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ARTICLE INFO ABSTRACT

Keywords: Aims: This study aimed to evaluate the global research trend in the prevention and treatment of
Anthracyclines cardiotoxicity caused by anthracyclines from 2000 to 2023, and to explore international coop-
Cardiotoxicity

eration, research hotspots, and frontier trends.

Methods: The articles on the prevention and treatment of anthracycline-induced cardiotoxicity
published from 2000 to 2023 were searched by Web of Science. The bibliometrics software
CiteSpace was used for visual analysis of countries, institutions, journals, authors, cited authors,
cited references, and keywords.

Results: This study analyzed the current status of global research on the prevention and treatment
of cardiotoxicity caused by anthracyclines. A total of 3,669 papers were searched and 851 studies
were included. The number of publications increased gradually throughout the years. Cardio-
vascular Toxicology (15) is the journal with the most publications. Circulation (547) ranked first
among cited journals. In this field, the country with the most publications is the United States
(229), and the institution with the most publications is Charles Univ Prague (18). In the analysis
of the authors, Tomas S (10) ranked first. Cardinale D (262) ranked first among cited authors. In
the ranking of cited literature frequency, the article ranked first is “Early detection of anthra-
cycline cardiotoxicity and improvement with heart failure therapy” (121). The keywords “heart
failure” (215) and “oxidative stress” (212) were the most frequent. “Enalapril”, “inflammation”,
“cell death”, “NF-kB” and “Nrf2” were the advanced research contents in 2019-2023.
Conclusions: This study provided valuable information for cardio-oncology researchers to identify
potential collaborators and institutions, discover hot topics, and explore new research directions.
The prevention and treatment of anthracycline-induced cardiotoxicity focuses on early detection
and timely treatment. The results of the current clinical studies on the treatment of anthracycline-
induced cardiotoxicity are contradictory, and more studies are needed to provide more reliable
clinical evidence in the future.

Bibliometric analysis
CiteSpace
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1. Introduction

As global cancer survival rates improve, cardiovascular disease is now the second leading cause of long-term morbidity and
mortality among cancer survivors [1]. Radiation therapy, especially chest radiation therapy, antineoplastic drugs such as anthracy-
clines, human epidermal growth factor receptor 2 (HER2) targeted agents, mitogen-activated protein kinase (MEK) inhibitors in-
hibitors, multitargeted kinase inhibitors, epidermal growth factor receptor (EGFR) inhibitors, immune checkpoint inhibitors, etc. all
can cause cardiotoxicity in oncology patients [2,3]. Cardiovascular complications caused by antitumor therapy mainly include nine
categories: myocardial insufficiency and heart failure (HF), coronary artery disease, valvular disease, arrhythmia, hypertension,
embolic disease, peripheral vascular disease and stroke, pulmonary hypertension, and pericardial complications [4].

The chemotherapeutic drugs that most often induce cardiotoxicity in clinical practice are anthracyclines. Anthracyclines [5] are
commonly used in the treatment of solid tumors, breast cancer, soft tissue sarcoma, lymphoma, leukemia, and other cancers. On the
downside, the drug can damage the heart and its substructures with chemotherapy in a dose-dependent manner, increasing the
incidence of congestive heart failure (CHF) by 4.7 %, 26 %, and 48 % at cumulative doses of 400, 550, and 700 mg/m2 of Doxorubicin
(DOX), respectively [6], and their therapeutic efficacy is limited by cumulative cardiotoxicity [7]. The high morbidity and mortality of
cardiotoxicity caused by antitumor therapy in patients with malignant tumors cannot be ignored [8]. Therefore, the prevention and
treatment of cardiotoxicity caused by antineoplastic therapy is a common challenge for oncologists and cardiologists.

CiteSpace [9,10] is a visual bibliometric analysis tool under the Java language environment developed by Professor Chaomei Chen
from Drexel University in the United States. The software contains various functions such as cooperation map, co-occurrence map,
co-citation map, and burst words detection, which can discover and dig the research hotspot, evolution path, and development trend in
a certain field. Currently, anthracycline-induced cardiotoxicity has received increasing attention. In recent years, the safety and ef-
ficacy of the prevention and treatment of cardiotoxicity caused by anthracyclines have been supported by clinical and experimental
studies. There have been more than 7,000 studies of anthracycline-induced cardiotoxicity in the last 20 years, but such bibliometric
studies have focused more on anthracycline-induced cardiotoxicity as a whole, with fewer descriptions of prevention and treatment.
Our study explored the current status and trend of the prevention and treatment of cardiotoxicity induced by anthracyclines in the past
20 years through visualized bibliometric analysis, in order to provide a reference for further research.

2. Methods
2.1. Data collection

The bibliometric analysis relies on the Web of Science literature databases, including the Science Citation Index Expand (SCI-
Expand), Social Sciences Citation Index (SSCI), and Conference Proceedings Citation Index-Science (CPCI-S). Search terms include

LLITS

“anthracycline*” and “cardiotoxicit*”, “cardiac toxicit*”, “toxicity, cardiac”, “cardiac damage*”, “cardiac injur*”, “heart damage”,

OTTITS . » » LN

“arrhythmia*”, “angina pectoris”, “myocardial ischemia”, “acute myocardial infarction”, “heart failure”, “left ventricular dysfunc-
tion”, “chronic cardiac failure” and “patient*”, “cell*”, “client*”, “rat*”, “mice”, “mouse”. The search period was from 2000 to 01-01 to
2023-02-12. The data was downloaded on February 12, 2023. Web of Science records the full record of the article and the references

saved in plain text file format.

I

2.2. Inclusion criteria

Inclusion criteria were: (1) literature on the prevention and treatment of anthracycline cardiotoxicity, including clinical and basic
research; (2) document type: articles and reviews; (3) literature published from 2000 to 2023.

2.3. Exclusion criteria

Exclusion criteria were: (1) duplicate articles; (2) non-public published articles; (3) data missing articles; (4) irrelevant articles.

2.4. Analysis tool

CiteSpace [9]contains a variety of bibliometric analysis methods, including co-authors, co-institutions, co-countries, co-occurring
keywords, and co-citation analyses, and is capable of generating visualizations. The visual knowledge graph consists of nodes and
links. Different nodes in the graph represent different elements, such as an author, an institution, a country, or a reference. Nodes are
represented by circles. The size of the circle represents the frequency of node references. Different colors of nodes represent different
years. The lighter the color, the earlier the reference year, and the lightest is white. The darker the color, the closer the reference year,
and the darkest is red. Links between nodes represent co-cooperation, co-occurrence, or co-citation relationships. The centrality is an
indicator to evaluate the importance of a node in the network. The value ranges from 0 to 1. It is generally considered that centrality
>0.1 is a meaningful central media.

The CiteSpace version used in this study is 6.1 R6 (64-bit). The CiteSpace parameters are set as follows: time slicing (2000-2023),
years per slice (1), term source (all selection), node types (choose one at a time), top n select (50), pruning (pathfinder).
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3. Results
3.1. Annual publications

A total of 3,669 relevant literature were retrieved, and 851 studies were included; The research process of literature is shown in
Fig. 1.

The annual volume of published literature is shown in Fig. 2. The number of literature increased from 10 in 2000 to 95 in 2022,
showing a certain fluctuation. The published trend can be divided into three stages: the initial stage (2000-2003) had a steady in-
crease; in the steady growth stage (2004-2008) the number of papers published began to increase gradually; in the rapid growth stage
(2009-2022), the number of papers published first experienced a short-term decrease, followed by a zigzag rapid growth, and reached
its peak in 2022.

4. Analysis of journals and cited journals

851 literature on the prevention and treatment of cardiotoxicity caused by anthracyclines were published in 381 journals. Most
journals are classified as Pharmacology & Pharmacy (226). Others include Cardiac & Cardiovascular Systems (136), Oncology (120),
Toxicology (68), Biochemistry & Molecular Biology (50). The top 5 journals ranked by number of publications are shown in Table 1.
Cardiovascular Toxicology ranked first in the frequency of journals, and Biomedicine & Pharmacotherapy ranked first in impact factors of
journals. Three journals had an impact factor greater than 5, with an average impact factor of about 5.58.

Co-citation journals refer to journals cited jointly by other researchers. Co-citation analysis can obtain the distribution of key
knowledge sources in a certain field. Tables 2 and 3 lists the five cited journals with the highest frequency and centrality of research on
the prevention and treatment of cardiotoxicity caused by anthracyclines. The most frequently cited Journal was Circulation, and the
journal with the highest centrality was American Heart Journal.

4.1. Distribution of countries and institutions

CiteSpace was used to generate the country distribution map, and 64 nodes and 138 links were obtained (Fig. 3). Nodes represent
countries, and links between nodes represent cooperation between countries. The larger the node, the more the number of published
articles. Similarly, the wider the link, the closer the cooperation between countries. 851 articles were published by research teams from
64 countries. The top five countries for the frequency and centrality of publications are shown in Table 4. China published the most
articles in Asia, and the United States published the most in North America. The centrality of the top five countries was all greater than
0.1, indicating that these countries have a certain influence in the study of the prevention and treatment of cardiotoxicity caused by
anthracyclines.

The research institutions for the prevention and treatment of anthracycline cardiotoxicity are mainly concentrated in universities.
The number of publications and the ranking of centrality suggested that Charles University and Boston Children’s Hospital were the
main research institutions (Table 5).

The Database of Web of
Science

Search strategy:TS=("anthracycline*") AND (“cardiotoxicit**
OR "cardiac toxicit*” OR "toxicity,cardiac” OR "cardiac
damage*” OR “cardiac injur*” OR “heart damage” OR
“arrhythmia*" OR "angina pectoris® OR "myocardial ischemia”
OR "acute myocardial infarction® OR "heart failuer” OR “left
ventricular dysfunction™ OR “chronic cardiac failure”) AND
("patient*" OR "cell*" OR "client*" OR "rat*" OR "mice" OR
"mouse”);2000.01.01-2023.02.12 Retrieved relevent articles
(n=3669)

66 non-English articles were excluded (French=14;
Russian=13; German=12; Polish=10;
Spanish=6;Turkish=3; Italian=2; Japanese=2;

y Portuguese=1; Chinese=1; Hungarian=1; Slovene=1)

After removing non-English
articles
(n=3603)

2752 articles were excluded(Meeting abstract=83; Book
chapers=27; Editorial material=23; Early access=22;
Letter=13; Retraction=2; Correction=1; Duplication=4;
Not relevent=2577)

Included articles
(n=851)

l

Bioliometric and visualization
analysis

Fig. 1. Literature search process.
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Fig. 2. The number of publications from 2000 to 2022.
Table 1
The top five journals with the highest frequency.
Ranking Frequency Journal IF 2021
1 15 Cardiovascular Toxicology 2.755
2 12 Biomedicine & Pharmacotherapy 7.419
3 12 Frontiers in Cardiovascular Medicine 5.846
4 12 Oxidative Medicine and Cellular Longevity 7.310
5 12 Toxicology 4.571
Table 2
The top five cited journals with the highest frequency.
Ranking Frequency Cited journals IF 2021
1 547 Circulation 39.918
2 467 Journal of Clinical Oncology 50.717
3 405 Journal of the American College of Cardiology 27.203
4 398 Journal of Molecular and Cellular Cardiology 5.763
5 382 Cancer research 13.312
Table 3
The top five cited journals with the highest centrality.
Ranking Centrality Cited journals IF 2021
1 0.08 American Heart Journal 5.099
2 0.06 Biochimica et Biophysica Acta - Molecular Basis of Disease 6.633
3 0.05 Analytical Biochemistry 3.191
4 0.05 Annals of the New York Academy of Sciences 6.499
5 0.05 American Journal of Clinical Oncology - CANCER CLINICAL TRIALS 2.787

4.2. Analysis of authors and cited authors

CiteSpace was used to construct the co-author map of literature, including 697 nodes and 965 links (Fig. 4). The size of nodes
represents the number of authors’ published articles, and the thickness of links between nodes represents the cooperation intensity
between authors. The top five authors for publications are shown in Table 6. The author with the highest number of publications is
Tomas Simunek, who together with Martin S and Vladimir G found that iron-mediated reactive oxygen species (ROS) is a key cause of
chronic cardiotoxicity. Dexpropylenimine acts as an iron chelator shielding intracellular free iron thus exerting cardioprotective effects
[11]. Michaela A found that the strong iron chelator 0-108 can protect the cardiotoxicity caused by daunorubicin, but increasing the
dose of 0-108 failed to do so, suggesting that there are more complex mechanisms other than iron-mediated mechanisms for
anthracycline-induced cardiotoxicity [12].

Generating a co-citation author graph with 869 nodes and 3507 links by CiteSpace (Fig. 5). The most frequently cited author was
Cardinale D (Table 7), and the top centrality author is Ewer MS (Table 8). They focus on the early detection and timely treatment of
anthracycline-induced cardiotoxicity. Lipshultz SE and Minotti G were core researchers. Lipshultz SE mainly engaged in the toxic
effects of anthracyclines in childhood cancer patients. His research proves that cumulative dose increase of DOX is an independent risk
of late cardiotoxicity factors, with increased incidence and severity of cardiac abnormalities over time [13]. Minotti G summarizes the
role of iron and free radicals in anthracycline-induced cardiotoxicity on apoptosis or other forms of cardiac damage. He also described
the pharmacology and clinical recommendations of cardioprotectants such as antioxidants and iron chelators, and advocated the
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Fig. 3. A country cooperation map from 2000 to 2023.
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Table 4
The top five countries with the highest frequency and centrality.
Ranking Frequency Country Ranking Centrality Country
1 229 USA 1 0.68 USA
2 178 People R China 2 0.12 France
3 81 Italy 3 0.11 Canada
4 62 Canada 4 0.11 Egypt
5 34 Egypt 5 0.11 Saudi Arabia
Table 5
The top five institutions with the highest frequency and centrality.
Ranking Frequency Institution Ranking Centrality Institution
1 18 Charles University 1 0.04 Boston Children’s Hospital
2 15 University of Manitoba 2 0.03 University of Toronto
3 10 Beijing University of Chinese Medicine 3 0.03 Harvard University
4 8 China Medical University 4 0.03 University of Florida
5 7 University of Toronto 5 0.03 Baylor College Medicine
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Fig. 4. A co-author map from 2000 to 2023.
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Table 6

The top five authors with the highest frequency.
Ranking Frequency Author Institution Country
1 10 Tomas S Charles University Czech Republic
2 9 Michaela A Charles University Czech Republic
3 7 Steven EL Wayne State University USA
4 7 Martin S Charles University Czech Republic
5 6 Vladimir G Charles University Czech Republic
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Fig. 5. A cited author map from 2000 to 2023.

Table 7
The top five cited authors with the highest frequency.
Ranking Frequency Cited author Institution Country
1 262 Cardinale D European Institute of Oncology Italy
2 239 Swain SM Comprehensive Breast Center USA
3 214 Lipshultz SE Department of Cardiology, Children’s Hospital USA
4 206 Minotti G G. d’Annunzio University School Italy
5 163 Zhang S The University of Texas MD Anderson Cancer Center USA
Table 8
The top five cited authors with the highest centrality.
Ranking Centrality Cited author Institution Country
1 0.13 Ewer MS The University of Texas USA
2 0.10 Olson RD University of Washington USA
3 0.09 Vonhoff DD National Cancer Institute Bethesda USA
4 0.08 Minotti G G. d’Annunzio University School Italy
5 0.07 Lipshultz SE Department of Cardiology, Children’s Hospital USA

development of targeted anthracyclines to reduce cardiotoxicity [14].
4.3. Analysis of cited references

The top 5 cited references in terms of frequency and centrality are listed in Tables 9 and 10. Sorted by frequency of cited references,
most of them are original research literature, and sorted by centrality of cited references, most of them are review articles.

“Burst words” refer to the key cited references whose citations change dramatically in a certain period of time, which represents the
development trend of a certain scientific research field. It can be used to analyze different nodes such as cited references and keywords,
the parameter y value can limit the result of the emergence; the smaller the value, the more the result, generally choose between 0.5
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The top five cited references for the highest frequency.
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Ranking  Cited reference Frequency  Representative Publication Journal Research content

author year

1 Early detection of anthracycline 121 Cardinale D 2015 Circulation Cardiotoxicity after anthracycline
cardiotoxicity and improvement treatment occurs mostly within 1 year,
with heart failure therapy is related to anthracycline dose, that

early detection and timely treatment
are essential for recovery of cardiac
function [15].

2 Identification of the molecular basis 105 Zhang S 2012 Nature The specific knockout of
of doxorubicin-induced Medicine topoisomerase-IIp in cardiomyocytes
cardiotoxicity can protect cardiomyocytes from

doxorubicin-induced DNA double-
strand breaks and transcriptome
changes, which are the cause of
mitochondrial ROS production [16].

3 Enalapril and carvedilol for 73 Bosch X 2013 Journal of the Combined treatment with angiotensin-
preventing chemotherapy-induced American converting enzyme inhibitors (ACEI)
left ventricular systolic dysfunction College of and beta-blockers may prevent left
in patients with malignant Cardiology ventricular systolic function in
hemopathies: the OVERCOME trial patients with malignant hemopathies

treated with anthracycline [17].

4 Prevention of cardiac dysfunction 72 Gulati G 2016 European Heart  In patients treated for early breast
during adjuvant breast cancer Journal cancer with anthracycline,
therapy (PRADA): a 2 x 2 factorial, concomitant treatment with
randomized, placebo-controlled, angiotensin receptor blocker (ARB)
double-blind clinical trial of provides protection against an early
candesartan and metoprolol decline in global left ventricular

function [18].

5 Prevention of anthracycline- 67 Vejpongsa P 2014 Journal of the Topoisomerase-IIff may serve as a
induced cardiotoxicity: challenges American major molecular target for
and opportunities College of cardioprotection [19].

Cardiology
Table 10
The top five cited references for the highest centrality.

Ranking  Cited reference Centrality ~ Representative Publication Journal Research content

author year

1 Role of cardioprotective therapy 0.18 Kalam K 2013 European Journal Dexrazoxane, B-blockers, statins and
for prevention of cardiotoxicity of Cancer ACEI can reduce cardiac events and
with chemotherapy: a systematic have similar efficacy [20].
review and meta-analysis

2 American Society of Clinical 0.18 Hensley ML 2009 Journal of Clinical Hensley ML defined the conditions
Oncology 2008 clinical practice Oncology for the use of dexrazoxane in breast
guideline update: use of cancer and other malignant tumors
chemotherapy and radiation in the American Society of Clinical
therapy protectants Oncology 2008 clinical practice

guideline [21].

3 Cardiotoxicity of doxorubicin is 0.15 Ichikawa Y 2014 The Journal of The cardiotoxic effects of
mediated through mitochondrial Clinical doxorubicin develop from
iron accumulation Investigation mitochondrial iron accumulation

and that reducing mitochondrial iron
levels protects against doxorubicin-
induced cardiomyopathy [22].

4 Anthracyclines: molecular 0.14 Minotti G 2004 Pharmacological A review of progress that may serve
advances and pharmacologic Reviews as a framework for reappraising the
developments in antitumor activity and toxicity of
activity and cardiotoxicity anthracyclines on basic and clinical

pharmacology grounds [14].
5 Potent metalloporphyrin 0.13 Pacher P 2003 Circulation Targeted inhibition of peroxynitrite

peroxynitrite decomposition
catalyst protects against the
development of doxorubicin-
induced cardiac dysfunction

synthesis may be a new
cardioprotective strategy [23].
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and 0.8; minimum duration is the time of the emergence of the burst, the smaller the value the more the result, the default is two years.
Burst words analysis was performed on the cited references of the prevention and treatment of cardiotoxicity caused by anthra-
cyclines, and the top 5 literature ranked by Strength were listed, as shown in Table 11.

4.4. Analysis of keywords

CiteSpace was used to generate a co-occurrence map of keywords, which included 526 nodes and 2,533 links (Fig. 6). “Heart
failure” and “oxidative stress” were the most frequently used keywords (Table 12). Anthracycline therapy enhances survival in cancer
patients, but also increases the risk of cardiac dysfunction, with the most common type of cardiotoxicity being HF, and oxidative stress
has been identified as a major cause of anthracycline cardiotoxicity.

Burst words are keywords that show a sharp change in citations over a period of time, and which represent the trend of a particular
subject. In Burst words analysis, the top 47 keywords with strongly cited outbreaks during 2000-2023 were shown in Fig. 7. “Ena-
lapril”, “inflammation”, “cell death”, “Nuclear factor-kappa B (NF-kB)” and “nuclear factor erythroid-2-related factor 2 (Nrf2)” are the
research trend of the future.

1. Enalapril: Enalapril is an angiotensin-converting enzyme inhibitor, mainly used for the treatment of hypertension. It was found that
Enalapril reduced anthracycline-induced cardiotoxicity, that Enalapril application reduced elevated Troponin I (TnI) and Creatine
kinase isoenzyme MB (CKMB), preserved left ventricular ejection fraction (LVEF) in patients [17,28,29], and reduced the combined
event of death and HF, maintain systolic blood pressure and diastolic function of the heart. Cancer patients with elevated troponin
may benefit from Enalapril therapy. Therefore, it is better to use Enalapril during chemotherapy or in patients with elevated
troponin [30]. Compared with acute cardiotoxicity, Enalapril mainly prevents cardiac dysfunction in chronic cardiotoxicity.
However, we still need to weigh the benefits of ACEIs against the potential side effects in clinical applications [31-33]. In addition,
the study samples of enalapril were small and have not been verified in prospective randomized controlled trials, so larger studies
are needed to verify the relevance of the results and the clinical benefits of ACEI on LVEF.

2. Inflammation: Cardiotoxicity caused by DOX involves many factors, and the activation of pro-inflammatory mediators is one of the
mechanisms leading to cardiomyocyte injury [34]. Studies have shown that the levels of inflammatory factors such as tumor
necrosis factor-alpha (TNF-a), interleukin-lbeta (IL-1p) and interleukin-6 (IL-6) in DOX-administered rats were significantly
increased [35-37]. DOX exposure stimulates the release of ROS and increases oxidative stress, thereby enhancing the expression of
NF-«xB in myocardial tissue, initiating an inflammatory cascade, and promoting the release of TNF-a and IL’s [38,39].
TNF-a/TNFR1 pathway is a key factor in the inflammatory response to DOX [40,41]. Cardioprotective agents such as fisetin,
Achillea fragrantissima and Alamandine can exert cardioprotective effects by inhibiting inflammatory factors NF-xB, TNF-a, IL-16,
IL-6 and cyclooxygenase (COX) 2 pathways [42-44].

3. Cell death: Cell death is one of the main manifestations of cardiotoxicity, and cell death mechanisms such as apoptosis, autophagy,
and necroptosis have been described to explain the cardiotoxicity of DOX [45-47]. Mitochondrial perturbation induced by excess
oxygen radicals is the underlying cause of cardiomyocyte death induced by cardiotoxic chemotherapeutic agents [48]. Bnip3 was
found to be a key effector of DOX-induced mitochondrial damage and cardiomyocyte necrosis, and it was highly enriched in
DOX-treated cardiomyocytes, and knockdown or reduction of Bnip3 prevented DOX-induced cell necrosis [49]. Cardiomyocyte
apoptosis is a key process in the occurrence and development of DOX-induced cardiotoxicity [50,51]. Inhibition of apoptosis may
provide a new way to alleviate DOX-related cardiotoxicity [52]. In addition, DOX can also induce cell death through ferroptosis
[53,54]. Ferroptosis manifested by elevated levels of 4-hydroxynonenal (4-HNE) and Malondialdehyde (MDA) [55-57]. After DOX
treatment, the levels of MDA and 4-HNE increased, and the antioxidant pathway was activated to protect cardiomyocytes from
DOX-induced ferroptosis [58].

4. NF kappa B: NF-kB is one of the main signal transduction pathways in response to DOX-induced oxidative stress, involved in
inflammation, apoptosis, anti-oxidation and other pathophysiology processes, and plays a key role in DOX-induced cardiotoxicity.
Oxidative stress can lead to an inflammatory response by activating NF-«B, up-regulate inflammatory factors in the heart, including
IL-1B, IL-6, interleukin-17 (IL-17) and TNF-a [59-61], and promote inflammatory mediator expression [62]. The NF-kB and
mitogen-activated protein kinases (MAPK) signaling pathways are the main intermediates of oxidative stress-induced apoptosis. In
response to DOX stimulation, NF-kB and MAPKs are activated in cardiomyocytes, thereby promoting cardiomyocyte apoptosis
[63]. Taurine blocks NF-kB activation and apoptosis by preventing the c-Jun N-terminal kinase (JNK) and p-38 phosphorylation
[64]. NF-kB has a negative regulatory effect on Nrf2. Nrf2 is the main regulator of oxidative stress. Inhibition of NF-xB and acti-
vation of Nrf2 signaling can protect the heart by antioxidant and scavenging free radicals [65].

5. Nrf2: Nrf2 is considered a major antioxidant regulator by increasing the transcription of antioxidant genes [66-68]. In addition,
Nrf2 also reduces inflammatory injury by regulating inflammatory cytokines and antioxidant enzymes [69], and up-regulates the
B-cell lymphoma-2 (BCL-2) to enhance resistance to apoptotic stimuli [70]. Nrf2-deficient mice are more prone to DOX-induced
cardiotoxicity and cardiac dysfunction [71]. Tripartite motif-containing protein 21 (TRIM21) negatively regulates the
p62-kelch-like ECH-associated protein 1 (Keapl) -Nrf2 antioxidant pathway, and TRIM21 ablation may serve as a potential
therapeutic target to reduce DOX-induced cardiotoxicity [58]. Sirtuin 1 (SIRT1) can activate Nrf2 through deacetylation [72].
Fisetin inhibits ferroptosis by activating the SIRT1/Nrf2 signaling pathway to play an anti-DOX-induced cardiomyopathy effect
[73].
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Table 11
The top five cited references by the strength of burst words analysis.
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Ranking  Cited reference Strength ~ Representative Publication Journal Research content

author year

1 Carvedilol for Prevention of 15.25 Avila MS 2018 Journal of the Carvedilol has no effect on reducing
Chemotherapy-Related American College of  the incidence of premature LVEF, but
Cardiotoxicity: The CECCY Trial Cardiology can reduce anthracycline-induced

troponin levels and diastolic
dysfunction [24].

2 Anthracycline Chemotherapy and 11.13 McGowan JV 2017 Cardiovascular Mechanism of cardiotoxicity induced
Cardiotoxicity Drugs and Therapy by Anthracycline [25].

3 Early detection of anthracycline 10.89 Cardinale D 2015 Circulation Cardiotoxicity after anthracycline
cardiotoxicity and improvement treatment occurs mostly within 1 year,
with heart failure therapy is related to anthracycline dose, that

early detection and timely treatment
are essential for recovery of cardiac
function [15].

4 Prevention and Monitoring of 10.50 Armenian SH 2017 Journal of Clinical A guideline on the prevention and
Cardiac Dysfunction in Survivors Oncology monitoring of cardiac function in
of Adult Cancers: American adult cancer patients [26].

Society of Clinical Oncology
Clinical Practice Guideline

5 Oxidative stress injury in 10.35 Songbo M 2019 Toxicology Letters Summarize the different pathogenesis
doxorubicin-induced of DOX-induced cardiotoxicity, and
cardiotoxicity cardioprotective therapies that

address these mechanisms [27].
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Fig. 6. A keyword co-occurrence map from 2000 to 2023.
Table 12
The top 10 keywords with the highest frequency and centrality.

Ranking Frequency Keyword Ranking Centrality Keyword

1 215 Heart failure 1 0.11 Anthracycline cardiotoxicity

2 212 Oxidative stress 2 0.11 Congestive heart failure

3 140 Breast cancer 3 0.10 Cardiotoxicity

4 123 Anthracycline cardiotoxicity 4 0.10 Adriamycin induced cardiomyopathy

5 106 Doxorubicin 5 0.09 Adriamycin

6 104 Cardiotoxicity 6 0.09 Activation

7 101 Chemotherapy 7 0.09 Acute lymphoblastic leukemia

8 97 Induced cardiotoxicity 8 0.08 Doxorubicin

9 91 Therapy 9 0.08 Apoptosis

10 89 Induced cardiomyopathy 10 0.08 Doxorubicin induced cardiotoxicity
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Top 47 Keywords with the Strongest Citation Bursts

Keywords Year Strength Begin End 2000 - 2023
lipid peroxidation 2000  13.32 2000 2008

adriamycin 2000 1171 2000 2011

cardiac toxicity 2000 424 2000 2005

anthracycline cardiotoxicity 2000 3.28 2000 2001

advanced breast cancer 2001 442 2001 2014

cardiotoxicity 2001 713 2002 2006

metabolism 2002 3.81 2002 2004

anthracycline antibiotics 2002 374 2002 2012

icrf 187 2004 8.3 2004 2008

superoxide dismutase 2005 4.67 2005 2013

cardiac myocyte 2005 42 2005 2013

nitric oxide synthase 2006 445 2006 2013 P

antifumor activity 2006 3.67 2006 2012 — —
in vivo 2002 528 2007 2012

gene expression 2008 459 2008 2010 —_— S

adriamycin induced cardiotoxicity 2000 4.19 2008 2014

induced apoptosis 2002 449 2009 2013
left ventricular dysfunction 2010 417 2010 2018 —
anthracycline induced cardiotoxicity 2003 35 2010 2015

management 2011 322 2011 2013 — —
congestive heart failure 2000 486 2012 2016

high dose chemotherapy 2013 55 2013 2018 —
doxorubicin induced cardiomyopathy 2005 537 2013 2016

survival 2013 326 2013 2018 —
anthracycline induced cardiomyopathy 2011 6.1 2014 2018 e —

follow up 2015 4.52 2015 2018 R

ejection fraction 2016 4.74 2016 2019 —
ventricular systofic dysfunction 2016 334 2016 2018 —
cardiovascular disease 2015 3.88 2017 2019 B
myocardial infarction 2015 3.85 2017 2018 R
carvedilol 2016 4.96 2018 2021 e
american society 2004 428 2018 2019

european association 2018 3.60 2018 2019 —
randomized trial 2014 3.36 2018 2020 ——
cardiac dysfunction 2005 512019 2020

enalapril 2019 482 2019 2023 —
inflammation 2019 4.66 2019 2023 —
risk 2016 3.94 2019 2020 —_—
survivor 2010 3.56 2019 2021 —
guideline 2019 3.53 2019 2021 —
injury 2018 343 2020 2023 e —
autophagy 2018 3.30 2020 2021 e ——
cell death 2002 324 2020 2023

pathway 2015 4352021 2023 —
af kappa b 2011 336 2021 2023 —_—
2 2021 332 2021 2023 —
cardiovascular toxicity 2015 328 2021 2023

Fig. 7. Top 47 keywords with the strongest citation bursts.
5. Discussion

The bibliometric analysis of the prevention and treatment of anthracycline-induced cardiotoxicity over the past 20 years shows
that, in general, the number of published literature is increasing. In this study, Cardiovascular Toxicology ranked first in the frequency
of journals, indicating that the journal has a certain influence on the research in this field. Most journals are mainly in the field of
Pharmacology & Pharmacy, other fields include Cardiac & Cardiovascular Systems, Oncology and Toxicology. The United States,
China and Italy are major research powers with high publication rates, while the United States, France and Canada are major research
countries with high publication centrality. The cooperation between countries is mainly pairwise cooperation, and there is a lack of
large-scale communication between countries. Charles Univ Prague has published the most articles. Most institutions are universities
and only a few are hospitals. The centrality of the institutions was low, indicating that the cooperation among the institutions was not
close and mainly internal cooperation. At present, the research strength of the prevention and treatment of anthracycline-induced
cardiotoxicity has not yet formed a joint force, which restricts its long-term development to some extent. Exchanges and coopera-
tion between multiple countries and institutions should be strengthened to promote the continuous development of research. Based on
the bibliometric analysis, the results show that the research hotspots can be summarized as follows.

Firstly, HF is the most important complication of anthracycline treatment. The treatment of anthracycline-induced heart failure is
similar to other types of HF. The main drugs include ACEIs, ARBs, B-blockers and statins [74]. It has been found that combined
treatment with ACEI and p-blockers may prevent left ventricular systolic dysfunction in patients with malignant hemopathies treated
with intensive chemotherapy. Candesartan can prevent early LVEF decline caused by anthracyclines [18]. But there is also reported
that B-blockers carvedilol had no effect on the incidence of premature LVEF reduction [24], while statins may reduce the risk of HF

10



Y. Kong et al. Heliyon 10 (2024) 29926

[75]. A recent randomized controlled trial study has also shown that statins reduced the incidence of cardiac dysfunction in
anthracycline-treated lymphoma patients [76]. And the incidence of cardiotoxicity can be reduced regardless of the type of statin used,
suggesting that there is no difference between types of statins [77]. However, it has also been pointed out that statins do not have a
significant role in changing LVEF, which may be related to the short observation time [78]. In conclusion, statins are effective in
preventing anthracycline-induced cardiotoxicity, but the selection of the appropriate dose and duration of treatment during statin
therapy still needs to be explored in large-sample clinical trials.

Secondly, the mechanism of anthracycline-induced cardiotoxicity is unclear, but oxidative stress, inflammation and apoptosis play
a crucial role in cardiovascular events. Oxidative stress has been identified as the main cause of anthracycline cardiotoxicity. It is
generally believed that DOX activates a variety of signaling molecules through ROS, including MAPK family members composed of
extracellular-signal regulated protein kinase (ERK) and c-JNK and p-38, and then regulates Bcl-2 and Bax [79]. However, interventions
to reduce oxidative stress were unsuccessful in reducing the incidence of cardiotoxicity in DOX-treated patients. This may be related to
individual differences in response to DOX [80]. Inflammation is also an important mechanism of cardiotoxicity after DOX treatment.
DOX promotes the release of pro-inflammatory factors TNF-a, IL-1p, and IL-6 by activating the NF-kB signaling pathway, regulates the
inflammatory enzymes COX 2 and inducible nitric oxide synthase (iNOS), and enhances the inflammatory response [81,82]. DOX also
triggers the release of pro-inflammatory cytokines, activates MAPK signaling pathways to trigger apoptosis [83,84]. Autophagy plays
an important role in DOX-induced cardiotoxicity, and the phosphoinositide 3-kinase (PI3K)/protein kinase B (Akt) signaling pathway
is a key negative regulator of autophagy [85,86]. The Akt phosphorylation level decreased and autophagy markers increased in the
heart tissue of DOX-treated mice [87,88].

Lastly, the evolution of these keywords reveals the history of research on the prevention and treatment of anthracycline-induced
cardiotoxicity. Lipid peroxidation and heart failure have always been the main trends of research, lipid peroxidation mainly flourished
in the early stage of research, and heart failure mainly flourished in the middle of research. The middle stage of research is mainly
divided into clinical research and molecular mechanism research. Clinical research mainly focuses on complications such as cardiac
myocyte, left ventricular dysfunction, and myocardial infarction caused by anthracyclines, as well as patient survival rate and follow-
up. Molecular mechanism research focuses on oxidative stress, apoptosis, gene expression, etc. In the past 5 years, more attention has
been paid to the molecular mechanism research of anthracycline-induced cardiotoxicity and the clinical observation of drug treatment
of anthracycline-induced cardiotoxicity. It is expected that research on inflammation, cell death, NF-xB and their relationship will be
the mainstream research trend in this field.

Cardiotoxicity is the most common and serious complication of anthracycline therapy, manifesting as dose accumulation, pro-
gression, and irreversibility [89,90]. Patients with different types of tumors have differences in age, sex, comorbidities, anthracycline
dose and infusion regimen, and clinical characteristics. It is difficult to recommend guidelines for the preventive management of
anthracycline-induced cardiotoxicity in all cancer types [91]. The current approach to prevent cardiotoxicity is the use of liposomal
doxorubicin and the cardioprotective agent dexrazoxane. However, its clinical use is limited due to the risk of secondary malignancy
and myelosuppression. Although there are many other drugs that may have cardioprotective effects in clinical practice, such as ACEI,
ARBs, and p-blockers, however there are not enough clinical research data [92], and long-term studies are lacking [93]. At present,
more research is needed to determine the best prevention options. Furthermore, there has been a growing recognition of the inter-
action between cancer and CVD, leading to the emergence of the cardio-oncology (CO) field and cardio-oncology programs (COP) to
tackle existing gaps in the care of these interconnecting conditions [94]. COP offered comprehensive multidisciplinary care and
address the cardiovascular needs through the journey of cancer, including before (prevention and risk assessment), during (surveil-
lance and early detection of cardiotoxicity), and after (survivorship). COP expanded the workplace to community hospitals, not just
academic centers.

Monitoring and managing cardiovascular (CV) risk factors are essential for safe cancer therapy. The Kurume-CREO registry was a
single-center, prospective observational study from Japan [95]. This study focused on the incidence of cancer treatment-related
cardiovascular toxicity (CTR-CVT) during chemotherapy and performed risk stratification with the Heart Failure Association and
International Cardio-Oncology Society (HFA-ICOS) risk assessment tools to analyze the relationship between different stratified
populations and the incidence of CTR-CVT to determine prognosis. It found that patients with high/very high risk were well predicted
by the HFA-ICOS risk assessment tool, demonstrating the importance of monitoring patients with cancer for potential CV risks and
emphasizing the need for further research to improve treatment protocols for those at higher risk. The CARDIOTOX registry was a
prospective multicenter study from Spain to identify the factors related with risk of cancer therapy cardiotoxicity and assessing the
utility of clinical biochemical, and echocardiographic (ECHO) parameters for the early detection of cardiovascular disease in patients
treated with cancer therapies as well as the possible factors related with prognosis and the recovery of left ventricular function [96].
The Systemic Coronary Risk Estimation (SCORE) was significantly associated with higher rates of severe cardiotoxicity (CTox) and
all-cause mortality. Global collaboration in cardio-oncology is needed to understand the prevalence of cancer therapy-related car-
diovascular toxicity in different risk groups, practice settings, and geographic locations. The Global Cardio Oncology Registry (G-COR)
was a multicenter international observational cohort study [97]. The objectives were to identify the risk factors of CTR-CVT and to
develop risk score model; to characterize geographic and regional on biomarkers, imaging modalities, socioeconomic and de-
mographic variables; and to assess their impact on care, surveillance strategies, treatments, and outcomes.

Currently, most of the studies on the prevention and treatment of cardiotoxicity underway were observational trials, and more
prospective randomized clinical trials are expected afterwards. Research collaboration must be facilitated in the future through the
establishment of registries to characterize these patients, assess resource utilization, and monitor their long-term outcomes to better
understand the burden of cardiovascular disease in cancer patients, as well as risk stratification tools and global registries.

This study is based on the prevention and treatment of anthracycline-induced cardiotoxicity and explores the international
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cooperation, research hotspots and frontier trends of such studies in the last 20 years through bibliometric methods. In the method of
bibliometric analysis, compared with other studies, this study analyses the centrality ranking of country, institution, author, cited
literature and keyword analysis, in addition to their frequency ranking. Meanwhile, on the basis of author and journal analysis, cited
author and cited journal content analysis are added. In addition, unlike previous studies that only used burst words analysis for
keyword analysis, this study also conducted burst words analysis for cited references, which was used to find out the particularly
popular literature in different time periods during the last 20 years. However, there are some limitations of this study. It was possible
that there are other databases with significant articles that may not have been analyzed as the CiteSpace analysis only supported the
Web of Science database; Only English literature was included in this study, which may have overlooked high-quality literature in
other languages, such as Chinese and Spanish. These limitations need to be addressed at a later stage.

6. Conclusions

In conclusion, the comprehensive analysis with reference to multiple studies mainly focuses on the following aspects: early
detection and treatment, molecular mechanism, drug selection and therapeutic effect, and cardioprotective strategies.

The prevention and treatment of anthracycline-induced cardiotoxicity focuses on early detection and timely treatment. Generally,
the cardiotoxicity of anthracycline treatment mostly appears within 1 year, so early detection of anthracycline-induced cardiotoxicity
through different means is the basis of treatment. Currently, there are many therapeutic drugs for anthracycline-induced cardiotox-
icity, such as ACEIs, ARBs, statins, etc. However, the samples of the clinical studies of these drugs are small, and the observation period
is short, mostly observational, which makes the results of the current clinical studies contradictory to each other. Therefore, more
large-scale clinical studies with large samples, multicenter, long-term follow-up, and randomized control are needed to provide more
reliable clinical evidence on the prevention and treatment of anthracycline-induced cardiotoxicity in the future. Meanwhile, there are
great difficulties in recommending cardiotoxicity treatment due to the different types of tumor patients and the different doses of
anthracyclines used. In addition, the molecular mechanisms of anthracycline-induced cardiotoxicity are complex and targeted ther-
apies against these molecular mechanisms would be a potential application for the prevention and treatment of anthracycline
cardiotoxicity.

This study provides useful information for potential collaborators and institutions, and provides a direction for researchers to
identify the development trend of the prevention and treatment of anthracycline-induced cardiotoxicity and further research.
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