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Abstract

Introduction Renal cell carcinoma (RCC) is a common type of kidney cancer, and the prognosis for patients with advanced-
stage disease remains poor. One major obstacle is the development of drug resistance, which severely limits the effective-
ness of therapeutic interventions. This bibliometric study aims to provide a comprehensive overview of current research
trends on drug resistance in RCC.

Methods This study examines publications on drug resistance in RCC from 2000 to 2023, sourced from the Web of Science
Core Collection (WoSCCQ). Detailed analyses were conducted to identify research hotspots, academic collaborations, and
emerging trends. CiteSpace, SClmago Graphica, and VOSviewer were utilized to conduct these analyses comprehensively.
Results This study analyzed a total of 2,804 publications from the WoSCC database. The number of annual publications
showed a consistent upward trend, with an average annual growth rate of 8.12%. The United States had the highest
number of publications, followed by China and Japan. The most productive institutions were the University of Texas
System, Harvard University, and the National Institutes of Health (NIH). Alfred H. Schinkel emerged as the most prolific
author, also having the highest H-index. The three most frequent research categories were oncology, pharmacology and
pharmacy, and biochemistry and molecular biology. The evolution of research topics was assessed in 5-year intervals,
revealing that recent themes such as ferroptosis and immunotherapy have gained increasing attention. Keyword analysis
indicated a shift in research focus toward cell lipid metabolism, androgen receptor and specific molecular signatures.
Conclusion This study offers the first comprehensive bibliometric analysis specifically focused on drug resistance in
RCC. It identifies current research trends, highlights emerging hotspots, and provides insights into key contributors and
ongoing challenges in the field. Our study provides a theoretical reference and guidance to guide future research efforts
to address drug resistance in RCC more effectively.
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VEGF Vascular endothelial growth factor
mTOR  Mammalian target of rapamycin

ICI Immune checkpoint inhibitors
PD-1 Programmed cell death protein 1
WoSCC Web of Science Core Collection
NIH National Institutes of Health

BC Betweenness centrality

APC Average publication citation

TKI Tyrosine kinase inhibitor

1 Introduction

Renal cell carcinoma (RCC) is a common malignant tumor, ranking as the third most prevalent cancer in the urinary
system. Advances in imaging technology have contributed to an increase in RCC diagnoses; however, the disease often
remains asymptomatic in its early stages, complicating early detection. RCC is particularly challenging due to its high
potential for early metastasis [1]. Surgery remains the primary treatment option for locally advanced RCC. Despite this,
approximately 30% of RCC patients present with advanced or metastatic disease, resulting in a poor overall prognosis.
Currently, the 5-year relative survival rate for RCC is approximately 77% [2]. RCC includes various subtypes with distinct
clinical and epigenetic characteristics, with the clear cell subtype being the most common (80%), followed by papillary
(15%) and chromophobe (3-5%) variants [3].

Surgical intervention, particularly partial or radical nephrectomy, has traditionally been the primary treatment for
renal cell carcinoma [4]. However, RCC’s inherent resistance to chemotherapy and radiation therapy has necessitated the
development of alternative treatments, making targeted therapies and immunotherapies crucial options [5, 6]. Initially,
cytokine-based immunotherapies, such as interleukin-2 (IL-2) and interferon-alpha (IFN-a), were introduced [7, 8]. These
were followed by the development of vascular endothelial growth factor (VEGF) inhibitors, including sunitinib, sorafenib,
and bevacizumab, as well as mammalian target of rapamycin (mTOR) inhibitors like temsirolimus and everolimus [9-11].
Recently, a significant breakthrough was achieved with the introduction of immune checkpoint inhibitors (ICls) such as
nivolumab and pembrolizumab, which target immune checkpoints like programmed cell death protein 1 (PD-1) and
its ligand (PD-L1), leading to improved survival rates for RCC patients [12]. Nevertheless, drug resistance remains a sub-
stantial challenge. Many patients develop resistance to sunitinib within six months of treatment, due to factors such as
genetic mutations, alternative pathway activation, and changes in the tumor microenvironment [13, 14]. Tumor cells can
evade immune detection by downregulating antigen presentation, while the tumor microenvironment often becomes
immunosuppressive, inhibiting immune cell activity [15]. Consequently, research continues to delve into the molecular
mechanisms underlying RCC and its drug resistance, aiming to improve patient outcomes and develop more effective,
long-lasting treatment strategies.

Bibliometrics is a research method that uses quantitative analysis and statistical tools to assess scholarly publications
and citation trends [16]. This approach sheds light on the impact, evolution, and dissemination of scientific knowledge.
In medical research, especially in the field of cancer treatment, bibliometric analysis is particularly useful for identify-
ing emerging trends, key researchers, influential institutions, and collaboration networks. Numerous studies have used
bibliometric methods to uncover research hotspots across various scientific fields. Recently, a study reported the latest
publishing trends and areas of intense activity of nutrition and gastric cancer, which help us better understand the impact
of nutritional status on prognosis [17]. Another study about the bibliometric analysis of epigenetic therapy revealed
that emerging themes in this field were drug resistance, immunotherapy and combination therapy [18]. However, the
bibliometric analysis of drug therapy resistance in renal cell carcinoma remains unreported.

This study is the first to systematically analyze therapeutic drug resistance in renal cell carcinoma using bibliometric
methods. Utilizing advanced bibliometric tools, we conducted a comprehensive analysis of research on RCC drug resistance
from 2000 to 2023. By integrating bibliometric analysis with this topic, our study provides a broad overview of the current
research landscape, helping clinicians and researchers understand present trends and future directions in RCC with drug
resistance. Additionally, this study aims to facilitate progress in overcoming drug resistance in RCC, ultimately contributing
to improved patient outcomes.
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2 Methods
2.1 Dataretrieval

The Web of Science Core Collection (WoSCC) database, recognized for its extensive global subject coverage, is widely used
for bibliometric research. As one of the largest and most comprehensive electronic scientific literature databases in the
world, WoSCC provides curated, high-impact publications with standardized citation indexing, ensuring data reliability for
bibliometric analysis. The dataset acquired from WoSCC includes comprehensive cited reference information and data from
the Science Citation Index Expanded (SCIE), ensuring the reliability of this study’s results. To identify relevant studies, we
employed the search formula: TS =((drug resistance) OR (medicine resistance) OR (agent resistance) OR (Antineoplastic agent
resistance) OR (Antineoplastic drug resistance) OR (Antineoplastic resistance)) AND TS=((renal cell carcinoma) OR (kidney
cancer) OR (renal cancer) OR (renal carcinoma)). We downloaded the "full records and cited references" in text (".txt") format
for further analysis.

2.2 Screening strategy

The publication time span for this study was from January 1, 2000, to December 31, 2023. We included only articles and
reviews while excluding proceedings papers, book chapters, retracted publications, data papers, meeting abstracts, edito-
rial materials, early access articles, letters, and corrections. Only English-language articles were considered, and those with
content unrelated to our research topic were manually excluded by two independent researchers to ensure accuracy and
consistency. The workflow for this process is illustrated in Fig. 1.
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Fig.2 Overview of publication data. A Annual and cumulative number of publications from 2000 to 2023, with dashed lines indicating »
growth trends using a non-linear fitting method. B Average citations per publication per year from 2000 to 2023. C Summary of key infor-
mation related to drug resistance in the treatment of renal cell carcinoma

2.3 Statistical analysis

Excel software was utilized to display the general data information of the publications, such as publication counts and
publication types. VOSviewer (version 1.6.20) was employed to analyze the collaborative networks of countries/regions
and institutions. Additionally, geographical maps depicting collaboration insights between countries/regions were created
using both VOSviewer and SCimago Graphica (version 1.0.42). CiteSpace Advanced (version 6.3.R1), developed by Chaomei
Chen, was used to explore author collaboration networks, visualize clusters, and detect bursts in categories, references,
and keywords. R software (version 4.3.1) and the "bibliometrix" package served as essential tools for conducting general
information analysis, journal analysis, category analysis, and research topic evolution paths [19]. In the analysis conducted
with VOSviewer, the minimum number of documents for a country or organization was set at 20, with a minimum strength
threshold of 0 and a clustering resolution of 1.00. Meanwhile, in the analysis using CiteSpace, the g-index filtering algorithm
was employed for node selection. The parameters were set as follows: Linkage Range Factor (LRF) was 2.5, Link/Node Ratio
(L/N) was 5.0, Label By (LBY) was set to 10, and the Exponential Growth Factor (e) was 1.0. In the visual graphs, nodes repre-
sent countries/regions, institutions, authors, categories, references, or keywords. The size of each node corresponds to the
number of publications, while the thickness of the links between nodes indicates the strength of cooperation. Betweenness
centrality (BC) is a network analysis metric that measures the extent to which a node acts as a bridge between other nodes.
It quantifies the importance of a node in facilitating connections within a network by calculating how often it appears on
the shortest paths between other nodes. When the value exceeded 0.1, the nodes were recognized as critical and central
within the network. Average publication citations (APC) refer to the average number of times a set of publications has been
cited by other works. It is calculated using the formula: Average Citations per Publication =Total Citations/Total Number of
Publications. Furthermore, similar-meaning terms were merged to streamline the analysis (Table S1).

3 Results
3.1 General data analysis

In this study, we identified a total of 2,810 publications related to drug resistance in RCC treatment worldwide
between 2000 and 2023 (Fig. 2A). The number of publications exceeded 100 in 2012 and reached 200 in 2021, with
annual publications exhibiting an upward trend, indicating a gradual increase in focus on this field. The largest
increase occurred in 2012, compared to the previous year. The annual growth rate was 8.12%, and the fitted curve
of cumulative publications follows a quadratic polynomial (y=4.971 1%%-4.6428x + 62.859, R2=0.9998). On average,
each publication received 4.65 citations per year from 2000 to 2023, peaking at 10.64 citations per publication in
2012 (Fig. 2B). Overall information on authors, author keywords, and references is shown in Fig. 2C.

3.2 Countries/Regions, institutions and author analysis

A total of 82 countries/regions were included in our analysis of drug resistance publications. The top 10 countries/
regions in terms of publication counts are listed in Table 1. Our analysis of publication counts revealed that the
United States had the highest publication counts, followed by China and Japan (Fig. 3A). The closest cooperation
was also observed between China and the United States. In terms of H-index, the United States still had the highest
rank, followed by China. However, it is important to note that, regarding average publication citations (APC), China
ranks lowest among the top 10 productive countries/regions. The central nodes identified were the United States
(BC=0.48), China (BC=0.12), Italy (BC=0.15), Germany (BC=0.15), and France (BC=0.12). Funding support is vital for
countries/regions and institutions, especially in the field of drug resistance. The top 10 funding sources for research
on drug resistance in RCC are shown in Table 2. The results indicated that the National Natural Science Foundation
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Table 1 TheTop 19 . Rank Country/Region Count Percentage (%) BC H-index APC
productive countries/regions,
ranked by the number of 1 USA 911 32.49 0.48 204 88.48
publications 2 China 611 21.79 0.12 77 20.62
3 Japan 212 7.56 0.03 64 37.14
4 Italy 193 6.88 0.15 59 33.51
5 Germany 190 6.78 0.15 63 35.39
6 United Kingdom 157 5.60 0.09 67 53.05
7 France 141 5.03 0.12 69 49.65
8 Netherlands 108 3.85 0.06 69 97.1
9 Canada 106 3.78 0.04 55 54.91
10 India 94 3.35 0.08 36 22.52

BC Betweenness centrality, APC Average Publication Citations

of China ranked first, while the National Institutes of Health ranked second. Significant gaps were evident between
the first two funding sources and the third in terms of publication counts.

The University of Texas System, Harvard University, and the National Institutes of Health (NIH) ranked as the top three
productive institutions in terms of publication output (Table 3). Only Harvard University (BC=0.11) and the University
of California System (BC=0.14) are identified as central nodes in the collaborative network. This network was generated
using VOSviewer, providing a visual analysis of institutional collaborations (Fig. 3B). The University of California San Fran-
cisco remained at the center of the network, highlighting its prominence in research. Additionally, several institutions
in China have recently initiated efforts in this field, indicating significant progress that has allowed China to achieve a
competitive advantage in drug resistance research.

The analysis of authors in publications related to drug resistance in RCC identified the top 10 most prolific contribu-
tors, as presented in Table 4. The three authors with the highest number of publications were Alfred H. Schinkel, Camillo
Porta, and Michael B. Atkins. Notably, Michael B. Atkins had the highest APCs among them. The collaborative dynamics
among researchers are visually represented in Fig. 3C. Clustering analysis further categorized high-productivity authors
into 10 distinct clusters, with the three most active clusters being #0 immunotherapy, #1 angiogenesis, and #2 Wilms
tumor (Fig. 3D).

3.3 Journals and subjects categories

A total of 758 journals were involved in global publications related to drug resistance in RCC (Fig. 2C). Figure 4A presents
the top 10 journals by publication counts. Figure 4B illustrates the publication trends of the top 5 journals over time,
with most experiencing rapid growth since 2012. Among the top 5 journals, "Cancers" leads the ranking, followed by
"Drug Metabolism and Disposition" and the "International Journal of Molecular Sciences." Bradford’s Law is a bibliometric
principle that describes the distribution of articles across journals in a particular field. According to the law, a relatively
small core of journals publishes the most significant number of articles on a specific topic, while a much larger number
of journals publish fewer relevant articles [20]. According to Bradford’s Law, the 758 journals were classified into three
zones, with 35 source journals falling into zone 1 (Fig. 4C, Table S2 and S3).

CiteSpace identified 92 research categories related to drug resistance in RCC (Fig. 5A). The three categories with the
highest number of publications were oncology (n=1,129), pharmacology and pharmacy (n=651), and biochemistry and
molecular biology (n=368, Table 5). The network visualization revealed 10 central nodes, with the top three by centrality
being pharmacology and pharmacy (BC=0.43), oncology (BC=0.33), and immunology (BC=0.31). Fig. ST illustrates the
top 10 categories.

3.4 Research themes
The results are organized using the R bibliometrics-theme evolution tool, which facilitates data input for up to four time
points. Figure 5B illustrates the progression of research topics over 23 years, divided into 5-year intervals. From 2000 to

2005, only three research themes were identified, chemoresistance, angiogenesis, and antitumor activity. The period
from 2006 to 2010 saw the emergence of apoptosis and genetic variation. From 2011 to 2015, additional topics such as
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the cell cycle, clinical trials, and mTOR emerged. In the recent period of 2016-2020 and 2021-2023, new themes like fer-
roptosis and immunotherapy gained prominence, respectively. Fig. S2 further demonstrates the trends in these topics
throughout the 23-year span.

3.5 Reference analysis

The 127,217 references represent the knowledge base of the current field (Fig. 2C). Figure 6A visualizes the highly cited
references related to drug resistance in RCC. The publication with the highest citation intensity, titled “Pembrolizumab
plus Axitinib versus Sunitinib for Advanced Renal-Cell Carcinoma” [21], was published in 2019. This study demonstrated
that patients treated with pembrolizumab plus axitinib had significantly longer overall survival and progression-free
survival compared to those treated with sunitinib. Clustering these highly cited references yielded a total of 10 clusters
(Fig. 6B). The three most active clusters are: #0 immune checkpoint inhibitors, #1 sorafenib and #2 multidrug resistance.
Some literature has been frequently cited over time, indicating new breakthroughs or hotspots in the field. The top 20
references with the strongest citation bursts are presented in Fig. 6C. The top three references in terms of burst strength
are: Nivolumab versus Everolimus in Advanced Renal-Cell Carcinoma (strength =41.40), Temsirolimus, Interferon Alfa, or
Both for Advanced Renal-Cell Carcinoma (strength =39.10) and Sunitinib versus Interferon Alfa in Metastatic Renal-Cell Car-
cinoma (strength =38.23) [22-24]. The most frequently cited references are predominantly clinical trials related to drug
treatment for RCC.

3.6 Keywords analysis

Given that keywords represent critical information in the articles, we conducted a keyword analysis of publications related
to drug resistance in renal cell carcinoma (Fig. 7A). The three keywords with the highest frequency were renal cell carci-
noma (n=839), expression (n=505), and cancer (h=467, Table S4). In this network visualization, there are seven central
nodes, with the top three by centrality being drug resistance (BC=0.14), gene expression (BC=0.13), and activation
(BC=0.12). The results of clustering analysis revealed that high-frequency keywords were categorized into 10 clusters
(Fig. 7B and Table 6). The three most active clusters were #0 targeted therapy, #1 multidrug resistance, and #2 apoptosis,
each containing more than 50 keywords. The timeline visualization of keywords illustrates the evolution of research focus
over time (Fig. 7C). The focus shifted from tyrosine kinase inhibitor (TKI) to immune checkpoint inhibitors, tumor micro-
environment, cell lipid metabolism, androgen receptor and signature. The top 20 keywords with the strongest citation
bursts are presented in Fig. 7D. Multidrug resistance, P-glycoprotein, and in vivo were among the earliest keywords to
appear. Additionally, induced apoptosis, endothelial growth factor, interferon alpha, TKl, and bevacizumab were signifi-
cant during the development of drug resistance in RCC. Keywords such as open label, tumor microenvironment, clear
cell renal cell carcinoma, progression, immunotherapy, and mechanisms continued to emerge through 2023, indicating
their status as hot topics in drug resistance research in RCC.

4 Discussion
4.1 General information on drug resistance in RCC

A total of 2,804 publications related to drug resistance in RCC from 2000 to 2023 were retrieved from the WoSCC database.
Analyzing the cumulative number of publications, we observed a steady annual increase, particularly after 2018. The
most notable surges in annual publication growth occurred in 2007 and 2012. The year 2012 also recorded the highest
average number of citations per publication. Notably, the publication titled "Safety, Activity, and Immune Correlates of
Anti-PD-1 Antibody in Cancer" had an exceptionally high citation count, reaching nearly 9000. This significantly influ-
enced the average citation metric for 2012. This clinical trial reported a cumulative response rate of 27% in RCC patients
treated with the anti-PD-1 antibody (nivolumab), making a substantial impact on the treatment landscape of RCC and
contributing to advances in overcoming TKI drug resistance [25].

The United States has consistently maintained a leading position in the field of drug resistance in RCC, excelling in
metrics such as the H-index, total publications, and average citations per paper. Although China ranks second in total
publications, its average citations per paper are only 20.62, the lowest among the top ten publishing countries, sug-
gesting a relatively lower quality of publications. Japan, despite being third in publication volume, does not hold a core
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Fig.3 Analysis of countries/regions, institutional and author collaboration. A In the network of national/regional cooperation, node size »
indicates the number of publications, while node color depth reflects the intensity of collaboration. B In the institutional collaboration
network, node size represents the number of publications. Blue nodes indicate early-stage research activities, whereas yellow nodes indi-
cate recent research efforts. C Co-authorship network map of authors. Node size indicates the number of publications, and the color depth
reflects the publication year, with darker colors representing more recent publications. D Clustering analysis of authors, where nodes of the
same color belong to the same cluster

position in this field. In contrast, Italy, Germany, and France are recognized as core countries contributing significantly to
research on RCC drug resistance. Interestingly, we found that specific funding sources are closely associated with research
trends, providing valuable insights into their impact on the overall research landscape. Public funding agencies, such
as the National Natural Science Foundation of China and the National Institutes of Health, typically prioritize basic and
translational research, fostering fundamental discoveries and mechanistic studies. In contrast, pharmaceutical companies
are more likely to fund clinical and drug development studies, with a strong emphasis on translational applications and
commercialization. Meanwhile, charitable organizations and research councils often serve as a bridge between basic
and clinical research, supporting innovation and targeted therapies. A more detailed exploration of these funding pat-
terns could reveal how financial support shapes research directions in renal cell carcinoma, influencing collaboration
networks, the pace of innovation, and clinical translation.

In terms of the most productive research institutions, the University of Texas System, despite its high publication out-
put, does not occupy a central position in the institutional network. In contrast, Harvard University and the University of
California System serve as central nodes across all institutions, underscoring their pivotal role in fostering communica-
tion and integration within the research community. Notably, the Dana-Farber Cancer Institute exhibits the highest APC
among the top ten institutions. This can be attributed to a combination of higher citation counts and a relatively lower
volume of publications. A key contributing factor is their highly cited publication, previously mentioned, which has
received 9470 citations [25]. Regarding the most prolific authors, Alfred H. Schinkel, Camillo Porta, and Michael B. Atkins
are ranked as the top three. Similar to the institutional analysis, Michael B. Atkins attained the highest APC due to the
substantial citations garnered by one of his key articles. Subsequently, we analyzed the work of Brian I. Rini, the author
with the second highest APC, whose research identified IL-8 as a significant factor contributing to sunitinib resistance
in clear cell RCC and proposed it as a potential therapeutic target to overcome both acquired and intrinsic resistance to
sunitinib [26]. The H-index was used to evaluate the productivity and impact of researchers, aiming to reduce the bias
caused by a single highly cited article. Harvard University and Alfred H. Schinkel were identified as the institution and
author with the highest H-index, respectively.

In terms of the most influential journals, Cancers, Drug Metabolism and Disposition, International Journal of Molecular
Sciences, Clinical Cancer Research, and Frontiers in Oncology are among the most prominent. The Journal Citation Reports
(JCR) is a widely used metric for assessing the impact of journals, categorizing them into four quartiles (Q1-Q4) based on
their impact factor. Of the top five most influential journals, four are ranked as Q1 journals, with the exception of Frontiers
in Oncology. Journals with a high impact factor typically have greater academic influence and tend to attract more readers
and citations. The high publication volume of these journals may also contribute to this trend. Clinical Cancer Research
demonstrates a high impact factor and a lower annual publication volume, underscoring its role as a key platform for
disseminating high-quality research on drug resistance in RCC. According to Bradford’s Law, there are 35 core source
journals in Zone 1, which represent the foundational publications in the area of drug resistance in RCC. The latest research
findings on drug resistance in RCC are primarily published in journals from disciplines such as oncology, pharmacol-
ogy and pharmacy, biochemistry and molecular biology, cell biology, medicine, and experimental research. The field of
drug resistance in RCC is characterized by its multidisciplinary and interdisciplinary nature. Advances in fundamental
sciences, such as molecular biology and cell biology, have provided a robust theoretical foundation for understanding
the mechanisms of drug resistance. Simultaneously, applied disciplines like oncology and medicine have effectively
translated these fundamental research findings into clinical practice. The collaboration and integration of basic sciences
with clinical application have driven the ongoing progress in RCC drug resistance research and offer promising avenues
for future targeted and precision therapies.

4.2 Hotspots and frontiers
Analysis of research themes revealed several major key topics that emerged before 2015: chemoresistance, angiogenesis,

mTOR signaling, and genetic variation. The inconsistent response of RCC to chemotherapy can be attributed to various
mechanisms, including the overexpression of multidrug resistance protein P-glycoprotein [27, 28]. Anti-angiogenic drugs
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Table2 TheTop 10 Funds on Rank Fund Publications Percentage (%)
the Research

1 National Natural Science Foundation of China 242 4.70

2 National Institutes of Health 217 422

3 Grants-in-Aid for Scientific Research 69 1.34

4 Pfizer 46 0.89

5 Novartis 39 0.76

6 Cancer Research UK 31 0.60

7 Medical Research Council 19 0.37

8 Canadian Institutes of Health Research 17 0.33

9 AstraZeneca 16 0.31

10 GlaxoSmithKline 16 0.31

Table 3 The Top 10 productive Rank

institutions, ranked by the Institution Count Percentage (%) BC H-index APC

number of publications 1 University of Texas System 99 353 009 62 79.63
2 Harvard University 91 3.25 0.11 63 24353
3 National Institutes of Health (NIH) 64 2.28 0.06 57 78.22
4 UTMD Anderson Cancer Center 63 2.25 0.06 50 83.66
5 Institut National de la Sante et de la 61 2.18 0.06 46 60.16

Recherche Medicale (Inserm)

6 University of California System 60 2.14 0.14 46 60.16
7 UNICANCER 49 1.75 0.09 41 109.74
8 Assistance Publique Hopitaux Paris (APHP) 44 1.57 0.05 31 26.06
9 University of London 44 1.57 0.06 34 56.42
10 Dana-Farber Cancer Institute 40 1.42 0.06 28 31242

BC Betweenness centrality, APC Average Publication Citations

Table4 TheTop 10

productive authors, ranked by Rank Author Count Percentage (%) H-index APC

the number of publications 1 Schinkel, Alfred H n 039 16 141.78
2 Porta, Camillo 10 0.36 9 15.53
3 Atkins, Michael B 9 0.32 1 822.85
4 Bates, SE 9 0.32 13 159.82
5 Ravaud, Alain 8 0.29 8 25.08
6 Escudier, Bernard 8 0.29 13 102.88
7 Rini, Brian | 8 0.29 10 203.69
8 Nowak-sliwinska, Patrycja 8 0.29 9 21.33
9 Czarnecka, Anna M 8 0.29 10 22.00
10 Szczylik, Cezary 8 0.29 1 27.08

BC Betweenness centrality, APC Average Publication Citations

have significantly improved the objective response rate of RCC patients compared to chemotherapy or cytokine therapy.
The efficacy, adverse reactions, and comparative effectiveness of bevacizumab [29], pazopanib [30], sorafenib, axitinib
[31], and sunitinib [32] have become focal points of clinical trials and guidelines. With the widespread use of anti-angi-
ogenic drugs and the increasing challenge of drug resistance, diverse clinical trials have become crucial for addressing
resistance in RCC, helping to bridge the gap between basic research and clinical applications. Additionally, everolimus, an
inhibitor of the mammalian target of rapamycin (mTOR), has shown promising efficacy and prolonged progression-free
survival in patients with metastatic RCC [33]. Upregulation of Zinc Finger DHHC-Type Palmitoyltransferase 2 (ZDHHC2)
has been linked to sunitinib resistance, mediating AGK S-palmitoylation to activate the PI3K-AKT-mTOR signaling pathway
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Tabl.e 5 Top 10 prqductive Rank Subject category Count BC Year

subject categories in drug

resistance of RCC, ranked by 1 ONCOLOGY 1129 0.33 2000

the number of publications PHARMACOLOGY & PHARMACY 651 0.43 2000
3 BIOCHEMISTRY & MOLECULAR BIOLOGY 368 0.22 2000
4 CELL BIOLOGY 249 0.08 2000
5 MEDICINE, RESEARCH & EXPERIMENTAL 179 0.21 2000
6 UROLOGY & NEPHROLOGY 157 0.05 2000
7 CHEMISTRY, MULTIDISCIPLINARY 150 0.16 2001
8 CHEMISTRY, MEDICINAL 148 0.02 2000
9 MULTIDISCIPLINARY SCIENCES 86 0 2000
10 GENETICS & HEREDITY 70 0.01 2000
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Fig.6 Visualization results of references on drug resistance in RCC research. A Co-citation analysis of references. The size of the nodes rep-
resents the number of citations for each reference, and the depth of the color indicates the publication year of the references. B Clustering
analysis of references, with the same color representing a cluster. C Burst analysis of references. The red portion of the blue line represents
the burst duration

in RCC, which may enhance the antitumor efficacy of sunitinib [34]. The advancement of high-throughput sequencing
technology has further facilitated the identification of genetic variants associated with drug resistance in RCC [35]. For
instance, the homozygous deletion of CXXC Finger Protein 4 (CXXC4) at 4924 leads to reduced expression of CXXC4
mMRNA, promoting cell proliferation and inhibiting apoptosis after doxorubicin treatment in RCC via the Wnt signaling
pathway [36].

From 2016 onwards, ferroptosis, cytotoxicity, and immunotherapy have gained prominence in the context of drug
resistance in RCC. Changes in biological metabolites, including iron and lipids, support ferroptosis as a promising thera-
peutic strategy for RCC, with ferroptosis-related genes implicated in RCC progression [37]. Dipeptidyl peptidase 9 (DPP9)
disrupts KEAP1-NRF2 binding in an enzyme-independent manner, driving NRF2-dependent transcription and suppressing
ferroptosis, which contributes to sorafenib resistance in clear cell renal cell carcinoma (ccRCC) [38]. Ferroptosis is associ-
ated not only with the immune microenvironment but also influences the efficacy of immunotherapy in RCC, thereby
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Keywords Year Strength Begin End 2000 - 2023

multidrug resistance 2000 26.58 2000 2009
p glycoprotein 2000 19.32 2000 2011
in vivo 2000 9.95 2000 2009
drug resistance 2000 10.13 2001 2006
phase ii trial 2000 16.64 2003 2013
induced apoptosis 2003 10.57 2003 2011
endothelial growth factor 2005 16.03 2005 2015
interferon alpha 2007  20.69 2007 2015
tyrosine kinase inhibitor 2007 10.38 2007 2016
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Fig.7 Visualization results of keywords on drug resistance in RCC research. A Keyword network visualization. B Clustering analysis of keywords. C
Keyword timeline visualization. D Burst analysis of keywords. The red portion of the blue line indicates the burst duration of the keywords
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Table 6 Information about all Cluster ID Label (LLR) Size Silhouette Mean (Year)
keyword clusters

0 Targeted therapy 68 0.675 2011

1 Multidrug resistance 62 0.6 2007

2 Apoptosis 52 0.617 2009

3 miRNA 38 0.629 2013

4 Expression 34 0.717 2008

5 Renal cancer 21 0.779 2015

6 Drug resistance 20 0.845 2006

7 Phase Il trial 16 0.791 2010

8 Antitumor activity 16 0.841 2004

impacting drug resistance. Inhibition of ubiquitin-specific protease 8 (USP8) sensitizes cancer cells to ferroptosis by
destabilizing Glutathione Peroxidase 4 (GPX4), while also enhancing CD8+T cell infiltration, thus boosting the tumor
response to anti-PD-1 immunotherapy [39]. PD-1 and PD-L1 inhibitors, such as nivolumab, pembrolizumab, atezolizumab,
and durvalumab, have become a significant group of immunotherapy agents, with their efficacy confirmed in multiple
clinical trials [40]. Cytotoxicity is a critical mechanism not only in chemotherapy but also in immunotherapy, where
immune cells directly attack and kill cancer cells. Current immune checkpoint blockade (ICB) therapies aim to enhance
the activation of cytotoxic T cells, enabling them to target and eliminate cancer cells more effectively [41].

Keyword clustering analysis revealed a significant enrichment of miRNAs. miRNAs are known to downregulate gene
expression by partially complementing one or more messenger RNAs, leading to translation inhibition. Recent studies
indicate that miR-96-5p is expressed at lower levels in tumor tissues of sunitinib-resistant ccRCC patients. miR-96-5p
represses Phosphatase and Tensin Homolog Deleted on Chromosome 10 (PTEN) expression by binding to its 3’ UTR site,
thereby mediating sunitinib resistance in ccRCC [42]. The keyword timeline analysis showed a shift in the focus of drug
resistance research in RCC from tyrosine kinase inhibitors to immune checkpoint inhibitors, lipid metabolism, androgen
receptor (AR), and specific molecular signatures. Dysregulation of lipid metabolism, including decreased cholesterol
biosynthesis, reduced fatty acid catabolism, and lipid droplet accumulation, is one of the most prominent changes
observed in RCC, presenting new therapeutic opportunities [43]. For example, belzutifan may inhibit HIF-2a-driven lipid
metabolism, and several clinical trials are currently underway to evaluate its effectiveness [44]. Furthermore, IncRNA
HOTAIR has been found to interact with the AR, increasing the transcriptional activity of GLI2. HOTAIR and AR syner-
gistically enhance VEGFA expression, promoting tumor angiogenesis and cancer stemness in RCC cells. These findings
suggest that HOTAIR and GLI2 could serve as novel therapeutic targets in RCC [45]. Lastly, accurate prediction of genes
and biomarkers associated with drug resistance in RCC remains a critical challenge. Recent studies have shown that
cancer-associated fibroblasts contribute to treatment resistance in RCC and may represent a promising therapeutic
target to overcome resistance [46].

4.3 Challenges and prospects

The current first-line treatments for RCC typically involve a combination of immunotherapy and targeted therapy. How-
ever, over time, factors such as the tumor microenvironment, pathway dysregulation, and genetic and epigenetic altera-
tions can activate downstream signaling pathways, ultimately leading to drug resistance [47]. Despite these challenges,
several promising therapeutic approaches are emerging. New strategies, including adoptive cell therapy, precision medi-
cine, targeting the tumor microenvironment, and combination therapies, offer hope for more effective and personal-
ized treatment options for RCC patients. Chimeric antigen receptor (CAR) T-cell therapies are a key area of interest, with
ongoing investigations into CAR T-cells targeting carbonic anhydrase IX (CAIX) and CD70, as well as the development
of bispecific antibodies. Radiopharmaceutical therapies, including agents targeting CAIX, prostate-specific membrane
antigen (PSMA), and Radium-223, are also in early stages of development. Additionally, novel targeted therapies, such as
poly (ADP-ribose) polymerase inhibitors (PARPi), cyclin-dependent kinase (CDK) inhibitors, and antibody-drug conjugates
(ADCs), are being explored as potential new treatment options [48]. To overcome resistance, combinatory therapeutic
strategies are being investigated. These include chemotherapy combined with immunotherapy, cytokine therapy plus
immunotherapy, and targeted therapy plus immunotherapy, each aiming to address distinct molecular and cellular
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resistance mechanisms [49]. Various compounds and therapeutic targets focusing on mechanisms such as cell cycle
arrest, apoptosis induction, autophagy activation, and cytotoxic effects are currently in preclinical evaluation [50]. In
summary, tackling these challenges will require collaborative efforts among researchers and clinicians. Our research
reveals potential collaborative relationships among key authors and institutions in both basic and clinical fields. This can
facilitate our efforts to seek cooperation with experts in related areas, making interdisciplinary collaboration possible,
which can integrate expertise from various fields and facilitate the development and translation of new therapies. Our
bibliometric findings also can further inform research strategies, including drug discovery and development, biomarker
development, and clinical trials. For instance, targeting the ferroptosis pathway shows promise. GPX4 protects cancer
cells from ferroptosis by neutralizing lipid peroxides, while inhibitors such as RSL3 and ML210 can induce ferroptosis
[51]. This form of cell death has also been shown to enhance anti-tumor immunity. Additionally, identifying biomark-
ers related to ferroptosis can aid in stratifying patients for personalized therapies. Elevated levels of GPX4 expression
are associated with ferroptosis resistance in ccRCC and correlate with a poorer prognosis [52]. Combining ferroptosis
inducers with ICls may improve treatment efficacy in RCC patients. By deepening our understanding of the complex
interplay between cancer cells and resistance mechanisms, the study provides crucial support for advancing progress
and translational applications in RCC.

4.4 Limitations

Our study has some limitations that should be considered. First, we used only the WoSCC database as our data source.
Although WoSCC is comprehensive and widely representative, it does not encompass all relevant literature in the field,
particularly high-quality non-English studies. In future research, we will integrate multiple databases to enhance our
analysis. Second, the wide time span of our analysis may lead to an overemphasis on articles published earlier, potentially
downplaying the influence of recent, high-impact studies. Lastly, to ensure broad coverage of literature related to drug
resistance in RCC, we opted for a topic-based search rather than a title-based search. Although we performed thorough
manual screening afterward, a small number of unrelated studies might still have been included. Despite these limita-
tions, the primary conclusions of our study remain strong and reliable.

5 Conclusions

Overall, this study presents the first comprehensive bibliometric analysis of drug resistance in RCC, providing a scientific,
thorough, and systematic examination of the field. It identifies current research trends, highlights emerging hotspots,
and offers insights into key contributors as well as ongoing challenges. The advancement of research on drug resistance
in RCC requires collaborative efforts among researchers across different disciplines and countries. Our findings provide a
theoretical reference and practical guidance for future research, better addressing drug resistance in RCC more effectively.
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