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Purpose: Abiraterone, apalutamide, darolutamide and enzalutamide are second-generation hormone therapies used for advanced prostate cancer; the majority of patients receiving these treatments are elderly, poly-medicated patients. Since their first market authorizations, their pharmacokinetic (PK) characteristics are increasingly well known. A potential risk of drug-drug interaction (DDI), especially with cardiovascular drugs, needs to be considered. In the case of antithrombotics, treatment imbalance can lead to severe consequences.

Objectives:

To describe PK profiles of hormone therapies and antithrombotics, and to predict DDIs and potentially related clinical events. Methods: PK profiles (CYP450 and P-gp substrate, inducer or inhibitor) are described by cross-referencing data sources (summary of product characteristics, European public assessment reports, Pubmed database, Micromedex ® ...); a description of the potential interactions with anti-cancer drugs for each DDI and related clinical events is provided. We discuss management recommendations, including those set out in international guidelines.

Results: Antithrombotics are mainly metabolized by CYP 2C9, 2C19 or 3A4. For abiraterone (CYP 2C8, 2D6 inhibitor) and darolutamide (CYP 3A4 inducer), no interaction was identified with antithrombotics. For apalutamide (CYP 2C9, 2C19, 3A4 and P-gp inducer) and enzalutamide (CYP 2C9, 2C19, 3A4 inducer and P-gp inhibitor), several PK interactions were identified with antithrombotics, which could lead to various clinical events (haemorrhage or thromboembolism).

Conclusion:

Numerous interactions are expected between enzalutamide or apalutamide and antithrombotics, for which management should be deployed on a case-by-case basis. PK and pharmaco-epidemiological studies could shed light on whether or not there are clinically significant events related to DDIs with antithrombotics.

Introduction

Abiraterone (Zytiga ® , Janssen-Cilag International NV, Beerse, Belgium), apalutamide (Erleada ® , Janssen-Cilag International NV, Beerse, Belgium), darolutamide (Nubeqa ® , Bayer AG, Leverkusen, Germany), and enzalutamide (Xtandi ® , Astellas Pharma Europe B.V., Leiden, The Netherlands) are second-generation hormone therapies used in prostate cancer. Abiraterone is a selective inhibitor of the enzyme responsible for androgen synthesis, the C17,20-lyase inhibitorcytochrome P450 (CYP) 17 [1,2]. Apalutamide, darolutamide and enzalutamide are targeted androgen nuclear receptor inhibitors [1,[3][4][START_REF]Nubeqa[END_REF][6]. Enzalutamide and apalutamide share a very similar chemical structure [START_REF] Ji | Enzalutamide and Apalutamide: In Vitro Chemical Reactivity Studies and Activity in a Mouse Drug Allergy Model[END_REF] (see online resource 1).

Market authorizations for abiraterone and enzalutamide were first obtained in February 2012 and June 2014 respectively, to treat metastatic castration-resistant prostate cancer (mCRPC). Subsequently, apalutamide and darolutamide were marketed to treat non-metastatic CRPC (nmCRPC) in January 2019 and March 2020. Extended indications have been obtained for the earlier stages of prostate cancer for abiraterone, apalutamide and enzalutamide [START_REF] Cornford | EAU-EANM-ESTRO-ESUR-SIOG Guidelines on Prostate Cancer. Part II-2020 Update: Treatment of Relapsing and Metastatic Prostate Cancer[END_REF]. Thus, the number of patients treated with these drugs, including patients with comorbidities and co-treatments, has led to growing numbers of cases of potential drug-drug interactions (DDIs).

Since their first approval, abiraterone has been known as a CYP 2D6 inhibitor and a potential CYP2C8 inhibitor [2,[START_REF] Benoist | Pharmacokinetic Aspects of the Two Novel Oral Drugs Used for Metastatic Castration-Resistant Prostate Cancer: Abiraterone Acetate and Enzalutamide[END_REF][START_REF]Zytiga[END_REF] and darolutamide as a CYP 3A4 inducer [START_REF]Nubeqa[END_REF][START_REF] Shore | Evaluation of Clinically Relevant Drug-Drug Interactions and Population Pharmacokinetics of Darolutamide in Patients with Nonmetastatic Castration-Resistant Prostate Cancer: Results of Pre-Specified and Post Hoc Analyses of the Phase III ARAMIS Trial[END_REF][START_REF]Prescribing information: Nubeqa® (darolutamide)[END_REF]. Apalutamide has been reported to be an inducer of CYP 2C9, 2C19, 3A4 and P-glycoprotein (P-gp) efflux transporter [4,[13][START_REF]Prescribing information: Erleada® (apalutamide)[END_REF][START_REF] Duran | Pharmacokinetic Drug-Drug Interaction of Apalutamide, Part 1: Clinical Studies in Healthy Men and Patients with Castration-Resistant Prostate Cancer[END_REF], while enzalutamide has been identified as a CYP 2C9, 2C19 and 3A4 inducer [6, [START_REF] Benoist | Pharmacokinetic Aspects of the Two Novel Oral Drugs Used for Metastatic Castration-Resistant Prostate Cancer: Abiraterone Acetate and Enzalutamide[END_REF]16], and an in-vitro inhibitor of P-glycoprotein (P-gp) efflux transporter [6]. Information regarding their pharmacokinetic (PK) properties and the magnitude of the DDIs they can cause appears inconsistent across the different available documents for some of these hormone therapies. In comparison with the latest updated European Public Assessment Reports (EPARs) in connection with their respective indication extensions [START_REF]Zytiga[END_REF]16], recent additional data on the PK profile of abiraterone (confirmation of CYP 2C8 inhibition) and enzalutamide (inhibition of P-gp in humans) has augmented their respective summaries of product characteristics (SmPCs) [17 -20] (see online resource 3). In a review on inhibitors and inducers of specific CYP enzymes in humans, the authors did not mention the CYP inhibition by abiraterone nor the CYP induction by apalutamide [START_REF] Hakkola | Inhibition and induction of CYP enzymes in humans: an update[END_REF]. In fact, this can complicate patient management if the co-administration of drugs with potential drug interactions is required.

In a Spanish single-centre observational study between 2016 and 2020, using the reference drug Lexicomp ® , potential DDIs were assessed among 173 users of enzalutamide or abiraterone in clinical practice [START_REF] Vicente-Valor | Potential and real drug interactions in patients treated with abiraterone or enzalutamide in clinical practice[END_REF]. A median of 7 concomitant drugs was observed with both drugs; 65% of the patients had at least 1 potential DDI (37% among abiraterone users and 93% among enzalutamide users), and 11 (10%) experienced observable events. The underlying mechanism almost exclusively involved PK interactions in the metabolism phase (induction or inhibition of different CYP isoenzymes). Among the co-prescribed drugs, treatments for cardiovascular disease (atrial fibrillation, deep vein thrombosis, hypertension, dyslipidaemia…) were the most markedly involved in potential DDIs, with the highest risk of DDI and severity (potentially requiring medical intervention / hospitalization or life-threatening), in accordance with other authors [START_REF] Conde-Estévez | Treatment of non-metastatic castration-resistant prostate cancer: facing age-related comorbidities and drugdrug interactions[END_REF]. Alongside, some authors considered darolutamide as a safe option to treat nmCPRC patients given that there were fewer expected DDIs compared to apalutamide or enzalutamide [START_REF] Conde-Estévez | Treatment of non-metastatic castration-resistant prostate cancer: facing age-related comorbidities and drugdrug interactions[END_REF]. Overall, antithrombotics, metabolized through different CYP isoenzymes (including CYP 2C9, 2C19 and 3A4) and P-gp [START_REF] Dewald | Anticoagulants: Pharmacokinetics, Mechanisms of Action, and Indications[END_REF][START_REF] Patrono | Antiplatelet Agents for the Treatment and Prevention of Coronary Atherothrombosis[END_REF], are therefore particularly liable to be linked to DDIs. In a French mCRPC cohort of new users of abiraterone or enzalutamide in 2014-2017, the concomitant use of oral ACCEPTED MANUSCRIPT / CLEAN COPY anticoagulants at baseline concerned 12% and 14% of patients respectively; the use of antiplatelet agents concerned 30% and 33 % of the patients respectively [START_REF] Scailteux | Overall Survival Among Chemotherapy-Naive Patients With Castration-Resistant Prostate Cancer Under Abiraterone Versus Enzalutamide: A Direct Comparison Based on a 2014-2018 French Population Study (the SPEAR Cohort)[END_REF]. The consequences of these DDIs, with the occurrence of haemorrhage or thromboembolic events, need to be considered in prostate cancer management, as they could have an impact on overall mortality. Despite these findings, the SmPCs for abiraterone, apalutamide, darolutamide and enzalutamide provide no clear recommendations on DDI risks or management.

On the other hand, in some cases, PK interaction alone may not lead to clinical events, particularly in case of drugs involving various metabolic pathways such as antithrombotics [START_REF] Dewald | Anticoagulants: Pharmacokinetics, Mechanisms of Action, and Indications[END_REF][START_REF] Patrono | Antiplatelet Agents for the Treatment and Prevention of Coronary Atherothrombosis[END_REF]. Thus, the prediction of potential clinical events appears tricky.

Currently, no studies have assessed the risk of cardiovascular morbidity-mortality as a result of DDIs between abiraterone, apalutamide, darolutamide, enzalutamide and antithrombotics. But before performing a purposedesigned study, we aimed to review the PK profiles of abiraterone, apalutamide, darolutamide, enzalutamide, and antithrombotics, and to summarize the types of clinical events that could be expected in the presence of a DDI.

Methods

Searches on the pharmacological properties, especially the PK profiles, were performed for abiraterone, apalutamide, darolutamide, enzalutamide, anticoagulants (vitamin K antagonists [VKAs]: acenocoumarol, fluindione [almost exclusively used in France], warfarin; direct oral anticoagulants [DOACs]: apixaban, dabigatran, edoxaban, rivaroxaban), and antiplatelet agents (aspirin, clopidogrel, prasugrel, ticagrelor).

Data sources and data of interest

SmPCs and EPARs (for the brand name and for the last generic assessed for market authorization) were consulted on the European Medicine Agency (EMA) website (https://www.ema.europa.eu/en) for drugs with European market approval (see online resource 3). The data on indications, pharmacological properties (including pharmacodynamic and pharmacokinetic properties), contraindications, special warnings and precautions for use, interaction with other medicinal products, and preclinical data was consulted. For longer-established drugs (for which market authorization involved only a national procedure), the French Medicines Agency (ANSM) -Agence Nationale de Sécurité du Médicament) website (https://ansm.sante.fr/) and the French Health Authority (HAS) -Haute Autorité de Santé) (https://www.has-sante.fr/) websites were used instead. Full prescribing information was obtained on the FDA-Approved Drugs webpage on the FDA website (https://www.fda.gov/).

The IBM Micromedex ® database [27] (https://www.micromedexsolutions.com), the Martindale: the Complete Drug Reference [START_REF] Sweetman | The Complete Drug Reference[END_REF] (accessible through the Micromedex portal), and the DDI-Predictor website [START_REF]Quantitative prediction of drug drug interaction-DDI-Predictor Academic version[END_REF] (https://www.ddi-predictor.org/predictor/ddi) were also consulted, especially on DDI aspects. In addition, the latest updated map of DDIs involving CYP and P-gp issued by the Geneva University Hospitals was used [START_REF]Centre d'informations thérapeutique et de pharmacovigilance[END_REF].

Data was compared with the French national referential for DDIs, the Thesaurus des interactions médicamenteuses, edited by ANSM and last updated in October 2020 [31].

In addition, the PubMed database was consulted up to 20 September 2022. A standardized query was designed to collect articles referencing DDIs with abiraterone, apalutamide, darolutamide or enzalutamide. We mixed casual formats (non-MeSH Terms) and MeSH Terms, and filtered results on English language, "full-text" and In-vivo studies (including "in Humans" and "Other Animals"). The query was: (drug interaction OR drug drug interaction OR drug-drug interaction) AND (enzalutamide OR abiraterone OR abiraterone acetate OR apalutamide OR darolutamide). A second query, broader, was created to look for the PK mechanisms of the drugs. As for the first query, results were limited to English-language publications, "full-text" and In-vivo studies (including "in Humans" and "Other Animals"); (Clopidogrel OR Prasugrel OR Ticagrelor OR Acetylsalicylic Acid OR Warfarin OR Acenocoumarol OR Fluindione OR Dabigatran OR Apixaban OR Rivaroxaban OR Edoxaban OR Enzalutamide OR Abiraterone OR Apalutamide OR Darolutamide OR oral anticancer) AND (metabolic pathway OR metabolism OR drug interaction OR pharmacokinetic). The selection of relevant articles was based on titles and abstracts. The bibliographies of the articles obtained were also hand-searched.

Of the data mentioned in the above selected studies and not published elsewhere, only information found on the ClinicalTrials.gov website (https://clinicaltrials.gov/) and Trial Results Summaries website (https://www.trialsummaries.com/Home/LandingPage) was considered. Financial independence was not an inclusion criterion. Indeed, PK studies, which are costly, are most of the time carried out by the pharmaceutical industry.

The sources used to develop the pharmacological profiles of each molecule are available in online resource 4.

When discrepancies were observed between different sources, we only considered data from PK studies (including those mentioned in the EPARs and studies published thereafter).

Metabolic phase in the PK profile and potential DDIs

The description of the different PK profiles focused on metabolic and transport data, especially the presence of pro-drugs, CYP P450 pathways, the existence of a P-gp transporter, the drug inducer or inhibitor profile for CYP P450 or transporter as well as the weight of the pathway (low, moderate or strong). We focused on studies conducted on humans.

Potential DDIs and predicted clinical events

We considered solely the impact of abiraterone, apalutamide, darolutamide or enzalutamide on antithrombotics but not the reverse. On the basis of our analysis of 1:1 DDIs (e.g. enzalutamide:clopidogrel) and of the PK profiles from the first step (see above), we estimated changes (increase, decrease, no impact, complex prediction) in the area under the curve (AUC) for antithrombotics.

The evaluation of potential DDIs and the prediction of clinical events were based on the use of antithrombotics in compliance with the French indications (e.g. prasugrel is only used in association with aspirin, and not alone, to prevent the occurrence of acute coronary syndrome). The associations between antiplatelet agents and VKAs were not included in this analysis, given the small proportion of patients with this association.

Results from clinical trials or observational studies, if any, were taken into account for specific DDI associations.

Outcomes from case reports were not included in our analysis if they involved fewer than 5 patients.

Clinical events were predicted on the basis of potential DDI and AUC changes, based on data identified, among other things, in the market authorization documents (EPARs, FDA regulatory documents). Our prediction also took into account the sections on interactions and special warnings provided in the SmPCs for antithrombotic and anticancer drugs and related PK information, as well as results of studies providing data on the potential risk of a clinical event in case of a DDI. In the case of a clearly stated expected clinical event (or no expected clinical event)

mentioned in the SmPCs differing from our prediction, we used PK studies to conclude. The prediction was considered valid in the absence of changes in baseline drug management (e.g. dose adjustment or monitoring in anticipation of DDIs). The prediction was categorized as follows: no additional risk, thromboembolism, haemorrhage, complex (and sometimes contrasting) prediction. 'Complex prediction' relates to treatment indication (e.g. venous thromboembolism prophylaxis, atrial fibrillation, mechanical heart valve…), including a potential dual association for antiplatelets, to the diversity of metabolic pathways involved, and to opposing effects on various metabolic pathways by the interacting drug (inducer and inhibitor).

We also described the management recommendations, if provided, for each 1:1 DDI according to the respective SmPCs (see online resource 3 for details).

Management of interactions was discussed in the light of the 2022 European Society of Cardiology (ESC)

Guidelines in cardio-oncology [START_REF] Lyon | ESC Guidelines on cardio-oncology developed in collaboration with the European Hematology Association (EHA)[END_REF].
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Results

PK profiles and DDIs

Most antithrombotic drugs are long-standing drugs with a wide literature corpus and well-established PK and pharmacodynamic profiles. A few antithrombotics are pro-drugs (clopidogrel, prasugrel, dabigatran etexilate), as the metabolic phase is the key step for drugs to be efficacious. Except for aspirin, where metabolization does not involve CYP P450 or P-gp, antithrombotic metabolization mostly involves the CYP 3A4, 2C9 or 2C19 pathways, plus minor metabolic pathways (including CYP 1A2, 2C8, 2J2…) and/or P-gp transporter (Figure 1). While the metabolism of edoxaban mainly involves P-gp (and CYP3A4/5 as a minor pathway), dabigatran etexilate is the only drug involving only one pathway, through P-gp. Rivaroxaban and apixaban are both mainly metabolized through CYP 3A4/5 (+ CYP 2J2 for rivaroxaban), and as a minor pathway through P-gp; several minor CYP pathways are also involved in the metabolization of apixaban (Figure 1).

Figure 1 Pharmacokinetic profiles and drug-drug interactions

With abiraterone, almost no DDIs are expected with antithrombotics, as it is a moderate-to-weak CYP 2C8 and 2D6 inhibitor. Apixaban, via the CYP 2C8 pathway, could be the only drug impacted, but it is one of the numerous minor metabolization pathways. Overall, data sources do not point to DDIs between abiraterone and antithrombotics [2,[START_REF]Zytiga[END_REF][START_REF]Prescribing information: Zytiga[END_REF][START_REF] Escudero-Vilaplana | Potential drug interactions between targeted oral antineoplastic agents and concomitant medication in clinical practice[END_REF] (see online resource 3). A similar observation is made with darolutamide [START_REF]Nubeqa[END_REF][START_REF]Prescribing information: Nubeqa® (darolutamide)[END_REF] (see online resource 3) as it is a moderate-to-weak inducer of CYP3A4.

Apalutamide and enzalutamide share highly similar PK profiles, as they are both inducers of the same CYP isoenzymes but with different weights: a weak inducer of CYP 2C9 and strong inducer of CYP 2C19 and 3A4 for apalutamide [13,[START_REF]Prescribing information: Erleada® (apalutamide)[END_REF][START_REF] Erleada | EPAR -Summary of Product Characteristics[END_REF], and moderate-to-strong inducer of CYP 2C9, 2C19 and 3A4 for enzalutamide [6, [START_REF]Prescribing information: Xtandi (enzalutamide)[END_REF][START_REF]EPAR -Summary of Product Characteristics[END_REF]; they both can greatly affect the metabolism of antiplatelet agents (except aspirin) and of most anticoagulants (with the exception of fluindione, for which metabolization does not markedly involve CYPs). While apalutamide is also a mild inducer of P-gp, enzalutamide is a mild P-gp inhibitor; in both cases, they can affect the metabolism of P-gp substrate drugs (primarily dabigatran and edoxaban, and to a lesser extent that of ticagrelor, apixaban and rivaroxaban).
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PK changes and predicted clinical events

Given the data shown above (Figure 1), no changes in the AUC for aspirin are to be expected, nor are any additional predicted risks when it is co-administered with abiraterone, apalutamide, darolutamide or enzalutamide.

More broadly, abiraterone is not expected to alter the antithrombotic AUCs nor to induce a clinical event (Table 1).

Similar results are expected with darolutamide, since there is little or no AUC change due to its weak induction of CYP3A4 isoenzyme (Table 1; online resource 6).

Various effects of apalutamide and enzalutamide on antithrombotic AUCs are expected (Table 1). By extension, the predicted clinical events are also varied, with bleeding and thromboembolism predicted in some cases (Table 1). Overall, similar effect is expected with antiplatelets (with the exception of ticagrelor) or VKAs when concomitantly used with apalutamide and enzalutamide. For DOACs, in association with apalutamide, thromboembolism could be expected given the decrease in their AUCs through an increase in their metabolism and/or excretion. In association with enzalutamide the clinical events to be predicted can also be complicated by the involvement of different CYP pathways and P-gp transport (apixaban, edoxaban, rivaroxaban). For dabigatran, haemorrhage can be expected with an increase in the AUC under the effect of enzalutamide.

Regarding the clinical management of the concomitant use of antithrombotics and apalutamide or enzalutamide, it depends on the 1:1 DDI considered and should be planned on a case-by-case basis (see online resource 5 and 7).

Unclear or confusing recommendations were noted, and information was not systematically symmetrical between the SmPCs for the different drugs involved in a 1:1 DDI.

Discussion

In this study, we analysed the PK profiles of abiraterone, apalutamide, darolutamide and enzalutamide and antithrombotic drugs using numerous data sources, with a focus on the metabolization phase and potential DDIs.

According to our results, the types of interaction linked to the second-generation hormone therapies for prostate cancer seem very different.

PK profiles of the second-generation hormone therapies

For abiraterone, while the latest EPAR issued in 2017 (at the time of the evaluation of the extension of indication for newly diagnosed high-risk metastatic hormone-sensitive prostate cancers) [START_REF]Zytiga[END_REF] reported only CYP 2D6 inhibition, it was not until 2022 that the European SmPC was amended to include the CYP 2C8 inhibitory profile

[17], in accordance with previous studies [START_REF] Benoist | Pharmacokinetic Aspects of the Two Novel Oral Drugs Used for Metastatic Castration-Resistant Prostate Cancer: Abiraterone Acetate and Enzalutamide[END_REF][START_REF] Monbaliu | In Vitro and In Vivo Drug-Drug Interaction Studies to Assess the Effect of Abiraterone Acetate, Abiraterone, and Metabolites of Abiraterone on CYP2C8 Activity[END_REF]. The data sources consulted agree that darolutamide is a moderateto-weak inducer of CYP 3A4 only [START_REF]Nubeqa[END_REF][START_REF]Prescribing information: Nubeqa® (darolutamide)[END_REF][START_REF] Conde-Estévez | Treatment of non-metastatic castration-resistant prostate cancer: facing age-related comorbidities and drugdrug interactions[END_REF][START_REF] Nubeqa | EPAR -Summary of Product Characteristics[END_REF][START_REF] Zurth | Drug-Drug Interaction Potential of Darolutamide: In Vitro and Clinical Studies[END_REF]; apalutamide is both a CYP P450 inducer (weak for CYP 2C9

and strong for 2C19 and 3A4) and a P-gp inducer (weak) [4, [START_REF]Prescribing information: Erleada® (apalutamide)[END_REF][START_REF] Duran | Pharmacokinetic Drug-Drug Interaction of Apalutamide, Part 1: Clinical Studies in Healthy Men and Patients with Castration-Resistant Prostate Cancer[END_REF][START_REF] Erleada | EPAR -Summary of Product Characteristics[END_REF][START_REF] Potdar | Concomitant use of oral anticoagulants in patients with advanced prostate cancer receiving apalutamide: A post-hoc analysis of TITAN and SPARTAN studies[END_REF]. In an original manner, despite a very close chemical structure with apalutamide, besides a CYP P450 induction (strong for CYP 3A4, and moderate for 2C9 and 2C19), enzalutamide inhibits P-gp [START_REF] Benoist | Pharmacokinetic Aspects of the Two Novel Oral Drugs Used for Metastatic Castration-Resistant Prostate Cancer: Abiraterone Acetate and Enzalutamide[END_REF][START_REF]Prescribing information: Xtandi (enzalutamide)[END_REF][START_REF] Poondru | Effect of enzalutamide on PK of P-gp and BCRP substrates in cancer patients: CYP450 induction may not always predict overall effect on transporters[END_REF] (see online resource 3 for details of SmPC references). Even if this characteristic has been evoked but did not appear in the latest EPAR in 2021 (at the time of the assessment of the extension of the indication to metastatic hormone-sensitive prostate cancer) [16], a phase-I study recently confirmed P-gp inhibition by enzalutamide [START_REF] Poondru | Effect of enzalutamide on PK of P-gp and BCRP substrates in cancer patients: CYP450 induction may not always predict overall effect on transporters[END_REF]. DDI studies based on the Lexicomp or the Drugs website (https://www.drugs.com/) reported similar results to ours [START_REF] Vicente-Valor | Potential and real drug interactions in patients treated with abiraterone or enzalutamide in clinical practice[END_REF][START_REF] Conde-Estévez | Treatment of non-metastatic castration-resistant prostate cancer: facing age-related comorbidities and drugdrug interactions[END_REF].

Surprisingly, contrasting with the literature, the European Society of Cardiology guidelines mention numerous DDIs between abiraterone or darolutamide and antithrombotics, since they consider these hormone therapies to be CYP3A4 and/or P-gp inducers, which would make them deceptively similar to the apalutamide PK profile (and partially similar to the enzalutamide PK profile) [START_REF] Lyon | ESC Guidelines on cardio-oncology developed in collaboration with the European Hematology Association (EHA)[END_REF].

Potential DDIs with antithrombotics and clinical event prediction

While the use of abiraterone and darolutamide is not expected to induce clinical events when concomitantly used with antithrombotics, clinical events could be predicted with apalutamide and enzalutamide.

In line with almost all the data sources consulted, the use of abiraterone is not expected to have an impact on the metabolization of antithrombotics, as they are mainly metabolized by CYP 2C9, 2C19 or 3A4 +/-P-gp [START_REF] Dewald | Anticoagulants: Pharmacokinetics, Mechanisms of Action, and Indications[END_REF][START_REF] Patrono | Antiplatelet Agents for the Treatment and Prevention of Coronary Atherothrombosis[END_REF][START_REF] Laizure | A comparison of the metabolism of clopidogrel and prasugrel[END_REF][START_REF] Militaru | Pharmacogenetics aspects of oral anticoagulants therapy[END_REF][START_REF] Fitzgerald | Drug Interactions of Direct-Acting Oral Anticoagulants[END_REF]. DDIs with abiraterone are expected with drug substrates of CYP2C8 and 2D6, such as antidepressants, opiates or beta-blockers [START_REF] Vicente-Valor | Potential and real drug interactions in patients treated with abiraterone or enzalutamide in clinical practice[END_REF][START_REF] Bonnet | Potential drug-drug interactions with abiraterone in metastatic castration-resistant prostate cancer patients: a prevalence study in France[END_REF]. Likewise, concomitant use of darolutamide is unlikely to significantly alter the PK of antithrombotics or induce a clinical event, given the weak induction of CYP3A4 by darolutamide [START_REF] Shore | Evaluation of Clinically Relevant Drug-Drug Interactions and Population Pharmacokinetics of Darolutamide in Patients with Nonmetastatic Castration-Resistant Prostate Cancer: Results of Pre-Specified and Post Hoc Analyses of the Phase III ARAMIS Trial[END_REF][START_REF] Zurth | Drug-Drug Interaction Potential of Darolutamide: In Vitro and Clinical Studies[END_REF][START_REF] Conde-Estévez | Treatment of non-metastatic castration-resistant prostate cancer: facing age-related comorbidities and drugdrug interactions[END_REF][START_REF] Morgans | Androgen receptor inhibitor treatments: Cardiovascular adverse events and comorbidity considerations in patients with non-metastatic prostate cancer[END_REF] and the metabolism pathways of antithrombotics [START_REF] Dewald | Anticoagulants: Pharmacokinetics, Mechanisms of Action, and Indications[END_REF][START_REF] Patrono | Antiplatelet Agents for the Treatment and Prevention of Coronary Atherothrombosis[END_REF][START_REF] Laizure | A comparison of the metabolism of clopidogrel and prasugrel[END_REF][START_REF] Militaru | Pharmacogenetics aspects of oral anticoagulants therapy[END_REF][START_REF] Fitzgerald | Drug Interactions of Direct-Acting Oral Anticoagulants[END_REF]. This is in line with the Micromedex database [27] and the SmPCs for darolutamide/Nubeqa ® and antithrombotics which mention no interaction nor any clinically relevant DDIs.

The case of prasugrel (2B6, 2C9, 2C19 and 3A4 substrate) is original, and recalls the case of aspirin, for which no change in AUC or additional risk is expected with second-generation hormone therapies. While we could expect a change in its AUC (and its active metabolite) and potential thromboembolism with drugs that induce one or ACCEPTED MANUSCRIPT / CLEAN COPY several of these isoenzymes (such as apalutamide and enzalutamide), the data available reports no change [START_REF] Patrono | Antiplatelet Agents for the Treatment and Prevention of Coronary Atherothrombosis[END_REF][START_REF] Morgans | Androgen receptor inhibitor treatments: Cardiovascular adverse events and comorbidity considerations in patients with non-metastatic prostate cancer[END_REF][START_REF] Farid | Effect of rifampin on the pharmacokinetics and pharmacodynamics of prasugrel in healthy male subjects[END_REF], which should be taken into account when choosing dual antiplatelet therapy [START_REF] Patrono | Antiplatelet Agents for the Treatment and Prevention of Coronary Atherothrombosis[END_REF]. The absence of interaction, as observed with the concomitant use of rifampicin [START_REF] Farid | Effect of rifampin on the pharmacokinetics and pharmacodynamics of prasugrel in healthy male subjects[END_REF], which does not significantly alter the AUC of the active metabolite of prasugrel, could be explained by the involvement of another major metabolic pathway, CYP 2B6 [START_REF] Morgans | Androgen receptor inhibitor treatments: Cardiovascular adverse events and comorbidity considerations in patients with non-metastatic prostate cancer[END_REF]. Thus, no change in antithrombotic management is called for [START_REF] Lyon | ESC Guidelines on cardio-oncology developed in collaboration with the European Hematology Association (EHA)[END_REF][START_REF] Patrono | Antiplatelet Agents for the Treatment and Prevention of Coronary Atherothrombosis[END_REF][START_REF] Erleada | EPAR -Summary of Product Characteristics[END_REF][START_REF]EPAR -Summary of Product Characteristics[END_REF][START_REF] Efient | EPAR -Summary of Product Characteristics[END_REF].

Given the PK profile of apalutamide, a CYP 2C9, 2C19 and 3A4 and P-gp inducer, studies suggest numerous DDIs, including with antithrombotics [START_REF] Duran | Pharmacokinetic Drug-Drug Interaction of Apalutamide, Part 1: Clinical Studies in Healthy Men and Patients with Castration-Resistant Prostate Cancer[END_REF][START_REF] Conde-Estévez | Treatment of non-metastatic castration-resistant prostate cancer: facing age-related comorbidities and drugdrug interactions[END_REF][START_REF] Morgans | Androgen receptor inhibitor treatments: Cardiovascular adverse events and comorbidity considerations in patients with non-metastatic prostate cancer[END_REF]. For VKAs, concomitant use of apalutamide is associated with decreased AUC in accordance with other authors [START_REF] Duran | Pharmacokinetic Drug-Drug Interaction of Apalutamide, Part 1: Clinical Studies in Healthy Men and Patients with Castration-Resistant Prostate Cancer[END_REF]; in order to avoid potential thromboembolism events, the VKAs and apalutamide/Erleada [START_REF] Lyon | ESC Guidelines on cardio-oncology developed in collaboration with the European Hematology Association (EHA)[END_REF]. For DOACs, a decrease in their respective

AUCs is expected and could cause thromboembolism events. The ESC guidelines explicitly state that the combination with rivaroxaban should be 'avoided', but provide no recommendation for other DOACs [START_REF] Lyon | ESC Guidelines on cardio-oncology developed in collaboration with the European Hematology Association (EHA)[END_REF].

Surprisingly, for the apalutamide:apixaban DDI, while the SmPC for apixaban/Eliquis ® mentions bleeding in case of concomitant use with strong inducers of CYP 3A4 and P-gp (without details on sources), we predicted thromboembolism based on the AUC decrease for apixaban, backed up by studies showing no bleeding in case of an association of apalutamide and DOACs or rifampin and apixaban [START_REF] Potdar | Concomitant use of oral anticoagulants in patients with advanced prostate cancer receiving apalutamide: A post-hoc analysis of TITAN and SPARTAN studies[END_REF][START_REF] Vakkalagadda | Effect of Rifampin on the Pharmacokinetics of Apixaban, an Oral Direct Inhibitor of Factor Xa[END_REF]. This discrepancy recalls a post-hoc analysis of the ARISTOTLE trial, which assessed the impact of DDIs with apixaban versus warfarin, and reported a higher risk of bleeding with apixaban [START_REF] Washam | Interacting medication use and the treatment effects of apixaban versus warfarin: results from the ARISTOTLE Trial[END_REF]. This could be explained by the fact that drugs known to be CYP450 and P-gp inhibitors or inducers were pooled and that the drugs used for chronic diseases among apixaban users were more frequently CYP450 and P-gp inhibitors (amiodarone, diltiazem, verapamil); by inducing a potential increase of DOAC AUCs, bleeding could be more likely, with a concomitant dilution of the CYP450 and P-gp inducer effect (and given that thromboembolism are rare events). With antiplatelet agents, haemorrhage or thromboembolism can be predicted with clopidogrel and ticagrelor respectively, based on AUC changes induced by apalutamide, in line with the literature [START_REF] Patrono | Antiplatelet Agents for the Treatment and Prevention of Coronary Atherothrombosis[END_REF]31,[START_REF] Macdougall | Systematic review of drug-drug interactions between rifamycins and anticoagulant and antiplatelet agents and considerations for management[END_REF]. SmPC recommendations discourage both associations, while the ESC guidelines only discourage the association with ticagrelor [START_REF] Lyon | ESC Guidelines on cardio-oncology developed in collaboration with the European Hematology Association (EHA)[END_REF].

Enzalutamide is also highly likely to interact with antithrombotics, with certain opioids and with other drugs used to prevent cardiovascular diseases [START_REF] Vicente-Valor | Potential and real drug interactions in patients treated with abiraterone or enzalutamide in clinical practice[END_REF][START_REF] Morgans | Androgen receptor inhibitor treatments: Cardiovascular adverse events and comorbidity considerations in patients with non-metastatic prostate cancer[END_REF]. With clopidogrel, our results and data from the literature are consistent with the risk of haemorrhage when it is concomitantly used with apalutamide [START_REF] Patrono | Antiplatelet Agents for the Treatment and Prevention of Coronary Atherothrombosis[END_REF]31,[START_REF] Lyon | ESC Guidelines on cardio-oncology developed in collaboration with the European Hematology Association (EHA)[END_REF][START_REF] Farid | Effect of rifampin on the pharmacokinetics and pharmacodynamics of prasugrel in healthy male subjects[END_REF][START_REF] Macdougall | Systematic review of drug-drug interactions between rifamycins and anticoagulant and antiplatelet agents and considerations for management[END_REF]. For enzalutamide:VKA DDIs, AUC changes [START_REF] Gibbons | Pharmacokinetic Drug Interaction Studies with Enzalutamide[END_REF] and clinical event predictions are superimposable to what we noted with apalutamide (decrease in VKA AUCs motivating additional INR to avoid thromboembolism). Considering the mixed interaction effect of enzaluytamide, i.e. CYP450 induction and P-gp inhibition, for drugs metabolized through CYP450 and transported by P-gp (especially apixaban, edoxaban, rivaroxaban or ticagrelor), the prediction of clinical events is complicated given the difficulty in estimating AUC changes. In contrast, the case of dabigatran is easier, as an increase in the dabigatran AUC could be expected and haemorrhage could be predicted, in line with reports from other authors [START_REF] Bernier | Major bleeding events in octagenarians associated with drug interactions between dabigatran and P-gp inhibitors[END_REF][START_REF] Gronich | Association Between Use of Pharmacokinetic-Interacting Drugs and Effectiveness and Safety of Direct Acting Oral Anticoagulants: Nested Case-Control Study[END_REF]. The SmPCs of DOACs and enzalutamide/Xtandi ® are mostly very confusing as they report only interactions with strong CYP 3A4 and P-gp inducers, such as rifampicin, or with strong CYP 3A4 and P-gp inhibitors, and they recommend dosage adjustment (without giving details) or avoiding the use of the drug. The ESC guidelines explicitly recommend avoiding the combinations with apixaban and edoxaban (and also with ticagrelor), but provide no recommendation for rivaroxaban [START_REF] Lyon | ESC Guidelines on cardio-oncology developed in collaboration with the European Hematology Association (EHA)[END_REF]. Other sections (concerning dabigatran, enzalutamide, P-gp inhibitors) recall the need to be cautious when these drugs are used concomitantly [START_REF] Lyon | ESC Guidelines on cardio-oncology developed in collaboration with the European Hematology Association (EHA)[END_REF]. Alongside, surprisingly, no interaction is reported in the Micromedex database with enzalutamide whatever the DOAC considered [27]. In 2017, a review on anticoagulant management with enzalutamide, in accordance with the different anticoagulant indications and in the presence of a DDI, recommended the use of low molecular weight heparin, dabigatran or warfarin for most indications [START_REF] Shatzel | Management of Anticoagulation in Patients With Prostate Cancer Receiving Enzalutamide[END_REF]. The ESC guidelines issued similar recommendations regarding the management of anticoagulation for coronary artery disease, thrombosis, thromboembolic events and factors linked to cancer, in case of DDI [START_REF] Lyon | ESC Guidelines on cardio-oncology developed in collaboration with the European Hematology Association (EHA)[END_REF]. Given our results, the use of heparin could be a relevant alternative, considering its parenteral administration and the absence of hepatic metabolization [START_REF] Dewald | Anticoagulants: Pharmacokinetics, Mechanisms of Action, and Indications[END_REF]. Clinicians may also prefer VKAs to DOACs because their efficacy and safety can be closely monitored using INR. Overall, the choice of the relevant alternative should take the anticoagulant indication into account.

Regarding the French Thesaurus of drug interactions [31], for abiraterone and darolutamide, as expected, no antithrombotic interaction is reported. For apalutamide, interactions are clearly reported for VKAs and ticagrelor in the 'apalutamide' 'VKAs' and 'ticagrelor' sections, with a "Not recommended" level of association. Unlike what we predicted, no information is provided for the apalutamide:DOAC DDIs, whatever the sections considered.

For enzalutamide, in the light of our results, the Thesaurus appears incomplete and unclear. The 'enzalutamide' section does not reference interactions with antithrombotics. No section relating to antithrombotics (the 'antiplatelet agent' section, the different antiplatelet sections, the 'oral anticoagulant' section, the different oral anticoagulant sections) mentions a DDI with enzalutamide or with enzymatic inducers. The 'enzymatic inducers' section, where apalutamide and enzalutamide are referenced, provides no information on the level of interaction nor on the risk entailed when it is concomitantly used with an anticoagulant.

Variability in the prediction of clinical events

Several parameters can interfere and make it difficult to estimate the impact of apalutamide and enzalutamide on the AUC of antithrombotics and to predict clinical events. Among them we can cite the pharmacodynamic effects of antithrombotics. It is recognized that the anticoagulant effect of oral anticoagulants is directly proportional to their plasma concentrations and some common coagulation assays [START_REF] Landefeld | Anticoagulant-related bleeding: clinical epidemiology, prediction, and prevention[END_REF][START_REF] Lee | Practical issues with vitamin K antagonists: elevated INRs, low timein-therapeutic range, and warfarin failure[END_REF][START_REF] Bloemen | Prediction of bleeding risk in patients taking vitamin K antagonists using thrombin generation testing[END_REF][START_REF] Samuelson | Laboratory Assessment of the Anticoagulant Activity of Direct Oral Anticoagulants: A Systematic Review[END_REF]. But, for antiplatelets, AUC changes may not correspond to a clinical event, as with aspirin, whose effect may not be dose-dependent [START_REF] Gurbel | Evaluation of dose-related effects of aspirin on platelet function: results from the Aspirin-Induced Platelet Effect (ASPECT) study[END_REF]. Other parameters of interference are: the range of metabolic pathways available (e.g. apixaban), major / minor metabolization in the different pathways, the balance between pathways during the induction or inhibition process (e.g. prasugrel), pharmacokinetic efficacy [START_REF] Patrono | Antiplatelet Agents for the Treatment and Prevention of Coronary Atherothrombosis[END_REF] and intra-individual variability. Self-medication (including the use of over-the-counter drugs) with drugs that can potentially interact (St. John's Wort, proton pump inhibitors…), medical care (e.g. dose adjustment, INR monitoring) or gene polymorphism can also interfere. Studies have reported significant differences in warfarin concentrations between patients, depending on the type of CYP 2C9 polymorphism (2C9*2, 2C9*3) [START_REF] Muszkat | Warfarin metabolism and anticoagulant effect: A prospective, observational study of the impact of CYP2C9 genetic polymorphism in the presence of drug-disease and drug-drug interactions[END_REF][START_REF] Tabrizi | The Frequency and Effects of Cytochrome P450 (CYP) 2C9 Polymorphisms in Patients Receiving Warfarin[END_REF]. In addition, 2C19 polymorphism could explain differences in ACCEPTED MANUSCRIPT / CLEAN COPY pharmacological effects [START_REF] Desta | Clinical significance of the cytochrome P450 2C19 genetic polymorphism[END_REF][START_REF] Sibbing | Cytochrome 2C19*17 Allelic Variant, Platelet Aggregation, Bleeding Events, and Stent Thrombosis in Clopidogrel-Treated Patients With Coronary Stent Placement[END_REF]. For instance, patients with the CYP2C19*17 mutation and treated with clopidogrel could have an increased risk of haemorrhage [START_REF] Sibbing | Cytochrome 2C19*17 Allelic Variant, Platelet Aggregation, Bleeding Events, and Stent Thrombosis in Clopidogrel-Treated Patients With Coronary Stent Placement[END_REF]. The use of statins to prevent certain cardiovascular diseases should also be considered: except for pravastatin and rosuvastatin, they are mainly metabolized by CYP 3A4 and 2C9 [START_REF] Morgans | Androgen receptor inhibitor treatments: Cardiovascular adverse events and comorbidity considerations in patients with non-metastatic prostate cancer[END_REF][START_REF] Hirota | An updated review of pharmacokinetic drug interactions and pharmacogenetics of statins[END_REF][START_REF] Sirtori | The pharmacology of statins[END_REF]. Also subject to DDIs with apalutamide and enzalutamide, a decrease in the statin AUC and an increased risk of cardiovascular events can be predicted after a long-term concomitant use. One French population-based cohort reported 41% dyslipidaemia drugs among mCRPC patients who were new users of abiraterone or enzalutamide [START_REF] Scailteux | Overall Survival Among Chemotherapy-Naive Patients With Castration-Resistant Prostate Cancer Under Abiraterone Versus Enzalutamide: A Direct Comparison Based on a 2014-2018 French Population Study (the SPEAR Cohort)[END_REF]. Assessing the impact of the hormone therapies on statins can be complicated by potential interactions with other transporters (BCRP, OATP1B1) [START_REF] Duran | Pharmacokinetic Drug-Drug Interaction of Apalutamide, Part 1: Clinical Studies in Healthy Men and Patients with Castration-Resistant Prostate Cancer[END_REF][START_REF] Zurth | Drug-Drug Interaction Potential of Darolutamide: In Vitro and Clinical Studies[END_REF][START_REF] Poondru | Effect of enzalutamide on PK of P-gp and BCRP substrates in cancer patients: CYP450 induction may not always predict overall effect on transporters[END_REF][START_REF] Sirtori | The pharmacology of statins[END_REF].

Strengths

This study used many data sources (EMA and FDA regulatory documents, SmCPs, pre-clinical and observational studies, DDI websites, pharmacological reference textbooks and websites) to summarize DDIs between prostate cancer hormone therapies antithrombotic drugs. Information was selected by cross-referencing at least 2 different sources, which provided a solid basis on which to build the review. The data we used to understand PK profiles and develop our synthesis on interactions is based on human (clinical trials, case reports) and in vivo research.

Weaknesses

In vitro data is excluded from our study because it does not, in our opinion, adequately reflect the functioning of the human body. To develop our PK profiles and DDIs, the consideration of at least 2 sources could have limited the weight of recent information that may not yet have been reported in more than one source. In addition, we only used the latest updated version of SmPCs, available on the EMA website. However, older SmPC versions (unavailable) could be useful to assess the evolution of PK data in particular since market authorization, so as to confront the studies published. Finally, some sources used did not cite their primary references, in particular the map of DDIs from the Geneva Hospitals [31]; however, this document is an updated review of the literature from 2020, produced by pharmacology experts, covering pharmacokinetics and drug safety.

Assessing predictions on real life data & complementary data

Overall, the data suggests the existence of DDIs between apalutamide or enzalutamide and some antiplatelet agents or anticoagulants. Further studies assessing these interactions by way of PK, DDI and pharmaco-epidemiological studies are needed. A pharmaco-epidemiological study, evaluating in particular the trigger effect of the introduction of apalutamide or enzalutamide, and using major cardiovascular diseases (venous thromboembolism, stroke, myocardial infarction, bleeding…) as endpoints, seems relevant, especially as the events targeted are rare.

On the basis of a previous French population-based study [START_REF] Scailteux | Overall Survival Among Chemotherapy-Naive Patients With Castration-Resistant Prostate Cancer Under Abiraterone Versus Enzalutamide: A Direct Comparison Based on a 2014-2018 French Population Study (the SPEAR Cohort)[END_REF] and given the extended indications of enzalutamide, several thousand patients will be concomitantly exposed to oral anticoagulants or antiplatelet agents. A pharmacoepidemiological study is needed to take the use of other concomitant drugs into account, especially those known to play an important role in cardiovascular diseases, e.g. statins.
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DDI clinical management

Overall, the clinical management of DDIs with apalutamide or enzalutamide provided by the respective SmPCs (see online resource 5 and 7) and the ESC guidelines are often not detailed enough or confusing. Sometimes, even when management remains conventional, when it leaves a lot of latitude to the clinician, e.g. recommending 'additional INR' or 'avoid', it leaves a choice between two fundamentally opposite attitudes but which can also be consecutive, thus lengthening the time to reach a stable state under antithrombotics. Furthermore, regarding DOACs, the recommendations for dosage adjustment without giving details is risky, as reducing the dosage too far could put patients at risk of inefficacy and thromboembolism. As the SmPCs are not symmetrical they can also make patient management difficult and can lead to great variability in approaches among clinicians. Finally, in some cases, recommendations are proposed for many situations ('concomitant use with medicinal drugs that are metabolised by CYP 2C9, 2C19, 3A4') but they can be irrelevant for specific situations. For instance, enzalutamide/Xtandi ® SmPC recommends 'substitution when possible or evaluation of loss of efficacy' when concomitantly used with rivaroxaban/Xarelto ® , but the efficacy evaluation recommendation goes against the use of the DOAC and the interest of its development.

Generally speaking, in case of DDI, clinical management should involve an individual assessment of the benefit/risk ratio, with an eye on the medium/long-term future, which needs to take several points into account:

firstly, the antithrombotic indication, the severity of the cardiovascular disease motivating an antithrombotic drug, and the existence of a relevant alternative mentioned in the guidelines (e.g. prasugrel or ticagrelor for the prevention of atherothrombotic events for patients with acute coronary syndrome); secondly, the prostate cancer treatment history and the patient's comorbidities (some comorbidities are a contraindication for abiraterone or enzalutamide use). In accordance with the ESC guidelines [START_REF] Lyon | ESC Guidelines on cardio-oncology developed in collaboration with the European Hematology Association (EHA)[END_REF] and the International Society of Geriatric Oncology consensus [START_REF] Wildiers | International Society of Geriatric Oncology Consensus on Geriatric Assessment in Older Patients With Cancer[END_REF], a multidisciplinary group composed of cardiologists, geriatricians and cancer specialists (oncologists, urologists…) can be useful to determine the most appropriate overall management for the patient. To our knowledge, neither the last updated European Association of Urology guidelines [START_REF] Mottet | EAU-EANM-ESTRO-ESUR-SIOG Guidelines on Prostate Cancer[END_REF] nor the French Association of Urology guidelines [START_REF] Rozet | Recommandations françaises du Comité de cancérologie de l'AFUactualisation 2020-2022 : cancer de la prostate[END_REF] set out clear management recommendations for DDIs between treatments for advanced prostate cancer and cardiovascular disease.

Conclusion and perspectives

Abiraterone, and darolutamide are not expected to alter antithrombotic metabolism. Apalutamide and enzalutamide, share the CYP inducer characteristic, but while apalutamide is a weak P-gp inducer, enzalutamide is a weak P-gp inhibitor. With both drugs, changes in antithrombotic AUCs leading to various effects (bleeding or thromboembolism) can be expected. The management of DDIs needs to be performed on a case-by-case basis taking into account the cardiovascular indication, its severity and relevant therapeutic alternatives. Improving the level of knowledge by way of a pharmaco-epidemiological study provides a relevant perspective for future.
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Table legend

Table 1 Pharmacokinetic profiles (metabolic phase), drug-drug interactions and prediction of clinical events.

ACCEPTED MANUSCRIPT / CLEAN COPY d : Although bleeding have been reported from the SmPC of apixaban/Eliquis ® (see online resource 3) and clinical study [2], a pharmacokinetic study assessing rifampin:apixaban interaction showed an apixaban AUC decrease [3].

  

  ® SmPCs mostly recommend additional INR (see online resource 5). Information on fluindione is scarce, possibly due to the fact that it is a long-standing French drug that is now in limited use [49,50]. The ESC guidelines report interactions with warfarin and acenocoumarol, but the clinical management recommendation ('↑ the dose of warfarin and monitor INR or replace warfarin by low molecular weight or standard heparin') is only focused on warfarin and confusing
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