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Background

The present study aimed to investigate the drug–drug interaction and initial dosage optimization of aripiprazole in patients with schizophrenia based on population pharmacokinetics.





Research design and methods

A total of 119 patients with schizophrenia treated with aripiprazole were included to build an aripiprazole population pharmacokinetic model using nonlinear mixed effects.





Results

The weight and concomitant medication of fluoxetine influenced aripiprazole clearance. Under the same weight, the aripiprazole clearance rates were 0.714:1 in patients with or without fluoxetine, respectively. In addition, without fluoxetine, for the once-daily aripiprazole regimen, dosages of 0.3 and 0.2 mg kg−1 day−1 were recommended for patients with schizophrenia weighing 40–95 and 95–120 kg, respectively, while for the twice-daily aripiprazole regimen, 0.3 mg kg−1 day−1 was recommended for those weighing 40–120 kg. With fluoxetine, for the once-daily aripiprazole regimen, a dosage of 0.2 mg kg−1 day−1 was recommended for patients with schizophrenia weighing 40–120 kg, while for the twice-daily aripiprazole regimen, 0.3 and 0.2 mg kg−1 day−1 were recommended for those weighing 40–60 and 60–120 kg, respectively.





Conclusion

This is the first investigation of the effects of fluoxetine on aripiprazole via drug–drug interaction. The optimal aripiprazole initial dosage is recommended in patients with schizophrenia.
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Highlights

	Weight and concomitant medication of fluoxetine influenced aripiprazole clearance. Under the same weight, the aripiprazole clearance rates were 0.714:1 in patients with or without fluoxetine, respectively.

	Without fluoxetine, for the once-daily aripiprazole regimen, dosages of 0.3 and 0.2 mg kg−1 day−1 were recommended for patients with schizophrenia weighing 40–95 and 95–120 kg, respectively, while for the twice-daily aripiprazole regimen, 0.3 mg kg−1 day−1 was recommended for those weighing 40–120 kg.

	With fluoxetine, for the once-daily aripiprazole regimen, a dosage of 0.2 mg kg−1 day−1 was recommended for patients with schizophrenia weighing 40–120 kg, while for the twice-daily aripiprazole regimen, 0.3 and 0.2 mg kg−1 day−1 were recommended for those weighing 40–60 and 60–120 kg, respectively.

	This is the first study to investigate the effects of fluoxetine on aripiprazole via drug–drug interaction. The optimal aripiprazole initial dosage is recommended in patients with schizophrenia based on population pharmacokinetics. The aripiprazole dosage might need to be adjusted in patients with schizophrenia with concomitant medication of fluoxetine.






1 Introduction

Schizophrenia is a mental disorder characterized by hallucination and delusion, and its pathogenesis includes genetic and environmental factors. The prevalence of schizophrenia is approximately 0.3% in the world population (1, 2). Patients with schizophrenia are also accompanied with deficits in working memory, verbal fluency, and processing speed, among others (3). In addition, schizophrenia has serious impacts not only on patients but also on the society, e.g., increasing the social burden, triggering severe functional impairments, increasing the likelihood of disability, decreasing the quality of life, and reducing the life span of the affected patients (4). In clinical practice, the therapeutic goals for schizophrenia are to relieve symptoms, to prevent relapses, and to restore the functional capacities of schizophrenia patients (2, 5, 6). Of these, drug treatment is crucial (2).

Aripiprazole is a second-generation antipsychotic with low incidences of side effects and metabolic adverse events (7, 8); however, due to the characteristics of its pharmaceutical action, some researchers have considered aripiprazole a third-generation antipsychotic (2). Aripiprazole is a partial agonist with high affinity for the dopamine receptors R-D2 and R-D3 and the serotonin 1A receptor (R-5-HT1A), combined with an antagonistic activity on R-5-HT2A (9). In addition, aripiprazole also has moderate affinity for R-5-HT7 (10) and R-5-HT2C, playing the role of a partial agonist (2).

Due to its lower incidence of side effects and its extensive pharmacological characteristics, aripiprazole is frequently chosen as the first-line therapeutic regimen for the first episode of psychosis, and it has exhibited acceptable efficacy (11, 12). Furthermore, schizophrenia treatment should be individualized based on the characteristics of each patient; however, the narrow therapeutic window and the considerable inter- and intra-individual pharmacokinetic variabilities (13) make formulating an aripiprazole initial dosage regimen for patients with schizophrenia difficult. At the same time, schizophrenia is often accompanied by the use of multiple drugs, and drug–drug interaction could also significantly affect the pharmacokinetic process of aripiprazole and its dosage optimization. Therefore, the present study aimed to investigate the drug–drug interaction and initial dosage optimization of aripiprazole in patients with schizophrenia based on population pharmacokinetics.




2 Methods



2.1 Data collection

Patients with schizophrenia treated with aripiprazole between July 2020 and June 2022 from the Xuzhou Oriental Hospital Affiliated to Xuzhou Medical University were included in the study and analyzed retrospectively. The aripiprazole concentrations were based on the Therapeutic Drug Monitoring (TDM) database. Related medical information was extracted from medical logs, including the physiological and biochemical indices (i.e., gender, age, weight, aripiprazole dosage form, albumin, globulin, alanine transaminase, aspartate transaminase, creatinine, urea, total protein, total cholesterol, triglyceride, direct bilirubin, total bilirubin, hematocrit, hemoglobin, mean corpuscular hemoglobin, and mean corpuscular hemoglobin concentration) and concomitant drugs. The research was approved by the Research Ethics Committee of the Xuzhou Oriental Hospital Affiliated to Xuzhou Medical University (no. 20230606005).




2.2 Modeling

The Nonlinear Mixed Effects Modeling (NONMEM, edition 7; ICON Development Solutions, Ellicott City, MD, USA) software with a first-order conditional estimation method with interaction (FOCE-I method) was used to build the aripiprazole population pharmacokinetic model, which included the pharmacokinetic parameters apparent oral clearance (CL/F), volume of distribution (V/F), and the absorption rate constant (Ka, fixed at 1.06/h) (14).

Equation 1 describes the inter-individual variabilities.

 

where Ji is the individual parameter value; TV(J) is the typical individual parameter value; and ηi is the random term with zero mean and variance omega^2 (ω2).

Equation 2 describes the random residual variabilities.

 

where Qi is the observed concentration and Pi is the individual predicted concentration. ε1 and ε2 are random terms with zero mean and variance sigma^2 (σ2).

Equation 3 describes the association of the pharmacokinetic parameters with weight.

 

where Wi is the ith individual parameter; Xi is the ith individual weight; Xstd is the standard weight of 70 kg; and Wstd is a typical individual parameter whose weight is Xstd. R is the allometric coefficient: 0.75 for CL/F and 1 for V/F (15).

Equations 4, 5 describe the pharmacokinetic parameters between the continuous covariates and the categorical covariates, respectively.

 

 

where Yi is the individual parameter value; TV(Y) is the typical individual parameter value; θ is the parameter to be estimated; Covi is the covariate of the ith individual; and Covm is the population median for the covariate.

The covariate model was established in a stepwise manner. Changes in the objective function value (OFV) were calculated as the covariate inclusion criteria, which included the processes of forward inclusion and backward elimination. A decrease of OFV >6.63 (p < 0.01) was defined as the forward inclusion, while an increase of OFV >10.8 (p < 0.001) was defined as the backward elimination.




2.3 Model evaluation

The final model was evaluated using observations vs. population predictions, the absolute value of the weighted residuals of individuals (│iWRES│) vs. individual predictions, observations vs. individual predictions, weighted residuals vs. time, density vs. weighted residuals, the quantiles of weighted residuals vs. the quantiles of normal, visual predictive check (VPC) of the model, and individual plots. In addition, the medians and the 2.5th–97.5th percentile ranges of the results from bootstraps (n = 1,000) were used for comparison with the final model parameters.




2.4 Simulation

The aripiprazole initial dosage optimization was executed using Monte Carlo simulation. Based on the report of Hart et al., the treatment window of aripiprazole for schizophrenia was 120–270 ng/ml (16). In the present study, it was found that the weight and the concomitant medication of fluoxetine influenced aripiprazole clearance. Thus, according to whether fluoxetine was used in combination, and a once-daily or a twice-daily aripiprazole regimen, the present study simulated four different scenarios, with each scenario including 1,000 virtual patients with schizophrenia, and eight dosages (i.e., 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, and 0.8 mg kg−1 day−1) for five weight groups (i.e., 40, 60, 80, 100, and 120 kg). The twice-daily aripiprazole regimen was split evenly into two dosages a day. The probability to achieve the target concentration window was selected as the evaluation criterion. The specific calculation process comprised in the number of patients reaching the treatment window compared with the simulated 1,000 virtual patients.





3 Results



3.1 Patient information

A total of 119 patients with schizophrenia were included for analysis, including 57 men and 62 women aged from 19.00 to 69.38 years. The demographic data of the patients and the drug combinations are shown in Tables 1, 2.


Table 1 | Demographic data of patients (n = 119).




Table 2 | Drug combinations.






3.2 Modeling

In the final model, weight and concomitant medication of fluoxetine were included as covariants. The aripiprazole dosage form, or the physiological and biochemical indices, or other concomitant medications were not included in the final model.

Therefore, the final model for aripiprazole in patients with schizophrenia was as follows, Equations 6 and 7:

 

 

where CL/F is the apparent oral clearance; V/F is the apparent volume of distribution; and FLU denotes fluoxetine. For patients taking fluoxetine, FLU was 1; otherwise, FLU was 0.




3.3 Evaluation

The model evaluation is shown in Figure 1. Figures 1A–G represent the observations vs. population predictions, the │iWRES│ vs. individual predictions, the observations vs. individual predictions, the weighted residuals vs. time, the density vs. weighted residuals, the quantiles of weighted residuals vs. the quantiles of normal, and the VPC of the model, respectively. It was found that the distribution of the final model was normal and that most of the observed aripiprazole concentrations were within the 95% prediction intervals from the simulation data, showing that the aripiprazole concentrations were well predicted by the final model. Figure 2 displays the individual plots. From a clinical point of view, the predictability value is acceptable. Table 3 shows the parameter estimates of the final model and bootstrap validation, where the median values of 1,000 bootstraps were close to the respective parameter values of final model, indicating that the final model is reliable and accurate.




Figure 1 | Model evaluation. (A) Observations vs. population predictions. (B) Absolute value of the weighted residuals of individuals (│iWRES│) vs. individual predictions. (C) Observations vs. individual predictions. (D) Weighted residuals vs. time. (E) Density vs. weighted residuals. (F) Quantiles of weighted residuals vs. quantiles of normal. (G) Visual predictive check (VPC) of the model. The middle solid line represents the median of the prediction-corrected concentrations. The lower and upper dashed lines are the 2.5th and 97.5th percentiles of the prediction-corrected concentrations.






Figure 2 | Individual plots. ID, patient ID number; DV, measured concentration value; IPRED, individual predictive value; PRED, population predictive value.




Table 3 | Parameter estimates of the final model and bootstrap validation.






3.4 Simulation

Figure 3 shows the aripiprazole apparent clearance rate and the measured concentrations in patients with schizophrenia. Figures 3A, B display the aripiprazole apparent clearance rate and the measured aripiprazole concentrations, respectively. Line a in the figure denotes patients with schizophrenia without fluoxetine, while line b denotes patients with schizophrenia with fluoxetine. Under the same weight, the aripiprazole clearance rates were 0.714:1 in patients with or without fluoxetine, respectively. Compared with those in schizophrenia patients without fluoxetine, the aripiprazole concentrations in patients with fluoxetine were higher (p < 0.01).




Figure 3 | Aripiprazole apparent clearance rate and measured concentrations in patients with schizophrenia. (A) Aripiprazole apparent clearance rate. (B) Measured aripiprazole concentrations. (A) Without fluoxetine. (B) With fluoxetine. **p < 0.01 vs. patients with schizophrenia without fluoxetine.



On the strength of the final model, the present study simulated four different scenarios: a) a once-daily aripiprazole regimen without fluoxetine; b) a once-daily aripiprazole regimen with fluoxetine; c) a twice-daily aripiprazole regimen without fluoxetine; and d) a twice-daily aripiprazole regimen with fluoxetine. The simulated aripiprazole concentrations of the once-daily aripiprazole regimen without and with fluoxetine and the twice-daily aripiprazole regimen without and with fluoxetine are shown in Figures 4A–D, respectively. The lower and upper red dashed lines indicate the treatment window ranges from 120 to 270 ng/ml. Figure 5 shows the probability to achieve the target concentrations, with Figures 5A–D showing the once-daily aripiprazole regimen without and with fluoxetine and the twice-daily aripiprazole regimen without and with fluoxetine, respectively.




Figure 4 | Simulated aripiprazole concentrations. (A, B) Simulated aripiprazole concentrations of the once-daily aripiprazole regimen without fluoxetine (A) and with fluoxetine (B). (C, D) Simulated aripiprazole concentrations of the twice-daily aripiprazole regimen without fluoxetine (C) and with fluoxetine (D). The lower and upper red dashed lines denote 120 and 270 ng/ml, respectively.






Figure 5 | Probability to achieve the target concentrations. (A, B) Once-daily aripiprazole regimen without fluoxetine (A) and with fluoxetine (B). (C, D) Twice-daily aripiprazole regimen without fluoxetine (C) and with fluoxetine (D).



Based on these results, we made recommendations for the optimal aripiprazole initial dosage in patients with schizophrenia in each scenario, which are shown in Table 4. Without fluoxetine, for the once-daily aripiprazole regimen, dosages of 0.3 and 0.2 mg kg−1 day−1 were recommended for patients with schizophrenia weighing 40–95 and 95–120 kg, respectively, with the probabilities to achieve the target concentrations for the 0.3- and 0.2-mg kg−1 day−1 dosages being 80.1%–86.8% and 80.1%–85.9%, respectively. For the twice-daily aripiprazole regimen, a dosage of 0.3 mg kg−1 day−1 was recommended for patients with schizophrenia weighing 40–120 kg, with the probability to achieve the target concentrations for this dosage being 96.3%–99.2%. With fluoxetine, for the once-daily aripiprazole regimen, a dosage of 0.2 mg kg−1 day−1 was recommended for patients with schizophrenia weighing 40–120 kg, with the probability to achieve the target concentration for this dosage being 90.7%–95.5%. For the twice-daily aripiprazole regimen, dosages of 0.3 and 0.2 mg kg−1 day−1 were recommended for patients with schizophrenia weighing 40–60 and 60–120 kg, respectively, with the probabilities to achieve the target concentrations for the 0.3- and 0.2-mg kg−1 day−1 dosages being 94.3%–97.8% and 94.3%–99.4%, respectively.


Table 4 | Initial dosage recommendations of aripiprazole in schizophrenic patients without or with fluoxetine.







4 Discussion

In the course of clinical drug combinations, all drugs that might inhibit or activate the enzymes that have profound effects on the metabolism or transport of aripiprazole could have potential drug–drug interactions with aripiprazole, further affecting its concentration and initial dosage optimization in patients with schizophrenia. The main metabolic pathways of aripiprazole in the liver include dehydrogenation, hydroxylation, and N-dealkylation via the CYP2D6 and CYP3A4 enzymes (17). However, aripiprazole is metabolized to a lesser extent by the CYP3A4 enzyme, implying that CYP3A4 does not have an appreciable impact on the pharmacokinetics of aripiprazole (17–19).

As is well known, in the treatment of patients with schizophrenia using aripiprazole, TDM is often employed to determine the aripiprazole concentration as it is closely related to the efficacy of treatment and the occurrence of adverse reactions. Previously, on the strength of the 2017 Arbeitsgemeinschaft für Neuropsychopharmakologie und Pharmakopsychiatrie (AGNP)-TDM expert group consensus guidelines for the TDM recommendation for aripiprazole, the treatment window for this drug is 100–350 ng/ml (20). However, Hart et al. presented a prototypical meta-analysis of the relationships between the blood levels of aripiprazole, its target engagement in the human brain, and the clinical effects and side effects in patients with schizophrenia and related disorders, suggesting that the treatment window of aripiprazole for schizophrenia is 120–270 ng/ml (16). The study of Hart et al. further refined the reference range of aripiprazole in patients with schizophrenia and provided a reference for realizing the individualized administration of aripiprazole in this group of patients (16).

Clinically, the subsequent dosage of aripiprazole can be adjusted based on the TDM feedback to achieve individualized administration needs. However, there are no TDM values available for initial dosage administration. Fortunately, population pharmacokinetics combined with Monte Carlo simulations can identify potential drug–drug interactions and optimize the initial dosage schedules (21–23). Therefore, in this study, we combined population pharmacokinetics and Monte Carlo simulations to investigate the drug–drug interactions and the initial dosage optimization of aripiprazole in patients with schizophrenia.

A total of 119 patients with schizophrenia treated with aripiprazole were included to build an aripiprazole population pharmacokinetic model using NONMEM. The physiological and biochemical markers, as well as details of the drug combinations, in patients with schizophrenia were collected and analyzed as potential covariates. In the final model, the weight and the concomitant medication of fluoxetine influenced aripiprazole clearance. This is mainly due to the metabolism of aripiprazole via CYP2D6. Fluoxetine can inhibit CYP2D6, thereby reducing aripiprazole metabolism, which affects its blood concentration and dosage. Under the same weight, the aripiprazole clearance rates were 0.714:1 in patients with or without fluoxetine, respectively. Compared with schizophrenia patients without fluoxetine, the aripiprazole concentrations in those with fluoxetine were higher.

In addition, the present study simulated four different scenarios: a once-daily aripiprazole regimen without fluoxetine, a once-daily aripiprazole regimen with fluoxetine, a twice-daily aripiprazole regimen without fluoxetine, and a twice-daily aripiprazole regimen with fluoxetine. Without fluoxetine, for the once-daily aripiprazole regimen, dosages of 0.3 and 0.2 mg kg−1 day−1 were recommended for patients with schizophrenia weighing 40–95 and 95–120 kg, respectively, while for the twice-daily aripiprazole regimen, 0.3 mg kg−1 day−1 was recommended for those weighing 40–120 kg. With fluoxetine, for the once-daily aripiprazole regimen, 0.2 mg kg−1 day−1 was recommended for patients with schizophrenia weighing 40–120 kg, while for the twice-daily aripiprazole regimen, 0.3 and 0.2 mg kg−1 day−1 were recommended for those weighing 40–60 and 60–120 kg, respectively.

However, as our data were derived from real-world clinical sparse trough concentrations, the predictive ability was objectively deficient. In the future, we will design prospective aripiprazole intensive sampling sites to further carry out relevant studies.




5 Conclusion

This is the first time the effects of fluoxetine on aripiprazole via drug–drug interactions were investigated. We recommend the optimal aripiprazole initial dosage in patients with schizophrenia based on population pharmacokinetics. In schizophrenia patients with concomitant medication of fluoxetine, the aripiprazole dosage might need to be adjusted.
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