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Objective: To develop a rapid, sensitive, and high-throughput liquid chromatography-tandem mass spectrometry (LC-MS/MS) method for prazosin quantification in human plasma, validate its application in bioequivalence studies, and investigate sex-specific pharmacokinetic differences in a Chinese population.Materials and methods: Plasma samples were processed by protein precipitation with methanol and analyzed using a Waters ACQUITY UPLC® HSS T3 column. Prazosin-d8 was used as an isotopic internal standard (IS) to enhance quantification accuracy. Chromatographic separation was performed with methanol (A) and 0.1% formic acid in water (B) as the mobile phases, using gradient elution at 0.35 mL/min. Quantification was achieved using positive ionization mode with multiple reaction monitoring (MRM) transitions of m/z 384.2→95.0 for prazosin and m/z 392.2→95.0 for IS.Results: The method demonstrated excellent linearity (0.1000–30.00 ng/mL, LLOQ: 0.1000 ng/mL), surpassing the sensitivity of prior methods. Bioequivalence analysis confirmed that the 90% confidence interval (CI) for AUC0-24, AUC0-∞, and Cmax geometric mean ratios fell within the regulatory acceptance range (90.00%–111.11%). Sex analysis revealed significantly higher AUC0-24 (+48%) and AUC0-∞ (+46%) medians in females (n = 4) than in males (n = 16) (P < 0.05), suggesting potential sex-based differences in prazosin pharmacokinetics.Conclusion: This study establishes the first LC-MS/MS method integrating isotopic IS and sex-specific pharmacokinetic profiling for prazosin, offering regulatory-compliant bioequivalence validation and insights into precision dosing strategies. These findings support China’s generic drug policy and highlight the need for sex-stratified pharmacokinetic evaluations in bioequivalence assessments.Clinical trial registration number: ChiCTR2100050626.Keywords: prazosin, prazosin-d8, LC-MS/MS, pharmacokinetics, bioequivalence
1 INTRODUCTION
Prazosin, a selective α1-adrenergic receptor antagonist, has been widely used to treat hypertension since 1976 (Stanaszek et al., 1983). More recently, its therapeutic indications have expanded to neuropsychiatric disorders, including post-traumatic stress disorder (PTSD) and alcohol use disorder (AUD), owing to its ability to cross the blood-brain barrier and regulate stress responses (Hendrickson and Raskind, 2016; Ferrafiat et al., 2020; Eichelman and Dorava, 2021; Reist et al., 2021; Karaoglan and Grace, 2025). Clinical trials suggest that prazosin alleviates PTSD-related nightmares and reduces AUD relapse rates by attenuating noradrenergic hyperactivity (Gilpin and Weiner, 2017; Kleinman and Ostacher, 2019). However, despite its widespread use, pharmacokinetic profiling remains insufficiently characterized, particularly in diverse populations, such as the Chinese population, limiting its optimized clinical application and regulatory assessment.
Ensuring the therapeutic equivalence of generic drugs is a critical component of China’s Generic Drug Consistency Evaluation Policy, which mandates bioequivalence studies to bridge the gap between innovators and generic formulations (The central People’s government of the People’s Republic of China, 2025). However, current bioequivalence assessments rarely account for sex-specific pharmacokinetic variability despite increasing evidence that biological sex influences drug absorption, metabolism, and efficacy. The lack of sex-informed regulatory standards may contribute to suboptimal therapeutic outcomes and unintended adverse effects, highlighting a policy gap in precision medicine. Addressing these issues is essential for optimizing drug-dosing strategies and improving clinical outcomes.
Analytical techniques such as high-performance liquid chromatography (HPLC) (Twomey and Hobbs, 1978; Yee et al., 1979; Rathinavelu and Malave, 1995; Andros et al., 1996), fluorescence detection (Chau et al., 1980; Guo et al., 2016), and liquid chromatography-mass spectrometry (LC-MS) (Erve et al., 2008) have been used for prazosin quantification in plasma. However, HPLC often lacks sensitivity and throughput, and fluorescence-based methods are expensive and impractical for routine drug monitoring. LC-MS offers high selectivity and sensitivity (Seger and Salzmann, 2020; Loh et al., 2022; Maekawa and Mano, 2022); however, existing methods lack the robustness required for large-scale pharmacokinetic and bioequivalence studies across diverse populations, particularly in regulatory settings. Additionally, conventional sample preparation techniques, such as liquid-liquid extraction and solid-phase extraction, are labor-intensive and costly (Gurule et al., 2010; Liu et al., 2021), limiting their applicability for regulatory bioequivalence testing. Simpler alternatives, such as protein precipitation, have been explored, but remain inadequately validated for human plasma samples, creating a barrier to regulatory approval and policy adoption.
This study aimed to develop a sex-sensitive, high-throughput LC-MS/MS method to generate critical evidence for policy discussions on sex-inclusive pharmacokinetic evaluations, personalized dosing guidelines, and regulatory standards for generic drug bioequivalence in China. This study contributes to pharmaceutical policy refinement and advances in precision medicine by bridging bioanalytical innovations with real-world regulatory and clinical applications.
2 MATERIALS AND METHODS
2.1 Development and validation of the LC-MS/MS method
To support this bioequivalence study, a high-throughput and sensitive LC-MS/MS method was developed for the quantification of prazosin in human plasma. This method was designed to ensure accuracy, precision, specificity, and regulatory compliance, particularly for detecting sub-therapeutic concentrations at low plasma levels. The analysis was performed using an ultra-performance liquid chromatography-tandem mass spectrometry (UPLC-MS/MS) system consisting of an ACQUITY UPLC I-CLASS system (Waters, United States) coupled to a triple quadrupole mass spectrometer (AB Sciex Triple Quad 5500, AB Sciex, United States). Chromatographic separation was conducted using an ACQUITY UPLC HSS T3 column (1.8 μm, 2.1 × 50 mm, Waters, United States), maintained at 40°C, with a flow rate of 0.35 mL/min. The mobile phase consisted of methanol (A) and 0.1% formic acid in water (B), using a gradient elution program: 0–0.5 min: 35% A; 0.5–1.8 min: 35% → 98% A; 1.8–2.8 min: 98% A; and 2.8–3.5 min: 98% → 35% A. The autosampler was maintained at 6°C and the injection volume was 4.0 μL.
Detection was performed in the positive ionization mode using multiple reaction monitoring (MRM) with optimized transitions for prazosin (m/z 384.2 → 95.0) and prazosin-d8 (internal standard, IS) (m/z 392.2 → 95.0). Calibration curves were prepared in blank plasma using prazosin standard solutions ranging from 0.1000 to 30.00 ng/mL. The lower limit of quantification (LLOQ) was defined as the lowest analyte concentration measurable with accuracy (±20%) and precision (coefficient of variation (CV) ≤ 20%). The lowest calibration standard (0.1000 ng/mL) was validated as the LLOQ to simplify method implementation while maintaining sensitivity.
Plasma samples (50 µL) were spiked with 10 µL prazosin-d8 (IS) working solution (10 ng/mL), followed by protein precipitation using 300 µL methanol. The mixture was vortexed for 8 min, centrifuged at 5500 × g for 10 min, and the supernatant (100 µL) was transferred and diluted with 200 µL of ultrapure water. A final 4 µL sample was injected into the LC-MS/MS system.
2.2 Bioequivalence study design
This single-center, randomized, open-label, two-period, single-dose crossover bioequivalence trial was conducted under fasting conditions. The trial followed the China NMPA bioequivalence guidelines, adhered to Good Clinical Practice (GCP) and the Declaration of Helsinki, and was approved by the Medical Ethics Committee of Xiangya Boai Rehabilitation Hospital, Hunan Province, China (Clinical Trial Registration Number: ChiCTR2100050626). The trial was performed between 2021.11.01 and 2021.12.21, with written informed consent obtained from all participants.
The sample size was determined in accordance with the China NMPA bioequivalence guidelines (National Medical Products Administration, 2016; National Medical Products Administration, 2020), which mandate a minimum of 18 subjects. To ensure statistical robustness and account for potential attrition, 20 healthy subjects (16 males and 4 females) were enrolled, meeting the following criteria: age ≥18 years, body mass index (BMI) between 19 and 26 kg/m2, male weight ≥50 kg, and female weight ≥45 kg. Volunteers with medical conditions affecting drug metabolism (nervous, digestive, and circulatory systems), drug sensitivity, or medication use within 30 days prior to the study were excluded. Each subject underwent comprehensive medical screening, including physical examination, laboratory tests, ECG, and vital sign assessments.
The study followed a biperiodic crossover design, in which each participant received both the test formulation (prazosin 2 mg tablet, Lot: G139210806, APT PHARMA LIMITED) and the reference formulation (Minipres® 2 mg tablet, Lot: M01, Farmasierra Manufacturing, S.L., Spain), with a 7-day washout period between doses. All participants fasted for ≥10 h before drug administration. Subjects were randomized to receive either the test or reference formulation first, with water restricted to 1 h before and 2 h after dosing. Standardized meals were provided 4 h and 10 h after administration to minimize dietary effects.
2.3 Blood sample collection and processing
Venous blood samples (4 mL each) were collected pre-dose (0 h) and at multiple post-dose time points, including 0.25, 0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4, 5, 6, 7, 8, 10, 12, and 24 h. Following the 7-day washout period, the subjects received the alternate formulation, and identical blood collection procedures were followed. Plasma samples were separated by centrifugation at 5500 × g for 10 min and stored at −80°C before LC-MS/MS analysis.
2.4 Pharmacokinetic and sex-specific bioequivalence assessment
Plasma prazosin concentrations were analyzed using Phoenix WinNonlin software (Version 8.3.1). Key pharmacokinetic parameters, including Cmax, AUC0-24, and AUC0-∞, were calculated for each subject. Bioequivalence was assessed according to the China NMPA criteria, with confirmation achieved if the 90% confidence interval (CI) for the geometric mean ratios (GMR) of Cmax and AUC fell within the 90.00%–111.11% range.
To evaluate potential sex-based pharmacokinetic variability, a sex-stratified bioequivalence analysis was conducted. Plasma concentration-time data were analyzed separately for male and female participants, and additional pharmacokinetic parameters, including Tmax and t1/2, were compared between sexes. The same LC-MS/MS analytical method and pharmacokinetic evaluation procedures were applied across both groups to ensure consistency in data interpretation. Bioequivalence assessments were performed using Phoenix WinNonlin software (Version 8.3.1), with statistical comparisons between sexes conducted using analysis of variance (ANOVA) and nonparametric tests for Tmax. The 90% CI for the GMR of Cmax and AUC were calculated separately for the male and female subgroups to determine the potential pharmacokinetic differences.
2.5 Statistical analysis
Pharmacokinetic parameters were analyzed using Phoenix WinNonlin software (version 8.3.1), while additional statistical analyses were conducted using SPSS (version 24). AUC and Cmax were log-transformed and analyzed using ANOVA to assess the variability between formulations. Normality of pharmacokinetic parameters was assessed using the Shapiro–Wilk test (α = 0.05). Non-normal parameters were analyzed using non-parametric methods and reported as median (range). Two one-sided t-tests and 90% CI were used to determine bioequivalence. Sex-based comparisons (Male: n = 16; Female: n = 4) were analyzed using Mann–Whitney U tests, regardless of normality, to ensure conservative interpretation for the small female cohort. Results are reported with 90% CI.
3 RESULTS
3.1 Method development and validation
The validated LC-MS/MS method demonstrated high sensitivity, specificity, and efficiency, allowing for precise quantification of prazosin in human plasma. The method achieved a LLOQ of 0.1000 ng/mL with a total analysis time of 3.5 min, making it ideal for large-scale pharmacokinetic and bioequivalence studies.
3.1.1 Specificity, linearity, and sensitivity
The method exhibited high specificity, as confirmed by the absence of significant interference from endogenous plasma components in the blank samples (Figure 1). The calibration curve demonstrated excellent linearity over the validated concentration range (0.1000–30.00 ng/mL), with a correlation coefficient (r) of 0.9989, ensuring accurate quantification across therapeutic and subtherapeutic plasma levels (Table 1).
[image: Figure 1]FIGURE 1 | Chromatograms of prazosin and internal standard (IS) in blank plasma (A,B), Lower Limit of Quantitation (LLOQ) sample (C,D), and plasma samples from subjects after administration (E,F), respectively.
TABLE 1 | The calibration curve standards data for prazosin (n = 6).
[image: Table 1]3.1.2 Matrix effects and extraction recovery
Matrix effects were evaluated using plasma from six different sources, with variation coefficients below 15%, confirming the method’s robustness for biological sample analysis. The extraction recovery ranged from 89.3% to 96.0%, surpassing the regulatory bioanalytical acceptance criteria and demonstrating high reproducibility and efficiency (Table 2).
TABLE 2 | Extraction recovery for prazosin from plasma samples.
[image: Table 2]3.1.3 Accuracy, precision, and stability
Inter- and intra-batch accuracy and precision assessments confirmed compliance with regulatory acceptance limits, with CV values below 11.9% (Table 3). Stability assessments confirmed sample integrity across different storage conditions, including short-term storage at room temperature (254 h), multiple freeze-thaw cycles (four cycles), and long-term frozen storage (−20°C for 33 days) (Table 4). These findings support the reliability of this method for pharmacokinetic and bioequivalence studies.
TABLE 3 | Intra-batch and inter-batch of Accuracy and Precision from plasma samples (n = 6).
[image: Table 3]TABLE 4 | Results of stability tests of prazosin and IS (n = 6).
[image: Table 4]3.2 Bioequivalence study outcomes
3.2.1 Subject characteristics
Twenty healthy Chinese subjects (4 females and 16 males) were enrolled (Table 5).
TABLE 5 | Basic information of the subjects.
[image: Table 5]3.2.2 Plasma concentration-time profile
Following oral administration of 2 mg prazosin under fasting conditions, the validated LC-MS/MS method provided reliable quantification of prazosin concentrations across all sampling time points. The plasma concentration-time curve (Figure 2) revealed a rapid rise in plasma drug levels post-administration, with Tmax values of 1.00 [0.50-2.50] h for the test formulation and 1.00 [0.50-3.50] h for the reference formulation (Table 6).
[image: Figure 2]FIGURE 2 | Mean plasma concentration-time curves of Prazosin after a single oral dose of Prazosin Tablets (T: test formulation or R: reference formulation) in 20 subjects under Fasting State. Data from this study support China’s generic drug policy by enabling precise bioequivalence assessment in a representative population.
TABLE 6 | Descriptive statistics of main pharmacokinetic parameters (fasting state).
[image: Table 6]Both the test and reference formulations exhibited nearly identical absorption and elimination profiles, with their plasma concentration-time curves closely overlapping, further supporting their pharmacokinetic similarities.
3.2.3 Bioequivalence assessment
Bioequivalence was confirmed between the test (generic) and reference formulations, as the 90% CI for the GMR of AUC0-24, AUC0-∞, and Cmax fell within the China NMPA regulatory acceptance range of 90.00%–111.11% (Table 6).
The Cmax values were 18.28 ± 4.42 ng/mL for the test formulation and 18.17 ± 4.17 ng/mL for the reference formulation, with a GMR of 100.43% (90% CI: 91.57%–110.12%). The AUC0-24 values were 74.95 ± 21.57 ng·h/mL for the test and 75.53 ± 24.84 ng·h/mL for the reference formulation, with a GMR of 100.29% (90% CI: 94.65%–106.26%). Similarly, AUC0-∞ values were 76.66 ± 21.81 ng·h/mL for the test and 77.22 ± 24.97 ng·h/mL for the reference formulation, with a GMR of 100.25% (90% CI: 94.74%–106.07%).
Statistical analysis confirmed no significant differences (P > 0.05) between the test and reference formulations, validating their therapeutic equivalence and supporting the interchangeability of generic prazosin products. Furthermore, all subjects fell within the bioequivalence acceptance range, reinforcing the reliability and consistency of the results.
3.2.4 Sex differences in pharmacokinetics
Significant sex-based pharmacokinetic variations were observed (Table 7). Although normality in some parameters, median (range) and non-parametric tests were prioritized for conservative analysis. Female subjects had a higher median Cmax (21.80 ng/mL) compared to males (16.37 ng/mL), with a borderline P-value (P = 0.06). The median of AUC0-24 was 96.21 ng·h/mL for females and 64.81 ng·h/mL for males (P < 0.05), while the median of AUC0-∞ was 97.86 ng·h/mL for females and 66.84 ng·h/mL for males (P < 0.05), further confirming higher systemic exposure in females. The median of t1/2 was 4.02 h in females and 5.25 h in males (P > 0.05), suggesting comparable clearance. Likewise, the median of Tmax was 0.75 h in females and 1.25 h in males (P > 0.05).
TABLE 7 | Statistical comparison of sex differences in pharmacokinetic parameters.
[image: Table 7]4 DISCUSSION
This study developed and validated a high-throughput LC-MS/MS method for the quantification of prazosin in human plasma, ensuring high sensitivity, accuracy, and compliance with the regulatory bioequivalence guidelines. Compared to previous methods, this approach demonstrated superior sensitivity (LLOQ: 0.1000 ng/mL), short analysis time (3.5 min), and robust extraction recovery (≥89.3%), making it well-suited for large-scale pharmacokinetic and regulatory studies. The use of prazosin-d8 as an isotopic internal standard significantly improved the matrix effect correction, ensuring consistent quantification across plasma samples. These enhancements have made this method a valuable tool for pharmacokinetic studies and therapeutic drug monitoring.
The bioequivalence study demonstrated therapeutic equivalence between the test and reference formulations, with 90% CI for AUC0-24, AUC0-∞, and Cmax falling within the regulatory acceptance range (90.00%–111.11%), as required by China’s National Medical Products Administration (NMPA). The plasma concentration-time profiles of both formulations closely overlapped, confirming their comparable absorption and elimination patterns. Statistical analysis revealed no significant differences between formulations (P > 0.05), indicating that the generic prazosin formulation could be safely substituted for the reference product.
4.1 Sex-based differences in prazosin pharmacokinetics
One of the most significant findings of this study is the notable sex-based pharmacokinetic differences in prazosin absorption and systemic exposure. A trend toward higher Cmax in females (P = 0.06) warrants further investigation. AUC0-24 and AUC0-∞ medians were 48% and 46% higher in females (P < 0.05). These results indicated greater systemic exposure in females, suggesting potential differences in drug absorption or metabolism. However, t1/2 and Tmax did not differ significantly between sexes (P > 0.05), implying that drug clearance mechanisms remain similar across sexes.
Sex-based differences in pharmacokinetics have been reported for multiple drug classes and are often attributed to variations in gastric pH, enzyme activity, plasma protein binding, and body composition (Marshall and Beevers, 1996; Soldin et al., 2011). For prazosin, these factors may influence drug solubility, absorption rate, and hepatic metabolism, leading to observed differences in systemic exposure. Previous studies have highlighted that females generally have reduced first-pass metabolism, which may partially explain their higher prazosin bioavailability (Feldman and Barnett, 1991; Hatton et al., 2015). Additionally, sex-based differences in α1-adrenergic receptor sensitivity may further contribute to varying drug responses, influencing both efficacy and side effects (Munier et al., 2022).
4.2 Regulatory considerations: The need for sex-specific bioequivalence assessments
The findings of this study raise important regulatory considerations regarding the inclusion of sex-stratified analyses in bioequivalence assessments. Current bioequivalence guidelines focus on population-based pharmacokinetics without necessarily accounting for biological sex differences, despite the growing evidence of sex-related variations in drug disposition (Soldin et al., 2011; Hartmanshenn et al., 2016). Given the statistically significant differences in prazosin exposure between males and females, future regulatory frameworks should consider integrating sex-based bioequivalence evaluations, particularly for drugs with known sex-dependent metabolism or adverse effects.
Currently, China’s NMPA, the FDA, and the European Medicines Agency (EMA) do not mandate separate bioequivalence testing in male and female subpopulations, and our findings suggest that such considerations could optimize drug safety and efficacy. For instance, higher prazosin exposure in females may lead to increased risks of hypotension, dizziness, and sedation, highlighting the need for sex-specific dosing adjustments. Introducing sex-stratified pharmacokinetic analyses in generic drug approval processes could enhance precision medicine approaches and improve drug safety across diverse populations (Soldin et al., 2011; Hartmanshenn et al., 2016).
4.3 Clinical implications: Optimizing prazosin dosing strategies
The observed sex-based pharmacokinetic differences suggest that the current prazosin dosing guidelines may require adjustments to avoid excessive drug accumulation and heightened adverse effects in female patients. Given the vasodilatory effects of prazosin, higher systemic exposure in women may result in greater risks of hypotension, syncope, and orthostatic dizziness, potentially affecting medication adherence and patient safety (Huffman and Stern, 2007).
Despite similar elimination half-lives between sexes, the higher Cmax and AUC in females suggest that lower doses may be sufficient to achieve therapeutic equivalence in male patients. These findings are particularly relevant for prazosin use in hypertension and PTSD, for which dose-dependent effects are well documented. Further clinical trials should investigate whether reduced doses in women can maintain therapeutic effectiveness while minimizing adverse effects (Gilpin and Weiner, 2017).
Clinicians should consider closer monitoring of female patients prescribed prazosin, especially in settings where dose-related side effects could affect treatment adherence. Additionally, individualized dosing strategies based on body weight, renal function, and metabolic differences could further refine prazosin therapy, ensuring its optimal efficacy and safety in real-world clinical practice (Khaw and Argo, 2019; Hudson et al., 2021).
4.4 Public health and generic drug policy implications
Beyond its clinical and regulatory implications, this study highlights the public health significance of sex-based pharmacokinetic evaluations in generic drug policy. Generic drugs play a crucial role in enhancing healthcare affordability and accessibility; however, the absence of sex-specific considerations in bioequivalence testing may introduce unintended disparities in drug safety and effectiveness (Soldin et al., 2011).
To address these gaps, policymakers should consider integrating sex-based pharmacokinetic research into regulatory frameworks to ensure that generic drugs provide equivalent therapeutic effects across all patients, regardless of sex. The inclusion of sex-based pharmacokinetic studies in generic drug approvals would improve real-world drug performance, reduce the risk of dose-related adverse events, and improve personalized medicine approaches (Marshall and Beevers, 1996).
Additionally, the global harmonization of bioequivalence guidelines should incorporate sex-stratified pharmacokinetic assessments to improve regulatory consistency and drug safety across diverse populations. Future research should focus on larger placebo-controlled trials examining sex-based differences in drug metabolism, safety, and therapeutic outcomes, ultimately guiding policy refinements in generic drug approval and clinical prescribing standards (Munier et al., 2022).
5 STUDY LIMITATIONS
Despite the robustness of our validated LC-MS/MS method and the rigor of our bioequivalence assessment, this study has several limitations. First, the sample size was relatively small, particularly for female participants (n = 4), which may limit the generalizability of our findings to sex-based pharmacokinetic differences. While the observed differences in AUC support potential sex-related pharmacokinetic variability, confirmation in larger, sex-balanced studies is essential. Future trials should adopt equal enrollment strategies to investigate hormonal and metabolic influences on prazosin exposure. Second, although our study followed a single-dose, fasting-state design according to regulatory bioequivalence guidelines, it did not assess prazosin pharmacokinetics under fed conditions. Since food intake can alter drug absorption and metabolism, future studies should investigate whether similar sex-based pharmacokinetic differences persist under fed-state conditions. Third, inter-individual variability in drug metabolism was not comprehensively assessed beyond sex differences. Factors such as genetic polymorphisms in drug-metabolizing enzymes (e.g., CYP450 isoforms) and differences in renal clearance may also contribute to the observed pharmacokinetic variability. Incorporating pharmacogenetic analyses in future studies could enhance precision dosing recommendations. Lastly, while our study focused on pharmacokinetic comparability between the test and reference formulations, we did not evaluate the pharmacodynamic outcomes or adverse event profiles. Given the observed differences in drug exposure between males and females, future research should explore whether these differences translate into variations in therapeutic efficacy and safety, particularly in antihypertensive and neuropsychiatric applications of prazosin. These limitations highlight the need for further research to refine bioequivalence assessment methods, optimize individualized dosing strategies, and ensure that regulatory policies account for sex-based pharmacokinetic variability.
6 CONCLUSION
This study validated a sensitive and high-throughput LC-MS/MS method for evaluating prazosin bioequivalence, supporting regulatory compliance and clinical application. Bioequivalence between the test and reference formulations was confirmed, ensuring therapeutic interchangeability. However, significant sex-based pharmacokinetic differences were observed, with female participants exhibiting higher systemic drug exposure than male participants. These findings highlight the need for sex-stratified pharmacokinetic evaluations, support for precision medicine approaches, and regulatory policy updates. Further research is needed to explore sex-based dose adjustments to ensure optimal drug efficacy and safety. By integrating sex considerations into bioequivalence guidelines, this study contributes to advancing personalized medicine, regulatory science, and public health policies.
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