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Background: Androgen antagonists, including apalutamide, darolutamide, and enzalutamide, play a crucial role in the treatment of prostate cancer. This research evaluated the adverse drug reactions (ADRs) associated with the use of these androgen antagonists as reported by the World Health Organization (WHO). Additionally, it compared the adverse drug reaction (ADR) profiles of the three drugs to identify which one presents the lowest risk for individualized patient use.Methods: This study employed a retrospective descriptive analysis design. We collected adverse event reports for three marketed androgen antagonists from WHO-VigiAccess and analyzed them in combination with a bibliometric analysis. We calculated the percentage of adverse reactions reported for each drug to compare the similarities and differences in adverse reactions among the three drugs.Results: A total of 172,020 adverse events (AEs) associated with three androgen antagonists were reported in VigiAccess at the time of this study. Our findings show apalutamide causes the most endocrine disorders. Darolutamide has the highest rate of blood and lymphatic disorders, while enzalutamide causes the most nervous system disorders. The ten most common ADRs identified were fatigue, rash, death, hot flush, diarrhoea, asthenia, nausea, dizziness, arthralgia, and decreased appetite.Conclusion: This study utilizes real data from WHO-VigiAccess, which offers valuable insights for clinical reference. On one hand, we confirm both existing and potential adverse effects associated with androgen antagonists. On the other hand, We analyzed the possible future research directions, thereby supporting the case for more scientific treatment.Keywords: prostate cancer, adverse drug reactions, WHO-vigiaccess, androgen antagonists, apalutamide, darolutamide, enzalutamide
INTRODUCTION
Androgens play a vital role in preserving typical male physiological functions and sexual differentiation, which is contained in the prostate gland (Werner and Holterhus, 2014). Furthermore, emerging evidence highlights their ​critical involvement in non-metastatic castration resistance to diseases such as prostate cancer. Androgens activate a series of signaling pathways by binding to androgen receptors, thereby affecting tumor growth (Mills, 2014). The activation of androgen signaling pathway promotes the growth of prostate cancer cells, while promoting tumor invasion and metastasis (Kim et al., 2022). Drugs that target androgen receptors have been used to inhibit the cancer-promoting effects of androgen signaling pathways. The SPARTAN, ARAMIS, and PROSPER studies demonstrated that androgen receptor inhibitors (apalutamide, darolutamide, enzalutamide) can extend metastasis-free survival and overall survival in nonmetastatic castration-resistant prostate cancer (nmCRPC) patients with a brief prostate-specific antigen (PSA) doubling time. These antiandrogen medications have been incorporated into clinical practice as a novel standard of care (Cattrini et al., 2022). For many years, patients with advanced prostate cancer were primarily treated with androgen deprivation therapy (ADT). However, patients with metastatic hormone-sensitive prostate cancer (mHSPC) who receive ADT only have a high risk of developing metastatic castration-resistant prostate cancer (mCRPC) (Xia et al., 2023). While androgen antagonists are generally well tolerated and clinically proven to be effective. For example, In a double-blind, phase 3 trial, androgen-deprivation therapy combined with apalutamide has been confirmed to prolong the survival of patients with metastatic and castration-sensitive prostate cancer without significant increase in adverse events (AEs) (Chi et al., 2019).
We searched the Drugs website (https://www.drugs.com/) to learn more about apalutamide, darolutamide, enzalutamide and their reported adverse reactions. The three drugs are oral androgen receptor inhibitors used to treat prostate cancer at different stages. Apalutamide is approved for nmCRPC and metastatic castration-sensitive disease (mCSPC) when combined with ADT. Darolutamide is indicated for nmCRPC and mHSPC alongside ADT or docetaxel, leveraging its unique structure to minimize central nervous system (CNS) penetration. Enzalutamide, a first-generation agent, is used for nmCRPC, mCRPC, and mHSPC with ADT. Enzalutamide is frequently associated with fatigue, hypertension, dizziness, and CNS-related issues, likely due to its ability to cross the blood-brain barrier. Apalutamide shares similar CNS risks but may also cause rash, hypothyroidism, and joint pain. Darolutamide, with limited CNS penetration, exhibits fewer neurological side effects but has been linked to fatigue, nausea, and elevated liver enzymes. All three agents may increase cardiovascular risks, though enzalutamide and apalutamide carry stronger warnings. Gastrointestinal disturbances are common across all, while enzalutamide and apalutamide are more often tied to seizures and thyroid dysfunction. Darolutamide’s distinct profile may reduce drug interactions compared to the others. Despite stringent pre-marketing requirements, the actual safety of drugs still needs to be verified by analysis of a large amount of data, especially for biologics. Therefore, it is necessary to further study the adverse reactions of androgen antagonists.
WHO-VigiAccess is a free portal to the PIDM database, enabling access to safety reports of medicinal products received by the UMC. It was launched by the World Health Organization (WHO) in 2015 to provide public access to information in VigiBase, the WHO global database of reported potential side effects of medicinal products. These side effects, known technically as adverse drug reactions (ADRs) and adverse events following immunization (AEFIs), are reported by national pharmacovigilance centres or national drug regulatory authorities that are members of the WHO Programme for International Drug Monitoring (PIDM) (Watson et al., 2018; Habarugira and Figueras, 2021).
This study looked for three androgen antagonists approved by the WHO: apalutamide, darolutamide, enzalutamide with similar efficacy. The three drugs for the treatment of nmCRPC have been studied over the past decade. Clinicians often need to develop personalized treatment plans based on adverse drug reactions. This study conducted a comparative pharmacovigilance analysis to evaluate disproportionality in adverse drug reaction (ADR) profiles among three therapeutic agents, utilizing safety surveillance data from the WHO-VigiAccess global database.
MATERIALS AND METHODS
Data source
We use WHO-VigiAccess to retrieve all reported adverse events following the administration of androgen antagonists. The login URL is https://www.vigiaccess.org. Data were collected based on age groups, sex, report year, and continents through WHO-VigiAccess. Descriptive statistics were generated using Excel 2019. The classification of adverse events in WHO-VigiAccess is based on system organ class (SOC) and preferred terms (PTs) from the Medical Dictionary for Regulatory Activities (MedDRA). The MedDRA terms were derived from various sources, including the WHO Adverse Reaction Terminology (WHO-ART). Records for androgen antagonists were retrieved, and individual AEs were identified at the MedDRA SOC and PT levels to describe the spectrum of toxicities. A total of 27 items were categorized by SOC, and 20 items related to disease symptoms were selected for analysis (Brown et al., 1999). This study focused on the PTs, which are the level used in the publicly accessible VigiBase database via WHO-VigiAccess. We pay particular attention to serious adverse events, including treatment-interrupted events such as death, hospitalization and disability. It is important to note that due to strict data protection laws and agreements, individual case safety reports cannot be viewed in Vigiaccess. In order to carry out bibliometric analysis,we exported androgen antagonist-related literature from the Web of Science (WoS) database, constructed a co-occurrence network, performed cluster analysis, and ultimately conducted visualization processing.
Data extraction and mining
We use common names (apalutamide, darolutamide, enzalutamide) to identify related reports. In general, the drugs reported in WHO-VigiAccess fall into four categories: primary suspect drugs, secondary suspect drugs, companion drugs, and interacting drugs. In the search results, we screened the reports with the target drug as the primary suspect drug and excluded duplicate reports and invalid reports. We performed a statistical analysis of the first suspect drug reports after screening. We first analyzed the clinical characteristics of these trials, including demographic characteristics (age, sex) and reporting characteristics (reporting year, region). Based on the MedDRA terminology system, we analyzed the distribution and characteristics of PTs within their respective SOC hierarchies. Severe consequences, meanwhile, were defined as death and hospitalization. After exporting the literature, we performed data deduplication, standardization, and completion to ensure data quality.
Statistical analysis
In this study, a retrospective descriptive approach was employed. The analysis involved comparing drugs based on the quantity and rate of ADR reports. At the same time, we used statistical methods such as reporting Odds ratio method (ROR) and Proportional Reporting ratio method (PRR) to mining the adverse event signal of the first suspected drug. The following approaches can be utilized to assess the degree of statistical correlation between a medication and an adverse reaction, which in turn can further substantiate the drug’s status as the primary suspect. The Reporting Ratio technique gauges the intensity of the link between a drug and an adverse event by contrasting the incidence of a specific drug-adverse event pair with that of other drug-adverse event pairs (Rothman et al., 2004). The Proportional Reporting Ratio (PRR) method evaluates the link between a drug and an adverse event. It does this by computing the ratio of the target drug to the target adverse event, as well as the ratio of the non-target drug to the target adverse event (Evans et al., 2001). The Bayesian Confidence Propagation Neural Network (BCPNN) is a signal detection approach grounded in Bayesian statistical principles. It is utilized to analyze data within adverse drug reaction monitoring databases, aiming to pinpoint potential adverse drug reaction signals (Bate et al., 1998). In the BCPNN, Information Component (IC) is the core indicator used to measure the degree of association between a drug and an adverse reaction (Bate, 2007). Empirical Bayesian Geometric Mean (EBGM) is another signal detection method based on Bayesian methods, which assesses the association between drugs and adverse events by calculating the ratio between the number of reported drugs and adverse events and the number of expected reports (Noguchi et al., 2021). These methods have important application value in the detection of adverse drug reaction signals, and can help identify the potential association between drugs and adverse events, so as to improve the monitoring and evaluation of drug safety (Table 1).
TABLE 1 | Four major algorithms used for signal detection.
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Description of the studied cases
Apalutamide and darolutamide were collected by WHO-VigiAccess from 2016 to 2024 for 11,452 and 2,269 adverse reaction reports, respectively. Enzalutamide had the highest number of adverse reactions reported, with 53,007 cases reported from 2012 to 2024. A total of 66,728 cases were reported for these three drugs (Table 2). In the 172,020 ADR reports concerning the three androgen antagonist drugs, there were 20,965 cases related to apalutamide, 5,236 cases to darolutamide, and 145,819 cases to enzalutamide. Except for 355 cases reported as female, all were male (Table 3). Excluding reports of unknown age, incidence increased with age group. Among the top five reporting countries, the Americas region has the highest incidence of adverse reactions, while Africa has the lowest (Figure 1).
TABLE 2 | Number and distribution of ADR reports of three androgen antagonists.
[image: Table 2]TABLE 3 | ADR number and Incidence rate of SOCs of three androgen antagonists.
[image: Table 3][image: Figure 1]FIGURE 1 | Characteristics of ADR reports of three androgen antagonists (A) Gender distribution of ADR report (B) Age distribution of ADR reports (C) Continent distribution of ADR reports (D) Trend of annual report volume.
Adverse drug reaction distribution and signal distribution of three androgen antagonists at SOC level
In this study, adverse reactions to three androgen antagonists included 27 SOCs, based on analysis of adverse event reports. Due to incomplete statistics of Pregnancy, puerperium and perinatal conditions, only 26 cases of SOC were actually analyzed. All three drugs had a high rate of general disorders and administration site conditions, as well as gastrointestinal disorders. These three drugs also showed a high incidence rate of skin and subcutaneous tissue disorders, with apalutamide (19.45%) having the highest rate. Enzalutamide had the highest rate of nervous system disorders (10.68%), while darolutamide had the highest rate of blood and lymphatic system disorders (2.16%). We found that apalutamide is the most likely to develop endocrine disorders (0.93%) (Table 3). The results of ADR signal detection were consistent with the incidence rate. Previous studies have shown that common endocrine adverse events associated with apalutamide include hypothyroidism, high blood pressure, and rashes (Pyrgidis et al., 2021). Darolutamide is more associated with hepatobiliary disorders, and enzalutamide has the strongest signal of product issues (Supplementary Table S1).
Distribution of adverse drug reactions of three androgen antagonists at PT level
We calculated the proportion of each adverse reaction by the number of ADR reports for the three drugs. At PT level, the common ADRs in the three drugs are fatigue, rash, death, hot flush, diarrhoea, asthenia, nausea, dizziness, arthralgia and decreased appetite. The proportion of apalutamide-related rash was significantly higher than that of the other two androgen antagonists, while the proportion of fatigue related to darolutamide and enzalutamide was significantly higher than that of apalutamide (Table 4).
TABLE 4 | Top 20 ADRs of three androgen antagonists.
[image: Table 4]Serious AEs of three androgen antagonists drugs
Through WHO-VigiAccess, we were also able to identify major adverse events involving androgen antagonists, including death, hospitalization, and disability, with death accounting for the highest proportion. The reported number and rate of major adverse reactions were apalutamide(20,965, 4.94%), darolutamide (5236,2.85%) and enzalutamide (145,819,5.06%), respectively. All three androgen antagonists had a low likelihood of causing disability. Enzalutamide is the most likely to cause serious adverse reactions and has the greatest probability of leading to death (Figure 2).
[image: Figure 2]FIGURE 2 | Serious AEs of three androgen antagonists drugs.
The same and different points of common ADRs of three androgen antagonists
We compared and analyzed the similarities and differences of adverse reactions of three androgen antagonists. We found a total of 162 identical adverse reaction signals at the PT level and categorized them by system organ classes. The top five system organ classes with the most adverse reaction signals are general disorders and administration site conditions, nervous system disorders, gastrointestinal disorders, musculoskeletal and connective tissue disorders, skin and subcutaneous tissue disorders (Table 5).
TABLE 5 | Same ADRs among three androgen antagonists.
[image: Table 5]According to the statistical results of different adverse reactions of the three drugs, darolutamide had the most adverse reactions, while enzalutamide had the least (Figure 3). We found that apalutamide has adverse effects such as hypothyroidism and thyroid disorder, while darolutamide may cause hepatic cytolysis, hypertransaminasaemia and adverse reactions such as hepatitis. It further verified the conclusion that apalutamide is more likely to cause endocrine disorders and darolutamide is more likely to cause hepatobiliary disorders. At the same time, apalutamide had the most specific adverse reactions in skin and subcutaneous tissue disorders, which was consistent with the conclusion that apalutamide had the highest incidence of rash. It is worth mentioning that the specific adverse reactions of darolutamide in vascular disorders include deep vein thrombosis and orthostatic hypotension, suggesting its cardiovascular adverse reactions (Table 6).
[image: Figure 3]FIGURE 3 | Distribution of different ADRs among three androgen antagonists.
TABLE 6 | Different ADRs among three androgen antagonists.
[image: Table 6]The research trend of androgen antagonists based on bibliometric analysis
The bibliometric analysis revealed a consistent upward trend in the annual publication volume of androgen antagonists over the past decade, indicating intensified research focus and expanded therapeutic exploration in this field. Geographically, the majority of publications originated from the United States and select European nations, aligning with Vigiaccess database findings that identified the highest rate of adverse event reports from the Americas. Discipline co-occurrence mapping demonstrated strong associations between Oncology and Cardiovascular Systems as well as Geriatrics & Gerontology, highlighting the critical need to address cardiovascular toxicity associated with androgen antagonist therapy and the unique therapeutic requirements of elderly cancer patients. Journal distribution analysis further underscored the predominance of oncology- and pharmacy-focused periodicals, reinforcing the central role of androgen antagonists in prostate cancer management. Keyword cluster analysis revealed significant attention to heart failure risk and its clinical management, emphasizing the cardiovascular toxicity profile as a critical safety consideration for these agents. Temporal keyword evolution mapping delineated the strong association between androgen receptor pathway inhibitors and therapeutic strategies such as abiraterone and antiandrogen therapy, consolidating prostate cancer treatment as the primary research trajectory (Figure 4).
[image: Figure 4]FIGURE 4 | Bibliometric analysis (A) Annual publication trends (B) International collaboration networks (C) Keyword co-occurrence (D) Keyword clustering analysis (E) Keyword timezone map (F) Dual-map overlay of cross-disciplinary citation trajectories.
DISCUSSION
Apalutamide, darolutamide, and enzalutamide are next-generation androgen receptor signaling inhibitors (ARSIs) that target the androgen receptor (AR) pathway through distinct mechanisms, improving survival in nmCRPC. Apalutamide, a thiohydantoin derivative, inhibits AR nuclear translocation and DNA binding to androgen response elements (AREs), preventing transcriptional activation of androgen-dependent genes. Similarly, enzalutamide competitively antagonizes androgen binding to AR, blocks nuclear translocation, and disrupts AR-DNA interaction, thereby suppressing downstream signaling. Both agents exhibit no significant agonist activity but demonstrate central nervous system (CNS) penetration, contributing to seizure risk. In contrast, darolutamide, a structurally unique nonsteroidal AR antagonist with a polar pyrazole backbone, potently inhibits androgen binding while maintaining antagonistic efficacy even in AR-overexpressing cells. Its reduced blood-brain barrier penetration minimizes CNS-related adverse events. Pharmacokinetically, darolutamide undergoes CYP3A4-mediated metabolism with limited drug-drug interaction (DDI) potential, whereas apalutamide and enzalutamide act as strong CYP3A4 inducers, increasing DDI risks. While effective and generally tolerated, the mechanisms of action may raise safety concerns, highlighting the importance of studying their adverse effects and strengthening relevant management to improve therapeutic effect (Gasperoni et al., 2024).
Our study comprehensively evaluated the adverse events associated with three androgen antagonists (apalutamide, darolutamide, enzalutamide). By analyzing data from WHO-VigiAccess, the study confirmed previous findings of adverse reactions on drug labels, including common ADRs such as rashes. In addition, adverse reactions not indicated on the label, including elevated prostate-specific antigens, were also found. These findings highlight in particular the need for drug surveillance. At the beginning of treatment, potential adverse effects should be identified and effectively managed.
In terms of the total number of adverse reactions reported, the number of adverse reactions reported by enzalutamide was much higher than that of apalutamide and darolutamide. However, this does not necessarily mean that enzalutamide has a higher rate of adverse reactions or is less safe, and may be attributed to the much higher use of enzalutamide than the other two drugs. The significantly higher incidence of adverse reactions in men than in women may be attributed to the fact that androgen antagonists are primarily used to treat male prostate cancer (Al-Salama, 2018). The number of adverse reactions increased with the increase of age group, which may be related to the decline of physical function and underlying diseases in the elderly (Gao et al., 2024). The decrease in the number of adverse reactions reported with enzalutamide from 2017 to date and the increase in apalutamide and darolutamide indicate a change in clinical use (Desai et al., 2021). In fact, the AFFRIM trial found that men treated with enzalutamide reported higher rates of diarrhea, hot flashes, fatigue, high blood pressure, and a small percentage (0.6%) experienced seizures (Scher et al., 2012). Hypertension was a common adverse effect of enzalutamide in PREVAIL (Beer et al., 2014). A higher incidence of enzalutamide epilepsy was found in two subsequent phase 3 trials, ENZAMET and ARCHES (Davis et al., 2019; Armstrong et al., 2019). However, trials demonstrated that the adverse effects of apalutamide were milder, and adverse events such as dalloutamide seizures were less common (Rachner et al., 2018; Fizazi et al., 2019).
At the SOC level, the incidence of Skin and subcutaneous tissue disorders in apalutamide was much higher than that in darolutamide and enzalutamide. In one case report, four patients treated with apalutamide for castration-resistant prostate cancer developed severe and fatal drug eruptions including Stevens-Johnson syndrome and toxic epidermal necrolysis, with an average incubation period of 40 days. After discontinuation of apalutamide in all patients, three of them recovered (Wang et al., 2023). At the same time, apalutamide is more likely to cause heart and vessel disease. While enzalutamide had a higher incidence of nervous system disorders and psychiatric disorders than the other two drugs. Psychological adverse reactions may significantly affect patients. Such issues can impair both mental and physical wellbeing. They are often marked by feelings of low spirits, lack of energy, and sadness, which can further lead to sleep disturbances and a reduced ability to take pleasure in life (Cui, 2015). It is worth noting that clinical pharmacokinetic and pharmacodynamic analysis of darolutamide showed that darolutamide is over metabolized by oxidation and glucose-aldehyde acidification and excreted in urine and stool. Darolutamide should not be used in patients with moderate or severe renal or liver impairment (Podgoršek et al., 2023). The reason for the higher incidence of product issues with darolutamide may be attributed to its role as a substrate for P-gp and CYP3A4, as well as an inhibitor of breast cancer resistance protein (BCRP) and organic anion transporters (OATP1B1 and OATP1B3). This makes darolutamide prone to drug interactions when combined with other drugs, which can affect the metabolism and efficacy of the drug. Therefore, a thorough understanding of drug interactions is needed to optimize treatment outcomes and minimize adverse reactions (Bolek et al., 2024). At the PT level, the overall performance of darolutamide was relatively good in terms of adverse reactions, and the incidence of adverse reactions and serious adverse reactions was similar to enzalutamide, but the risk of treatment interruption due to adverse reactions was lower, and adverse reaction related mortality was slightly lower than enzalutamide. Apalutamide was slightly higher than the other two drugs in terms of risk of serious adverse reactions and treatment interruption.
The management of advanced prostate cancer with androgen antagonists (apalutamide, darolutamide, and enzalutamide) requires tailored strategies to mitigate their distinct adverse effect profiles. In view of the common situation of underlying diseases in the elderly, it is recommended to conduct a comprehensive assessment of liver and kidney function in elderly patients before medication. At the same time, consider the individual differences of the patient, such as body weight, to adjust the drug dose. When the elderly have basic diseases, try to reduce the variety of drugs and avoid unnecessary combination of drugs. The elderly are highly sensitive to the side effects of drugs, so the adverse reactions should be closely monitored and the medication regimen should be adjusted in time. Apalutamide, associated with endocrine disturbances and dermatologic reactions, necessitates regular monitoring of thyroid function, blood pressure, and skin evaluations, with dose interruption advised for severe cutaneous toxicity. Darolutamide is contraindicated in patients with hepatic impairment due to hepatotoxicity risks; baseline and bimonthly liver function tests are mandatory, and permanent discontinuation is recommended if hepatotoxicity develops. Enzalutamide, linked to neuropsychiatric AEs, warrants pre-treatment neurocognitive screening and periodic psychiatric assessments, with dose reduction or cessation for persistent symptoms. Prophylactic measures, such as photoprotection for dermatologic AEs and antiemetics for gastrointestinal toxicity, should be prioritized. Patient stratification by comorbidities and multidisciplinary collaboration are critical to optimizing safety.
Our research is based on the latest data from WHO-VigiAccess and is authoritative and timely. This study further analyzed the research trend of androgen antagonists through bibliometrics analysis, which has instructive significance. However, our study also has some limitations. First of all, there may be omissions or errors in adverse reactions reported in the WHO-VigiAccess. Meanwhile, most of the reports are from the Americas, which may be biased. Future studies should expand the sample size to improve the applicability of the conclusions. It is worth noting that there is no direct causal relationship between these adverse effects and androgen antagonists. Our research needs to be combined with the latest clinical trial results to guide more effective treatments. Recent studies have shown that patients treated with currently approved AR-targeted drugs develop resistance and relapse into castration-resistant prostate cancer (CRPC). In order to effectively inhibit reactivated AR signaling, new methods targeting AR should be actively explored. These new approaches include new small molecule inhibitors that target different domains of AR as well as drugs capable of degrading AR (Cole et al., 2024). Long-term studies are necessary to confirm potential adverse effects and develop personalized treatment.
CONCLUSION
Androgen antagonists are crucial in prostate cancer treatment but have reported over 170,000 AEs globally. AEs mainly involve skin and subcutaneous tissue disorders and gastrointestinal disorders. Comparative analysis shows apalutamide may cause endocrine issues, such as rashes and hypertension. Darolutamide has notable hepatobiliary AEs, including hepatotoxicity. Enzalutamide is linked to nervous and psychiatric disorders. Most AEs are mild, but severe ones can be fatal. Future research should focus on pharmacogenomics to identify genetic factors for severe reactions like hepatotoxicity. AI-driven natural language processing can mine unstructured clinical data. Integrative omics approaches (proteomics, metabolomics, immunophenotyping) could reveal biomarkers for early detection of hypersensitivity or resistance, guiding personalized androgen antagonist selection and preemptive AE management.
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