeted
therapies in prostate cancer. The dual-map overlay of journals further highlights the interdisciplinary integration of
molecular biology, immunology, and clinical medicine, underscoring the value of cross-disciplinary approaches in
understanding PCa progression. Moreover, by linking basic research with clinical domains, the analysis provides data-
driven insights that may inform biomarker development and personalized therapeutic strategies for aging populations.

Nevertheless, several limitations should be acknowledged. Reliance on the Web of Science Core Collection may
exclude relevant studies indexed in other databases, such as Scopus or PubMed, and the restriction to English-language
publications introduces potential linguistic bias. In addition, time lags in publication and indexing may limit the
capture of emerging innovations, including novel immunotherapies and SASP-targeting strategies. Importantly,
bibliometric prominence reflects patterns of research attention and intellectual influence rather than direct biological
importance or clinical efficacy, and highly cited topics may not necessarily correspond to the most actionable
therapeutic mechanisms.

Future bibliometric studies integrating multi-database and real-time analytical approaches may further refine these
insights. Despite these limitations, this study provides a valuable framework for understanding the evolving research
landscape and for guiding future investigations, collaborations, and translational efforts aimed at improving outcomes for
patients with prostate cancer.

Conclusion

This bibliometric analysis provides a systematic overview of research trends at the intersection of aging, immune
function, and chronic inflammation in prostate cancer. The findings reveal a growing research emphasis on themes
such as SASP, immune regulation, oxidative stress, and inflammatory biomarkers, highlighting their prominence within
the current literature.

Rather than establishing mechanistic causality, this study maps the evolving intellectual landscape and identifies key
research priorities and collaborative patterns shaping the field. The results underscore the increasing focus on biomarker-
driven approaches, immunotherapy, and combination strategies aimed at addressing aging-associated immune dysfunction.

Overall, this work offers a data-driven framework to guide future mechanistic and translational studies, supporting the
development of more effective and personalized therapeutic strategies for prostate cancer in aging populations.

Abbreviations

PCa, Prostate cancer; ICIs, Immune checkpoint inhibitors; WoSCC, Web of Science Core Collection; SASP, Senescence-
associated secretory phenotype; IL-6, Interleukin-6; TMB, Tumor mutational burden; DII, Dietary Inflammatory Index;
TAMs, tumor-associated macrophages; ADT, Androgen deprivation therapy.
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