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Abstract 

 

Background/Purposes: Anthracyclines have a central role in the treatment of pediatric acute myeloid 

leukemia (AML)/cardiotoxicity Anthracyclines are limited by dose-dependent cardiotoxicity. Genetic 

diversity of the major drug metabolizing enzyme CYP2D6 can be a factor in individual susceptibility. 

The aim of this systematic review and meta-analysis was to assess the effect of CYP2D6 polymorphisms 

on cardiotoxicity by anthracycline in children with AML. 

 

Materials/Patients and Methods: The search performed on PubMed, Scopus, Web of Science, and 

Google Scholar through to December 2025. The eligible studies were pediatric AML patients who had 

the CYP2D6 genotypes recorded on anthracyclines and reported the outcomes of cardiotoxicity. 

Information on the demographics of patients, genotypes, treatment regimens, and the incidence of 

cardiotoxicity were obtained. The calculation of pooled risk ratios (RRs) with 95% confidence interval 

(CIs) was done using a random-effects model as a way of meta-analysis. I²was used to measure 

heterogeneity and the funnel plots were used to determine publication bias.  

 

Findings: Twenty-eight articles with 1,246 children with AML were included. The distribution of 

CYP2D6 metabolizers was as follows; poor metabolizers (PM) 1826, intermediate metabolizers (IM) 

15 and extensive metabolizers (EM) 10. The total incidence of cardiotoxicity caused by anthracycline 

was 15 percent. Genotype stratified cardiotoxicity was also the highest in PMs (21%), then IMs (15%), 

and EMs (10%). Cardiotoxicity of severe type was observed in 4% of patients, and they were mostly 

PMs (65%). Dose of >350 mg/m²anthracycline showed a risk of cardiotoxicity of 28%. The 

heterogeneity was moderate (I² = 52 percent) and very little publication bias was found. 

 

Conclusion: CYP2D6 polymorphisms are important in regulating the risk of anthracycline induced 

cardiotoxicity in pediatric AML patients. Phenotype discovery of PM and IM may inform genotype-

based dosing, enhance the clinical power of the therapeutic approach, and mitigate CVD adverse 

outcomes. Pharmacogenomic testing should be incorporated in the practice of pediatric oncology to 

promote the field of precision cardio-oncology. 

 

Keywords: CYP2D6, polymorphism, pharmacogenomics, anthracycline, cardiotoxicity, pediatric 

AML, systematic review, meta-analysis. 

 

1. Introduction 

Anthracyclines have been an essential part of the management of pediatric acute myeloid leukemia 

(AML), but their usage is restricted by the chance of cardiotoxicity, which can appear immediately or 

many years following treatment. Cardiovascular toxicity induced by drugs is a serious clinical issue 

because different patients may be affected differently, which may severely impact vulnerable patients 

[1]. More recent developments in the field of pharmacogenomics have put a strong emphasis on genetic 

determinants in the process of regulating the quality and effectiveness of chemotherapeutic agents [2,3]. 
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CYP2D6, a polymorphic gene that encodes a major drug-metabolic enzyme has become a key 

determinant in anthracycline pharmacokinetics and toxicity profile. Allelic differences in CYP 2D 6 

may lead to poor/intermediate/extensive metabolizers, which will change drug clearance and cardiac 

exposure [4,5]. Knowledge of these genetic factors plays a crucial role in tailoring treatment and 

reducing the potential of cardiotoxicity especially in the pediatric group because cardiovascular 

sequelae may affect the quality of life in the long term [6,7]. Pharmacogenomic methodology is not 

limited to CYP2D6, but several genophenotypic factors contributing to the regulation of drug 

metabolism, transport, and pathways of cellular response have been incorporated [8,9]. Such genetic 

variations may impact the safety and efficacy of anthracyclines and require detailed models of 

prediction which incorporates genetic inputs, drug dosage, and patient specific factors [10,11]. 

Additionally, genetic and epigenetic vulnerabilities are central to the predisposition of individuals to 

cardiotoxicity, and hence the urgency of the need to detect potential patients at risk early in life to apply 

specific therapeutic interventions [12]. Although there is growing recognition of these determinants, 

clinical implementation of pharmacogenomics in pediatric oncology has had little use, and high-quality 

evidence is needed to support the use of genotype-based dosing and monitoring approaches. The present 

systematic review and meta-analysis will integrate available evidence on the role of CYP2D6 

polymorphisms on anthracycline-induced cardiotoxicity in children with AML to present a new 

assessment of risk stratification, mechanistic informative data, and possible directions of the application 

of precision medicine in clinical care. 

 

2. Methodology: 

2.1 Study Design  

The present study was a systematic review and meta-analysis, an attempt to assess the effect of CYP2D6 

polymorphisms on the anthracycline-related cardiotoxicity among child patients with acute myeloid 

leukemia (AML). Their main aim was to integrate the evidence about the effects of CYP2D6 genetic 

variability on the incidence and severity of cardiotoxic events, and ultimately provide evidence-based 

support to the personalized treatment approach toward pediatric cancer. The age of the patients included 

in the review was 0 years to 18 years of age with anthracycline based chemotherapy and with genotype 

available. In the studies comprising the sample, the number of samples was between 24 and 210 patients 

per study, and the total population was about 1,246 pediatric patients. The incidence of cardiotoxicity 

was reported to be genotype dependent with poor metabolizers having a rate of about 21, intermediate 

metabolizers had a rate of 15, and extensive metabolizers had a rate of 10.  

 

2.2 Search Strategy 

 An extensive search of the literature in PubMed, Scopus, Web of Science, and Google Scholar was 

conducted to include materials published beginning with the first publications to December 2025. The 

search involved the use of keywords and MeSH words such as CYP2D6, polymorphism, genetic 

variants, anthracycline, cardiotoxicity, pediatric and acute myeloid leukemia. The studies, only those in 

English, which were done in human pediatric populations were considered. Besides performing a 

database search, a manual search of the included studies through reviewing their reference lists and 

pertinent high-impact reviews like Škrbić (2024), Petrykey (2020), and Leong (2017) was carried out 

to find more eligible studies. The first search brought about 1,243 records, of which 112 full-text articles 

were evaluated on eligibility, and that finally 28 studies were incorporated in the qualitative and 

quantitative analysis.  

 

2.3 Eligibility Criteria 

 The inclusion criteria were that the studies must have measured the CYP2D6 polymorphisms in 

children with AML undergoing anthracycline-based chemotherapy and reported the effects of 

cardiotoxicity, whether clinical, echocardiographic, or cardiac biomarker measurements (troponin or 

NT-proBNP). They had to include genotype data, such as CYP2D6 alleles or metabolizer status, 1/1, 

1/4, 4/4. Exclusion was done based on animal or in vitro experiments, articles that did not have 

cardiotoxicity, and non-primary research including review, editorial, letters, or conference abstracts 

without complete data. After this selection, 28 studies were incorporated, which served as the reflection 

of about 1246 pediatric patients, and the incidence of cardiotoxicity was between 8% and 26% based 

on CYP2D6 genotype and cumulative dose of anthracycline. 
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2.4 Study Selection  

Two reviewers who are independent carried out the process of selection of the studies whereby they 

screened the title and abstract of the 1,243 records initially retrieved to determine their possible 

relevance. After this preliminary screening, 112 full-text articles have been evaluated in more detail 

regarding the eligibility criterion using a set of pre-determined inclusion and exclusion criteria. The 

review discrepancies were sorted out by discussion and cases where the decision could not be made by 

consensus were judged by a third reviewer. Only 28 studies were used in the final selection that fitted 

all criteria in terms of eligibility, which is about 1246 pediatric AML. In order to increase the 

transparency level, PRISMA flow diagram will be provided to demonstrate how the selection process 

occurred in steps describing the number of records identified, screened, excluded, and eventually 

included into the qualitative and quantitative analyses. In Figure 1, the PRISMA flow diagram of study 

selection is presented.  

 

Figure 1: PRISMA flow diagram that shows how the study selection was conducted 

 
2.5 Data Extraction 

 A standardized form was used to extract the data in the Microsoft Excel to achieve consistency and 

accuracy. The data that was extracted covered the characteristics of the study (author, year, country, 

study design, and sample size), patient demographics (age, sex, the type of AML), genetic (CYP2D6 

alleles and metabolizer status), treatment (type of anthracycline, cumulative dose, co-medications), and 

cardiotoxicity (type, severity, and length of follow-up) outcomes. The age of the patients between the 

studies included was between 1 month and 18 years with a sex ratio of 54:46. Cumulative anthracycline 

dose ranged 50 mg/m²-450 mg/m²and cardiotoxicity rates ranged between 8-26% according to genotype 

and treatment regime.  

 

2.6 Quality Assessment  

The quality of methodology of the included studies was assessed with the help of the existing tools. 

Observational research was measured using Newcastle-Ottawa Scale (NOS) where the selection, 

comparability, and the analysis of outcome were considered, whereas the risk of bias in clinical trials 

was analyzed using Cochrane Risk of Bias Tool. High quality, moderate, and low quality studies were 

approximately 68, 25, and 7 percent respectively mostly because the sample sizes are small or because 

the genotype data was not fully reported. The quality evaluation controlled the sensitivity analysis so 
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that the results of the lower-quality research studies would not be underrepresented in the outcome of 

the meta-analysis.  

 

2.7 Data Synthesis 

 To summarize the findings in all the studies included in the study a qualitative synthesis was initially 

done and it revealed that CYP2D6 genotypes correlate with the risk and severity of cardiotoxicity 

caused by anthracycline. This comparison suggested that patients with reduced-function alleles had 

increased risk of cardiotoxicity (e.g. CYP2D6 4/4 or 1/4) with reported rates of between 18 and 26 as 

opposed to 8 and 12 with extensive metabolizer genotypes (1/1). To perform the quantitative synthesis, 

a meta-analysis was done through Review Manager (RevMan 5.4). To determine the degree of 

polymorphic relationship between CYP2D6 polymorphisms and cardiotoxicity, risk ratios (RR) with 

95% confidence interval (CI) were determined. Models that use fixed and random effects have been 

used, depending on the extent to which the heterogeneity is large or small, measured by the I²statistic. 

Subgroup to compare poor, intermediate and extensive metabolizers and by anthracycline type and 

cumulative dose were by subgroup analysis. Funnel plots and Egger test assessed the presence of 

publication bias, where the asymmetry was not significant, which is a indication that there is no high 

risk of bias. In all the studies, the cumulative rates of cardiotoxicity in poor metabolizers were about 

21, in intermediate metabolizers were 15, and in extensive ones were 10.  

 

2.8 Statistical Requirements 

I²was used as a measure of heterogeneity between studies with the value above 50 per cent being 

regarded as a significant level of heterogeneity. The sensitivity analyses were done by omitting low-

quality studies or statistical outliers in order to test the strength of the findings. The statistical 

significance was established at p-value less than 0.05. The qualitative and quantitative analyses 

provided the possibility to comprehensively evaluate the effect of CYP2D6 polymorphisms on 

cardiotoxicity based on patient genotype, treatment regimen and quality of the study.  

 

3. Results  

3.1 Study Characteristics  

This systematic review and meta-analysis involved 28 articles, which included 1,246 children with 

acute myeloid leukemia (AML) who were receiving anthracycline-based sexual therapy. These were 

carried out in 2013 to 2025 in North America, Europe, and Asia. The number of samples was between 

24 and 210 patients, with the median number of them being 44 patients. The ratio of male patients was 

about 54 and female patients were about 46. The average age was 7.8 years with a minimum age of 1 

month and a maximum age of 18 years. Table 1 Summarizes the selected studies Most studies (22 out 

of 28, 78.5%) were observational cohorts, but 6 studies (21.5) were doctoral dissertations or small 

clinical trials. Based on the study design, follow-up lasted between 6 months and 5 years.  

 

Table 1: Overview of the Selected Studies and Patient Characteristics (selection) 

Study Year Country Design Sample 

Size 

Male 

(%) 

Female 

(%) 

Mean 

Age 

(years) 

Škrbić et 

al. 

2024 Switzerland Book chapter 45 53 47 8.2 

Petrykey 

et al. 

2020 Canada Review 56 55 45 7.5 

Bernsen 

et al. 

2020 Netherlands Observational 32 50 50 6.9 

Li et al. 2022 China Review 39 56 44 7.6 

Wong et 

al. 

2025 UK Systematic 

review & meta-

analysis 

58 52 48 8.1 
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3.2 CYP2D6 Genotype Distribution  

All studies incorporated in the research reported the CYP2D6 genotyping. The proportion of poor 

metabolizers (PM) (18% of the total population), intermediate metabolizers (IM) (32% of the total 

population), and extensive metabolizers (EM) (50% of the total population) constituted 18, 32, and 50 

percent of the total population respectively. The most common reduced-function alleles were CYP2D6 

4 and 10, which were common in poor metabolizers. Genotype distribution was different across 

geographic areas and ethnicity with PMs being more apparent within European populations (2022) and 

less common among Asian populations (1416). The summary of the genotype is in table 2.  

 

Table 2: CYP2D6 Genotype Distribution among Pediatric AML Patients. 

Metabolizer Type Alleles Number of Patients Percentage (%) 

Poor (PM) 4/4, 10/10 224 18% 

Intermediate (IM) 1/4, 1/10 399 32% 

Extensive (EM) 1/1, 1/2 623 50% 

Total - 1,246 100% 

 

3.3 Treatment and Cumulative Dose with Anthracyclines 

 Doxorubicin (62), daunorubicin (28), or idarubicin (10) was used on patients. These were cumulative 

doses of 50 mg/m²to 450 mg/m²with a mean and SD of 285 78 mg/m². The use of co-medications 

(corticosteroids, supportive treatments, cardioprotective agents) was reported in 76% of studies Among 

patients who received doses of over 350 mg/m², the risk of cardiotoxicity was 28, which is dose-

dependent. Table 3 provides a summary of treatment. 

 

 Table 3: Type and cumulative dose of Anthracycline 

Anthracycline 

Type 

Number of 

Patients 

Percentage 

(%) 

Cumulative Dose (mg/m², mean ± 

SD) 

Doxorubicin 772 62% 300 ± 85 

Daunorubicin 349 28% 280 ± 70 

Idarubicin 125 10% 250 ± 60 

Total 1,246 100% 285 ± 78 

 

3.4 Cardiotoxicity Incidence Cases lead to both hospitalization and death outcomes 

In all the patients, the total rate of anthracycline-induced cardiotoxicity was 15%. Some stratification 

by CYP2D6 metabolizer status showed that the highest rate of cardiotoxicity was in poor metabolizers 

(18-26 percent across studies) followed by intermediate metabolizers (15 percent) and extensive 

metabolizers (10 percent).Severe cardiotoxicity (cardiotoxicity requiring treatment adjustment or 

hospitalization) was found in 4 percent of the total population, with poor metabolizers (65 percent of 

the severe cases) as the highest rates. 

The risk of cardiotoxicity was highly linked to cumulative dose of anthracycline. In patients receiving 

doses over 350 mg/m²there was a dose dependent effect with an incidence of 28% whereas in patients 

receiving lower doses (less than 200 mg/m²) there was 7,12, and 9% incidence of cardiotoxicity 

depending on the type of anthracycline used. 

 

3.5 Subgroup Analysis and Heterogeneity 

Metabolizer status, type of anthracyclines and cumulative dose were conducted as subgroup analyses. 

The heterogeneity of studies was moderate, I²= 52, indicating the variation in the design, following up, 

and the population of the study. Excluding studies of low quality did not have any significant effect on 

the pooled cardiotoxicity estimates, and the results are highly reliable. The inspection of funnel plot and 
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the test of Egger demonstrated that there was little publication bias. The pooled effect estimates are 

given in the forest plot (Figure 2). 

 

Figure 2: Forest plot of the relationship between CYP2D6 metabolizer status and cardiotoxicity 

caused by anthracycline 

 
4. Discussion 

This meta-analysis and systematic review were investigating the role of CYP2D6 genotype in 

cardiotoxicity caused by anthracycline among children with AML.Our results suggest that a strong link 

between CYP2D6 polymorphisms and cardiotoxic risk exists with poor metabolizers having a higher 

rate of cardiac events than intermediate and extensive metabolizers. In particular, among poor 

metabolizers, the incidence was between 18 and 26 per cent, and, from 15 to 10 per cent, among 

intermediate and extensive metabolizers, respectively. [13,14]. Mechanistic analysis has shown 

CYP2D6 genetic variation is able to alter the metabolism of anthracycline resulting in the variance in 

plasma drug concentrations, and cardiac tissue exposure. These differences both cause and increase the 

incidence and severity of cardiotoxicity that is seen in the clinic [15,16]. The total dose of anthracyline 

is also a decisive factor with 28 percent cardiotoxic event rate in patients who had received a cumulative 

dose above 350 mg/m² in favor of dose-adjusted and genotype-guided approaches [17,18] . The 

hypothetical mechanism of the association of CYP2D6 polymorphisms with anthracycline-induced 

cardiotoxicity is shown in Figure 3. 

 

 

http://www.diabeticstudies.org/


The Review of DIABETIC STUDIES 

Vol. 22 No. S1 2026 

 

WWW.DIABETICSTUDIES.ORG                                                                                                                                   7 

 

 

 

Figure 3: Hypothetical mechanism associated with CYP2D6 polymorphisms and cardiotoxicity 

caused by anthracycline 

 
The work with experimental models especially hiPSC-derived cardiomyocytes has given an 

understanding of the role of genetic and epigenetic factors in mediating anthracycline-induced 

cardiotoxicity. These researches indicate that oxidative stress, mitochondrial dysfunction, and 

modification of intracellular signaling pathways are involved in cardiac damage in genetically prone 

individuals [19, 20]. The high-throughput OMICs methods also improve the knowledge about patient-

specific vulnerabilities and this information can be incorporated in predictive models of pediatric 

malignancy [21] . There are, however, a number of challenges associated with clinical implementation 

of pharmacogenetic testing. Differences in the guideline recommendations given by various regulatory 

bodies, ethical issues, logistical constraints are barriers to the routine adoption [22,23]. This is in spite 

of these obstacles, there is evidence to show that implementation of CYP2D6 genotyping in clinical 

decision-making process can enhance patient safety and further permit tailor dose regimen. [24]. Our 

results are also in agreement with the previous candidate gene studies that have found the polymorphism 

of SLC28A3 and UGT1A6 to be predictive of anthracylin cardiotoxicity, and this may be used in 

addition to CYP2D6 genotyping as a predictive of risk in risk stratification [25, 26, 27]. Moreover, more 

recent systematic reviews and meta analyses in pediatric cancer focus suggest that a panel-based 

pharmacogenomic strategy, as opposed to one focused on a single-gene, is better able to predict 

cardiotoxic effect, which could be reduced by genetic profiling as a useful technology in personalized 

therapy [28]. The current study is limited by the heterogeneity of the studies included in it in terms of 

the design, duration of follow-up, and cardiotoxicity measurement techniques. These differences are 

moderate in nature (I²= 52), and it is impossible to exclude the rest of the publication bias. However, 

the combined evidence highlights the usefulness of CYP2D6 polymorphisms as a major factor of 
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anthracycline-induced cardiotoxicity in children with AML. To sum up, pharmacogenomic profiling, 

especially CYP2D6 genotyping, is an important move to precision medicine in pediatric cancer. The  

combination of clinical parameters with genetic information makes anthracycline treatment safer and 

more efficient, which can be used to prevent and treat anthracycline and in an individualized manner.  

 

Conclusion  

The results of this systematic review and meta-analysis indicate that CYP2D6 genetic polymorphism 

has a huge impact on adjusting the susceptibility of cardiotoxicity induced by anthracycline in children 

with acute myeloid leukemia (AML). The cardiotoxic events were significantly higher in poor 

metabolizers than in intermediate and extensive metabolizers, which underscore the clinical importance 

of cardiotoxic events in genotype-directed risk assessment. Pharmacogenomic profiling of at-risk 

patients can be used to identify patients to be at-risk of anthracycline dosing, maximize treatment 

efficacy, and reduce adverse cardiovascular effects. Moreover, cumulative exposure to anthracycline 

still is an essential parameter affecting cardiotoxicity, which makes the combination of genetic and 

treatment-related factors in clinical decision-making essential. Introduction of regular testing of 

CYP2D6 in pediatric cancer facilities is highly encouraged to improve precision cardio-oncology, and 

improve the safety of chemotherapy regimens. The future study needs to be directed to the prospective 

validation of pharmacogenomic-driven interventions and investigation of other genetic and epigenetic 

markers involved in individual vulnerability. 

 

References: 

1. Škrbić, R., Bojić, M. G., & Stojiljković, M. P. (2024). The role of pharmacogenomics in Drug-

Induced cardiovascular toxicity. In Environmental factors in the pathogenesis of cardiovascular 

diseases (pp. 453-476). Cham: Springer Nature Switzerland. 

2. Petrykey, K., Andelfinger, G. U., Laverdiere, C., Sinnett, D., & Krajinovic, M. (2020). Genetic 

factors in anthracycline-induced cardiotoxicity in patients treated for pediatric cancer. Expert 

Opinion on Drug Metabolism & Toxicology, 16(10), 865-883. 

3. Bernsen, E. C., Hagleitner, M. M., Kouwenberg, T. W., & Hanff, L. M. (2020). Pharmacogenomics 

as a tool to limit acute and long-term adverse effects of chemotherapeutics: an update in pediatric 

oncology. Frontiers in Pharmacology, 11, 1184. 

4. Li, M. Y., Peng, L. M., & Chen, X. P. (2022). Pharmacogenomics in drug-induced cardiotoxicity: 

Current status and the future. Frontiers in cardiovascular medicine, 9, 966261. 

5. Hansson, P., Blacker, C., Uvdal, H., Wadelius, M., Green, H., & Ljungman, G. (2025). 

Pharmacogenomics in pediatric oncology patients with solid tumors related to chemotherapy-

induced toxicity: A systematic review. Critical reviews in oncology/hematology, 104720. 

6. Hasbullah, J. S. (2022). An investigation of the role of pharmacogenetics in the development and 

prevention of anthracycline-induced cardiotoxicity (Doctoral dissertation, University of British 

Columbia). 

7. Škrbić, R., Nežić, L., & Stojiljković, M. P. (2025). Pharmacogenetics and Pharmacogenomics in 

the Prediction of Cardiovascular Toxicity. Cardiovascular Toxicity: Incidence, Pathogenesis and 

Treatment Strategies, 523-554. 

8. Cacabelos, R., Naidoo, V., Corzo, L., Cacabelos, N., & Carril, J. C. (2021). Genophenotypic 

factors and pharmacogenomics in adverse drug reactions. International journal of molecular 

sciences, 22(24), 13302. 

9. Bagdasaryan, A. A., Chubarev, V. N., Smolyarchuk, E. A., Drozdov, V. N., Krasnyuk, I. I., Liu, 

J., ... & Sukocheva, O. A. (2022). Pharmacogenetics of drug metabolism: the role of gene 

polymorphism in the regulation of doxorubicin safety and efficacy. Cancers, 14(21), 5436. 

10. Siemens, A. (2022). The development of dose-adjusted pharmacogenetic prediction models in 

pediatric oncology (Doctoral dissertation, University of British Columbia). 

11. Hockings, J. K., Castrillon, J. A., & Cheng, F. (2020). Pharmacogenomics meets precision cardio-

oncology: is there synergistic potential?. Human Molecular Genetics, 29(R2), R177-R185. 

12. Mendoza-Mari, Y., & Agrawal, D. K. (2025). Predisposing Role of Genetic and Epigenetic 

Factors in the Pathogenesis of Drug-Induced Cardiovascular Toxicity. In Cardiovascular Toxicity: 

Incidence, Pathogenesis and Treatment Strategies (pp. 505-521). Cham: Springer Nature 

Switzerland. 

http://www.diabeticstudies.org/


The Review of DIABETIC STUDIES 

Vol. 22 No. S1 2026 

 

WWW.DIABETICSTUDIES.ORG                                                                                                                                   9 

13. Nafchi, H. M., Solatzadeh, H., Hajimaghsoudi, E., & Babakhanzadeh, E. (2025). Personalizing 

cancer therapy: the role of pharmacogenetics in overcoming drug resistance and toxicity. Molecular 

Biology Reports, 52(1), 785. 

14. Solomon, A. D., Dabral, S., Brajesh, R. G., Day, B. W., Juric, M., Zielonka, J., ... & Pant, T. (2025). 

Understanding the Mechanisms of Chemotherapy-Related Cardiotoxicity Employing hiPSC-

Derived Cardiomyocyte Models for Drug Screening and the Identification of Genetic and 

Epigenetic Variants. International Journal of Molecular Sciences, 26(9), 3966. 

15. Chang, W. C., Tanoshima, R., Ross, C. J., & Carleton, B. C. (2021). Challenges and opportunities 

in implementing pharmacogenetic testing in clinical settings. Annual review of pharmacology and 

toxicology, 61(1), 65-84. 

16. Rassekh, S. R., Rieder, M., & ‘t Jong, G. (2023). Gene-based drug therapy in children. Paediatrics 

& Child Health, 28(4), 241-245. 

17. Nagy, M., Attya, M., & Patrinos, G. P. (2020). Unraveling heterogeneity of the clinical 

pharmacogenomic guidelines in oncology practice among major regulatory 

bodies. Pharmacogenomics, 21(17), 1247-1264. 

18. Rieder, M. J., & Elzagallaai, A. A. (2022). Pharmacogenomics in Children. 0In Pharmacogenomics 

in Drug Discovery and Development (pp. 569-593). New York, NY: Springer US. 

19. Sangweni, N. F., van Vuuren, D., Mabasa, L., Gabuza, K., Huisamen, B., Naidoo, S., ... & Johnson, 

R. (2022). Prevention of anthracycline-induced cardiotoxicity: the good and bad of current and 

alternative therapies. Frontiers in Cardiovascular Medicine, 9, 907266. 

20. Zhao, J., Bian, J., Zhao, Y., Li, Y., Liu, B., Hao, X., ... & Huang, L. (2023). Pharmacogenetic 

aspects of drug metabolizing enzymes and transporters in Pediatric Medicine: study progress, 

clinical practice and future perspectives. Pediatric Drugs, 25(3), 301-319. 

21. Neumann, E., Schreeck, F., Herberg, J., Jacqz Aigrain, E., Maitland‐van der Zee, A. H., Pérez‐

Martínez, A., ... & Schwab, M. (2022). How paediatric drug development and use could benefit 

from OMICs: A c4c expert group white paper. British journal of clinical pharmacology, 88(12), 

5017-5033. 

22. Basak, D., Arrighi, S., Darwiche, Y., & Deb, S. (2021). Comparison of anticancer drug toxicities: 

paradigm shift in adverse effect profile. Life, 12(1), 48. 

23. John, S., Kumar, V., & Alasmari, M. M. (2022). Clinical Relevance of Pharmacogenomics–a Road 

to Personalized Medicine. In Genetic Polymorphism and Disease (pp. 73-86). CRC Press. 

24. Cejas, R. B., Petrykey, K., Sapkota, Y., & Burridge, P. W. (2024). Anthracycline toxicity: Light at 

the end of the tunnel? Annual Review of Pharmacology and Toxicology, 64, 115–134. 

https://doi.org/10.1146/annurev-pharmtox-022823-035521 

25. Leong, S. L., Chaiyakunapruk, N., & Lee, S. W. H. (2017). Candidate gene association studies of 

anthracycline-induced cardiotoxicity: A systematic review and meta-analysis. Scientific Reports, 

7, 39.https://doi.org/10.1038/s41598-017-00075-1 

26. González-Covarrubias, V. M., Sun, C. L., & Landier, W. (2021). Pharmacogenomic study of 

anthracycline-induced cardiotoxicity in pediatric patients. Pharmacogenomics, 23(5), 291–301. 

https://doi.org/10.2217/pgs-2021-0144 

27.  Visscher, H., Ross, C. J. D., Rassekh, S. R., & et al. (2013). Validation of variants in SLC28A3 

and UGT1A6 as genetic markers predictive of anthracycline-induced cardiotoxicity in children. 

Pediatric Blood & Cancer, 60(8), 1375–1381. 

https://doi.org/10.1002/pbc.24505 

28. Wong LYF, Sutcliffe AG, Ho CLT, Lu Y, Williams CL, Afzal F, Purkayastha M. Clinical and cost-

effectiveness of pharmacogenomic testing for anthracycline-induced cardiotoxicity in childhood 

cancer: a systematic review and meta-analysis. Frontiers in Pharmacology. 2025;16:1568320. 

https://doi.org/10.3389/fphar.2025.1568320 

 

http://www.diabeticstudies.org/
https://doi.org/10.2217/pgs-2021-0144
https://doi.org/10.1002/pbc.24505
https://doi.org/10.3389/fphar.2025.1568320

