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Purpose: This study aimed to develop a population pharmacokinetic (PPK) model of mirtazapine (MTZ) in Chinese patients with
depression and to optimize initial dosing regimens by systematically evaluating the impact of body mass index (BMI) and concomitant
medications (paroxetine and fluvoxamine).

Patients and Methods: A retrospective analysis was conducted using 210 serum concentration observations from 105 inpatients. A one-
compartment model was developed using nonlinear mixed-effects modeling (NONMEM). Potential covariates, including demographic
characteristics and drug-drug interactions, were investigated. The final model was evaluated using goodness-of-fit plots, bootstrap analysis,
normalized prediction distribution errors (NPDE), and external validation with independent clinical data (n = 49) and literature data. Monte
Carlo simulations were performed to recommend individualized dosing regimens for different subgroups.

Results: The final PPK model estimated the typical apparent clearance (CL/F) and apparent volume of distribution (V/F) as 29.3 L/h
and 348 L, respectively. BMI, paroxetine, and fluvoxamine were identified as significant covariates affecting CL/F. Specifically,
obesity (BMI > 28 kg/m?), co-administration of paroxetine, and co-administration of fluvoxamine reduced CL/F by 29.4%, 26.9%, and
51.1%, respectively. Simulation results indicated that while a daily dose of 30-37.5 mg is appropriate for typical patients, dose
reductions are necessary for specific subgroups to avoid drug accumulation and toxicity. The recommended dose is 22.5-30 mg/d for
obese patients or those co-medicated with paroxetine and 15 mg/d for those co-medicated with fluvoxamine.

Conclusion: The developed PPK model accurately characterizes the pharmacokinetics of MTZ in Chinese patients, identifying BMI,
paroxetine, and fluvoxamine as main factors influencing clearance. These findings provide a valuable reference for optimizing
individualized MTZ dosing.
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Introduction

Mirtazapine (MTZ) is a noradrenergic and specific serotonergic antidepressant (NaSSA). Its mechanism of action is
unique; it not only blocks postsynaptic 5-HT, and 5-HTj receptors and antagonizes presynaptic adrenergic o,-auto- and
heteroreceptors but also acts as a powerful antagonist of histamine H, receptors.'*> MTZ is approved by the U.S. Food
and Drug Administration (FDA) for the treatment of major depressive disorder (MDD), with a recommended daily dose
of 15-45 mg by both the FDA and the European Medicines Agency (EMA).> Additionally, an off-label dose of 7.5 mg/
day is used in clinical practice to alleviate symptoms of insomnia.* This is because MTZ acts as a potent inhibitor of
histamine H1 receptors while maintaining low affinity for central and peripheral dopaminergic receptors. Consequently, it
can significantly enhance sleep efficiency and continuity without suppressing rapid eye movement (REM) sleep. Given
that patients with depression often exhibit characteristic circadian rhythm disruptions, such as shortened REM sleep
latency and increased REM activity,® MTZ plays a significant role in improving symptoms of depression comorbid with
insomnia. Moreover, approximately 30-40% of patients with depression still face challenges such as poor efficacy or
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treatment-resistant depression (TRD) after using traditional antidepressants.” Therefore, precise dose optimization of
MTZ is essential to alleviate the heavy individual and social burdens on these patients, while also improving their
residual symptoms and overall quality of life.

Previous retrospective studies'® ' have indicated that age, sex, smoking status, and race may influence the serum
concentrations of MTZ. For example, one study'® has reported that the concentration-to-dose (C/D) ratio is higher in
Asians compared to Caucasians and that co-medication with paroxetine is positively correlated with increased serum
concentrations. Furthermore, a case report'' showed that the combination of MTZ and fluvoxamine increased mirtaza-
pine serum concentrations by three to fourfold. Another case report'? documented a patient who developed serotonin
syndrome while receiving this combination therapy. However, there is a lack of research on population pharmacokinetic
(PPK) on MTZ at present. Only one PPK study'’ conducted in a Caucasian population has investigated the impact of
CYP2D6 genotypes on clearance. However, this study was limited by a small sample size (n = 65) and the absence of
Asian subjects, which limits the extrapolation of its conclusions.

Regarding its pharmacokinetics (PK), MTZ exhibits linear characteristics within the therapeutic dose range and
achieves steady state in about 5 days.'” The drug undergoes extensive metabolism, mainly involving the cytochrome
P450 isoenzymes CYP3A4, CYP2D6, and CYP1A2.'*!> Therefore, its clearance is susceptible to genetic polymorph-
isms and concomitant medications (eg., CYP inhibitors). Given the significant individual differences, the Consensus
Guidelines for Therapeutic Drug Monitoring in Neuropsychopharmacology (AGNP Consensus Guidelines)'” recommend
therapeutic drug monitoring (TDM) for MTZ (recommendation level 2), suggesting a therapeutic reference range of
30-80 ng/mL. Specifically, 30 ng/mL serves as the lower threshold for efficacy, while 80 ng/mL represents the upper
limit of the therapeutic range. Although MTZ exhibits low toxicity in monotherapy overdose, the guidelines still set 160
ng/mL to an alert threshold (twice the upper limit of the therapeutic window).

Moreover, weight gain is one of the most common adverse reactions of MTZ,'*!”

and such weight fluctuations may
further influence therapeutic outcomes in depression.'® However, there is still a lack of in-depth research on the
relationship between weight, dose and concentration. For patients of different weights, especially those with drug-
induced weight gain, there is still a lack of research evidence on changes in drug concentrations in their bodies and the
necessity of dose adjustment.

Population pharmacokinetic (PPK) modeling, utilizing the nonlinear mixed-effects (NONMEM) approach, serves as
a powerful tool for optimizing individualized dosing regimens. It enables the quantitative estimation of population typical
values and inter-individual variability (IIV) of pharmacokinetic parameters based on sparse sampling data from clinical
TDM. Therefore, this study aims to develop a PPK model of MTZ using TDM data from Chinese patients with
depression. We systematically investigate the impact of potential covariates, including weight and concomitant medica-
tions (such as paroxetine and fluvoxamine), on pharmacokinetic process, thereby providing a basis for formulating

precise, individualized dosing regimens in clinical practice.

Materials and Methods

Study Design

Data on serum concentrations and associated electronic medical records (EMR) were retrospectively collected from
inpatients with depression who underwent therapeutic drug monitoring (TDM) for MTZ at The Affiliated Brain Hospital
of Guangzhou Medical University between May 1, 2024, and September 15, 2025. This study was approved by the
Ethics Committee of the Affiliated Brain Hospital of Guangzhou Medical University (approval number: 2021027) and
was conducted in accordance with the Declaration of Helsinki.

Inclusion Criteria

(1) Inpatients receiving MTZ treatment; (2) Patients diagnosed with the following depressive disorders according to ICD-
11 or DSM-5 criteria: post-schizophrenic depression, major depressive disorder, recurrent depressive disorder, mixed
anxiety and depressive disorder, depressive disorder with anxious distress or severe depressive episode with or without
psychotic symptoms; (3) Patients of Chinese ethnicity.
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Exclusion Criteria

(1) Serum concentrations outside the quantitative range; (2) Patients with incomplete clinical data; (3) Patients with
diseases causing severe hepatic impairment, including viral hepatitis, alcoholic liver disease, ischemic hepatitis, non-
alcoholic steatohepatitis (NASH), and autoimmune hepatitis; (4) Patients with severe renal impairment (estimated
glomerular filtration rate GFR < 30 mL/[min-1.73m?]).

Dosing Regimens and Concentration Measurement

Drug Administration and Reagents

MTZ tablets were manufactured by Harbin Sanlian Pharmaceutical Co., Ltd. (15 mg per tablet). The daily dosage ranged
from 7.5 to 45 mg, administered once nightly. All serum concentration data were derived from therapeutic drug
monitoring (TDM). The assay kits were produced by Hybribio Co., Ltd., and analysis was performed using a liquid
chromatography-tandem mass spectrometry (LC-MS/MS) system manufactured by Shimadzu Corporation (Japan). The
linear quantitative range of the method was 7.56-453.6 ng/mL. According to the AGNP Consensus Guidelines,'® the
therapeutic reference range for MTZ is 30—80 ng/mL, with a toxic threshold of 160 ng/mL.

Sample Collection and Preparation

Steady-state blood samples (3—5 mL) were collected between 8:00 and 9:00 AM the morning following each dose.
Samples were centrifuged at 3500 rpm. A 100 pL aliquot of serum was transferred to a 2 mL centrifuge tube, to which
20 pL of internal standard (IS) working solution was added. Subsequently, 500 pL of acetonitrile was added for protein
precipitation. The mixture was vortexed for 30 s and centrifuged at high speed for 5 min. Finally, 100 pL of the
supernatant was transferred to an autosampler vial for LC-MS/MS analysis.

Chromatographic and Mass Spectrometric Conditions

Chromatographic separation was performed on an Agilent XBD-C18 column. The mobile phase consisted of 5 mM
ammonium formate in 75% methanol and pure methanol, using isocratic elution. The flow rate was set at 0.5 mL/min, the
column temperature was maintained at 40°C, and the injection volume was 1 plL. Mass spectrometric analysis was
conducted in positive ion mode. Key parameters included a desolvation line (DL) temperature of 250°C, a drying gas
temperature of 350°C, and a drying gas flow rate of 15 L/min.

Data Collection

The following data were collected for this study: (1) demographic characteristics (sex, age, height, weight, and body
mass index [BMI]); (2) daily dosage; (3) serum concentrations; (4) concomitant medications (venlafaxine, fluvoxamine,
paroxetine, duloxetine, fluoxetine and risperidone); (5) liver function indicators (aspartate aminotransferase and alanine
aminotransferase); and (6) renal function indicators (glomerular filtration rate [GFR] and creatinine).

Data Analysis and Modeling Software

Data analysis was performed using nonlinear mixed-effects modeling. Model parameters were estimated using a one-
compartment model (subroutine ADVAN2) implemented in NONMEM (version 7.3, Icon Development Solutions,
Ellicott City, MD, USA). The First-Order Conditional Estimation with Interaction (FOCE-I) method was employed.
Model development and evaluation were managed using Pirana (version 2.9.0). R (version 4.1.2), GraphPad Prism
(version 10.1.2), and Origin (version 2025) were utilized for statistical analysis and graphical visualization.

Base Model

Since the majority of MTZ serum concentrations were measured approximately 12 hours after the last dose (correspond-
ing to the elimination phase), data characterizing the absorption phase were insufficient. Consequently, the absorption
rate constant K, was fixed at a literature-based value of 1.2 h™' during the analysis.

Inter-individual variability (IIV) for pharmacokinetic parameters, specifically clearance (CL/F) and apparent volume
of distribution (V/F), was described using an exponential model:
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Where P; represents the parameter value for the iy, individual, and P,,, denotes the typical population value. The random
variable 7, is assumed to follow a normal distribution with a mean of 0 and a variance of ”.
Residual variability was described using a proportional error model:

Y:FX(1+€1)

Where Y and F respectively represent the observed and predicted concentrations for the iy, individual at time j. Where &
denotes the proportional residual error. This residual variability was assumed to follow a normal distribution with a mean
of 0 and a variance of ¢°.

Covariate Model

Covariate model building was conducted using a stepwise approach consisting of forward inclusion and backward
elimination. Continuous covariates (age, AST, ALT, eGFR, and CR) were evaluated using a linear model, while
categorical covariates (sex, BMI, and concomitant medications) were evaluated using a proportional model.

Pj = Ppop; x (14 6; x {COV — COVypeq}) x €'

Pjj = Ppop; X (1+6; x COV) x €

COV,yeq denotes the median value of the continuous variable, 6; is the variable used to adjust the j; PK parameter. For
BMI covariates, a COV of 1 represents BMI > 28 kg/m? and 0 represents BMI < 28 kg/m”. For gender covariates, a COV
of 1 represents female and O represents male. For concomitant medication, a COV of 1 represents co-administration and 0
represents no co-administration.

During the forward inclusion process, covariates were sequentially added to the model. In the first round, a significance
level of @ = 0.01 was applied; a covariate was included if its addition resulted in a decrease in the objective function value
(OFV) of more than 6.63 (x, df = 1). After evaluating all covariates, the model demonstrating the largest reduction in OFV
was selected as the new reference model. Subsequently, a second round of inclusion was conducted with a significance level
of @ = 0.01 (requiring a decrease in OFV >6.63). This procedure yielded the full model.

In the backward elimination process, each covariate was sequentially removed from the full model. A stricter
significance level of @ = 0.001 was applied. A covariate was retained in the final model only if its removal caused an
increase in the OFV of more than 10.83, indicating statistical significance.

Model Evaluation

Internal Evaluation

The final model was evaluated using Goodness-of-Fit (GOF) plots, bootstrap analysis, and The normalized prediction
distribution error (NPDE).

GOF Plots

The GOF plots included observed concentrations (DV) versus population predictions (PRED), DV versus individual
predictions (IPRED), conditional weighted residuals (CWRES) versus PRED, and CWRES versus time after last dose
(TALD). For the DV vs. PRED and DV vs. IPRED plots, a close alignment between the trend lines and the line of
identity (y = x) indicated a good description of the central tendency of the data. For the CWRES plots, the model fit was
considered adequate if most data points were symmetrically distributed around the zero line (y = 0) (mainly within the
range of +2) and showed no significant systematic bias or temporal trends.

Bootstrap Analysis

A bootstrap analysis was performed to assess parameter stability by generating 1,000 resampled datasets. The model was
considered stable if the 95% confidence intervals (2.5th to 97.5th percentiles) derived from the bootstrap runs included
the final model estimates, and the successful convergence rate exceeded 80%.
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NPDE
The NPDE and associated visual diagrams were generated for each dataset through nonparametric bootstrapping (n =
1,000), utilizing R (version 4.5.1) and the corresponding package.

External Evaluation

External validation was performed using independent datasets to evaluate the predictive performance and robustness of
the final model across different data sources. The validation data were derived from two sources: independent clinical
patient data newly collected at our institution and published pharmacokinetic data obtained via a literature search.

Independent Clinical Data Evaluation

MTZ therapeutic drug monitoring (TDM) data were collected from inpatients at our institution between September 16, 2025,
and November 17, 2025. To ensure data quality and independence from the modeling dataset, the following screening criteria
were established: Inclusion criteria: (1) Continuous administration of MTZ for more than 10 days to ensure that steady-state
plasma concentrations were achieved; (2) A clear dosing regimen with a frequency of once nightly (QD), and blood sampling
strictly controlled between 7:00 and 8:00 AM on the morning following the last dose (representing steady-state concentra-
tions); (3) Complete therapeutic drug monitoring records. Exclusion criteria: (1) Missing demographic information; (2) BMI >
28kg/m” (obese patients); (3) Co-administration of paroxetine or fluvoxamine; (4) Patients already included in the model-
building dataset (to ensure complete independence of the validation set).

Literature Data Evaluation

Published pharmacokinetic data of MTZ were collected by systematically searching the Web of Science and Scopus
databases. The search strategy in Web of Science was: MTZ (Topic) AND concentration OR “drug monitoring” OR
serum OR plasma OR “blood level” OR TDM (Topic) and Article (Document Types). The search strategy in Scopus was:
TITLE (MTZ) AND TITLE-ABS-KEY (concentration* OR “drug monitoring” OR serum OR plasma OR “blood level*”
OR TDM) AND (LIMIT-TO (DOCTYPE, “ar”)).

Model Simulation

Based on the final population pharmacokinetic model, Monte Carlo simulations were performed (n = 1000). To reflect
real-world clinical practice, a once-daily dosing regimen administered at 20:00 was simulated. Given the elimination
half-life of MTZ (20-40 h), steady-state conditions are typically achieved within 3-8 days; therefore, a dosing
duration of 15 days was selected to ensure steady-state serum concentrations were reached. The sampling time was
set at 8:00 a.m. following the last dose. Simulations were conducted across common daily dose levels (7.5, 15, 22.5,
30, 37.5, and 45 mg). Virtual patients were stratified into six subgroups based on BMI cutoffs and co-medication
status: (1) BMI < 28kg/m? without co-medication; (2) BMI < 28kg/m? with paroxetine; (3) BMI < 28kg/m* with
fluvoxamine; (4) BMI > 28kg/m? without co-medication; (5) BMI > 28kg/m* with paroxetine; (6) BMI > 28kg/m?
with fluvoxamine.

Result
Study Population

A total of 210 serum concentration observations from 105 patients were included in this study. The study population
consisted of 43 males and 62 females, aged 13—79 years. Detailed demographic information is summarized in Table 1.

Development of Population Pharmacokinetic Model
CL/F(L-h™") =289 x (1 —0.294 x BMI) x (1 —0.269 x PRX) x (1 —0.511 x FLV)

V/F(L) =310
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Table | Characteristics of Patients in the Population
Pharmacokinetic Model

Characteristic Value

Sex (n = 105)

Male 43 (40.95%)

Female 62 (59.05%)

Age (x £ 5,year) 48.52 + 20.80 (13-79)
Body weight (X + s, kg) 62.19 £ 13.27 (25.4-104.0)
Height (x £ 5, m) 1.63 + 0.09 (1.40-1.83)
BMI

BMI < 28 kg/m? 85 (80.95%)

BMI > 28 kg/m? 20 (19.05%)

Dose (n = 210)

7.5 mg 3 (1.4%)

15 mg 46 (21.9%)

22.5 mg 3 (1.4%)

30 mg 78 (37.1%)

37.5 mg 4 (1.9%)

45 mg 76 (36.1%)

Concentration (¥ + s, ng - mi~") 53.29 + 31.48 (8.25-160.17)

Daily dose (¥ +s,mg - d!) 31.92 + 11.71 (7.5-45.0)

Concomitant medications

Venlafaxine 26 (24.76%)
Fluvoxamine 6 (5.71%)
Paroxetine 13 (12.38%)
Duloxetine 12 (11.43%)
Fluoxetine 5 (4.76%)
Risperidone 10 (9.52%)

Liver function

AST (% 5, U/L) 26.84 + 21.56 (6.80-135.00)

ALT (% + s, U/L) 23.18 + 12.13 (8.00-91.00)

Renal function

GFR [(x :I:s,ml(min’1 . 1.73m’2)] 99.88 + 22.60 (51.00-150.00)

CR (% £ 5, umol - L) 67.11 + 13.63 (37.00-104.00)

Notes: x £ s in the table represents mean * standard deviation; BMI is the body
mass index, which is the ratio of weight to the square of height.
Abbreviations: ALT, Alanine aminotransferase; AST, Aspartate aminotransfer-
ase; GFR, Glomerular Filtration Rate; Cr, Creatinine.
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Table 2 Parameter Estimates and Bootstrap Results of Mirtazapine
Pharmacokinetic Model

Parameter Final Model v Bootstrap
Estimate | RSE% Median 95% CI

Ka (L/h) 1.2 FIX 1.2 FIX

CL/F (L/h) 28.9 4 0.0613 | 28515 25.423~ 31.343

VIF (L) 310 22 0.131 | 302315 | 191.154~ 462.256

OcL-Paroxetine —0.269 24 —0.306 —0.416~ —0.149

OcL- Fluvoxamine —0.511 13 —0.522 —0.659~ —0.313

OcL-emi —0.294 17 —0.244 —0.382~ —0.178

PRO 0.0747 16

Notes: Ka: first-order absorption rate constant; CL/F: apparent clearance; V/F: apparent volume
of distribution; @c|paroxetine: the effect of paroxetine on apparent clearance rate; Ocy. Fluvoxamine:
the effect of fluvoxamine on apparent clearance rate; Oci gmi: the effect of BMI on apparent
clearance rate; PRO: proportional residuals.

The typical population values of CL/F and V/F in the final model are 28.9 and 310, respectively. The results of covariate
screening showed that BMI, combined paroxetine and combined fluvoxamine have an effect on CL/F. The relative
standard error (RSE%) of all parameters is within 25% (Table 2).

Covariate Effects on Mirtazapine Apparent Clearance

Covariable analysis shows that BMI, paroxetine and fluvoxamine are significant factors affecting the CL/F of MTZ. As
shown intuitively in Figure 1, the existence of these factors has led to a decrease in the clearance rate of MTZ. (The
detailed covariate analysis process is presented in Supplementary Tables 1-3).

Model Evaluation

Internal Validation

GOF Plots

The GOF plots of the final model are shown in Figure 2. Figure 2A and B show that there is good consistency between
the PRED and the IPRED and the DV. The vast majority of data points are evenly distributed on both sides of the equal
weighted line (y = x), indicating that there is no obvious deviation in the model. Although the trend line is slightly off in
the high-concentration area, it may be due to the small clinical sample size (sparse data) in the high-concentration range.
Figure 2C and D show that the CWRES is mainly distributed in the +2 range, and there is no significant tendency to
change with the predicted concentration or time after last dose, indicating that the model fits well.

A B C
45 45 45
40 40 40
354 35 35
" 30 —l— % 30 % 30
1 254 1 25 1 25
L 20- I 20- I 20-
e T L |38 & 1
10 10 10
54 54 54
0 I I 0 I 1 0 1 1
Obesity Non-obesity Paroxetine None Fluvoxamine None

Figure | Boxplots of individual apparent clearance (CL/F) values estimated by the final model using collected real-world clinical data. The distributions are stratified by (A)
obesity status (BMI 2 28 kg/mz), (B) co-administration of paroxetine, and (C) co-administration of fluvoxamine.
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Figure 2 Goodness-of-fit plots for the final population pharmacokinetic model. (A) Observed concentrations (DV) versus population predicted concentrations (PRED); (B)
DV versus individual predicted concentrations (IPRED); (C) Conditional weighted residuals (CWRES) versus PRED; (D) CWRES versus time after last dose (TAD). The solid
black lines represent the lines of identity (y = x) or the zero lines (y = 0), while the dashed red lines represent the locally weighted scatterplot smoothing (LOESS) trend lines.

Bootstrap Analysis

The results of the bootstrap analysis are shown in Table 2. The median parameter values obtained from bootstrapping fell
within the 95% confidence intervals (Cls) and were consistent with the estimates of the final model. Furthermore, the
final model successfully converged in 924 out of 1,000 bootstrap runs, corresponding to a success rate of 92.4%. These
findings indicate that the model possesses good stability.

NPDE

Figure 3 confirms the model’s predictive performance. The histogram (A) and Q-Q plot (B) show that the errors follow
a standard normal distribution. In the scatterplots (C and D), no specific trends are observed against time or predicted
concentrations. The data mainly fall within the 95% PI. These results demonstrate that the final model is robust and has
no significant bias.
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Figure 3 The normalized prediction distribution error (NPDE) for the final model. (A) Histogram of the NPDE distribution overlaid with the theoretical density of
a standard normal distribution; (B) Quantile-quantile (Q-Q) plot of the NPDE against the theoretical standard normal distribution; (C) Scatterplot of NPDE versus time; (D)
Scatterplot of NPDE versus predicted concentrations (Predicted DV).

Notes: In plots C and D, the solid lines represent the empirical 5th, 50th, and 95th percentiles of the NPDE. The pink and blue shaded areas indicate the 95% prediction
intervals for the median and the extreme boundaries (5th and 95th percentiles), respectively.

External Evaluation

Independent Clinical Data Evaluation

The study collected data on the steady-state concentration of MTZ of 49 new patients for verification. The results show
that the vast majority of external observations (43/49, about 87.8%) fall within the 95% prediction interval (95% PI) of
the model simulation. This indicates that the model adequately captures the concentration distribution characteristics of
real-world patients and demonstrates good predictive accuracy.

Literature Data Evaluation

4,9,19-24

After passing the strict screening process, it was finally included in 8 relevant literatures (in Supplementary Figure 1

and Supplementary Table 4 for the screening process and details). Since most of the data reported in the literature are group

averages or medians, we compared these aggregate data with the simulation intervals of the corresponding dose group. As
shown in Figure 4, the concentration points of all literature sources are completely within the 95% PI range of the model
simulation, which further confirms the robustness of the model among different research groups.

Monte Carlo Simulations
The simulation results revealed significant effects of covariates on MTZ exposure and therapeutic target attainment
(PTA) (Figure 5).
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Figure 5 Simulated steady-state concentration distributions and probability of target attainment (PTA) at various dose levels across different subgroups based on the final
model. (A) Typical patients without covariates; (B) Obese patients (BMI = 28kg/m?); (C) Co-administration with paroxetine; (D) Co-administration with fluvoxamine; (E)
Obese patients co-administered with paroxetine; (F) Obese patients co-administered with fluvoxamine. Main plots (Raincloud plots): These plots illustrate the distribution
of simulated concentrations. The x-axis represents the simulated concentration values, and the y-axis represents the daily dose. The colored areas show the kernel density
estimation curves, indicating the shape of the data distribution. The scatter points below the curves represent individual simulated concentrations. The central dots and
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Figure 6 Mirtazapine dose versus simulated steady-state concentration profiles stratified by BMI and co-medication status. (A) Dose versus simulated steady-state
concentration profiles in non-obese patients (BMI < 28kg/m?) stratified by co-medication status. (B) Dose versus simulated steady-state concentration profiles in obese
patients (BMI = 28kg/m?) stratified by co-medication status.

Abbreviations: PRX, paroxetine; FLV, fluvoxamine.

For typical patients (Figure 5A), the PTA under low doses (15 mg/d) is low, only 16.0%. In the dose range of
30-37.5 mg/d, PTA reached a peak (70.0% and 74.6% respectively). Even at the highest dose (45 mg/d), the concentra-
tion rate decreased slightly (66.5%), but few simulated concentrations exceeded the alert threshold.

Compared to typical patients, patients with obesity or co-administered paroxetine (Figure 5B and C) significantly
improved the standard rate (48.8% or 45.9%) at low doses. At the dose of 22.5-30mg/d, the PTA of both groups had
exceeded 70%. It is worth noting that when the dose is increased to >37.5 mg/d, the concentration of some individuals
has begun to exceed the alert threshold of 160 ng/mL, suggesting a potential risk of overdose.

For patients co-administered fluvoxamine (Figure 5D), a high PTA (78.4%) was achieved even at the low dose of
15 mg/d. However, the risk of drug accumulation increased sharply with escalating doses. When doses exceeded 30 mg/
d, a substantial proportion of simulated concentrations surpassed the alert threshold; at 45 mg/d, the median concentra-
tion approached the alert limit.

Obese patients co-administered paroxetine or fluvoxamine (Figure SE and F) can achieve high PTA (76.5% and
69.8% respectively) at low doses of 15 mg/d. However, the risk under high doses is further amplified. Especially for
obese patients who co-administered fluvoxamine (Figure SF), at a higher dose of 37.5-45 mg/d, the simulated
concentration was almost completely out of the therapeutic window (PTA of only 4.7% and 2.0%, respectively), and
the concentration of the vast majority of individuals far exceeded the alert threshold.

As shown in the Figure 6, the simulation results are classified according to BMI (obese vs. non-obese) and BMI
significantly alters the dose-concentration relationship. A comparison between Figure 6A and B reveals that, under same
co-medication conditions, the curves in Figure 6B are located above those in Figure 6A, indicating that obese patients
have higher drug concentrations at the same doses. To achieve the same target concentration (eg., the equal concentration
points of the cross-cutting curves in the figure), the dose required for obese patients is significantly lower than that for
non-obese patients. This difference is numerically about 7.5 mg (equivalent to half a standard tablet). Specific subgroups
and their corresponding recommended and high-risk doses are summarized in Table 3.

Discussion
In this study, a PPK model of MTZ was developed and validated in a Chinese population, with a systematic evaluation of
the effects of demographic and co-medication factors on model parameters. Given the sparsity of the clinical data, the
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Table 3 Recommended and High-Risk Doses of Mirtazapine Across Different Subgroups

Covariates Suggested Dosing Regimen (mg/d) | High-Risk Dose (mg/d)
None 30-37.5

BMI > 28kg/m> 22.5-30

Paroxetine 22.5-30

Fluvoxamine 15 237.5

BMI 2 28kg/mZ + Paroxetine 15 237.5

BMI = 28kg/m* + Fluvoxamine 7.5-15 230

absorption rate constant (Ka) was fixed at 1.2 h™' based on previous study.'* The model-estimated apparent clearance
(CL/F, 28.9 L/h) and apparent volume of distribution (V/F, 310 L) fell within reasonable ranges. Although the estimated
CL/F was slightly lower than values reported in healthy subjects (eg., 42 L/h)', this finding is consistent with the
characteristics of the Chinese population (associated with a higher concentration-to-dose ratio in Asians)'® and real-world
clinical patients (including the elderly and those with varying physiological states).! The final model identified BMI,
paroxetine, and fluvoxamine as key factors of MTZ clearance. The specific clinical implications of these covariates are
discussed below.

BMI

In this study, patients were divided into obese and non-obese groups using a BMI cutoff of 28 kg/m?.%° Previous study?°
indicated that psychiatric patients exhibit various metabolic disturbances compared to the general population. Furthermore,
two studies'®?” have suggested that poor antidepressant response may be associated with excessive BMI. In this context,
BMI measurement serves as a rapid and convenient method to preliminarily assess a patient’s metabolic status.

Two clinical studies'*® have demonstrated that MTZ is associated with significantly greater weight gain compared to
SSRIs. Other studies indicate that short-term treatment with MTZ (412 weeks) leads to a mean weight gain of 1.74 kg,*°
while long-term treatment (24 months) results in a mean weight gain reaching 7.35 kg.>* It can be seen that the factor of
weight is a factor that cannot be ignored in patients taking MTZ, whether as a covariant or an adverse reaction.

Our study revealed that the clearance of MTZ in obese patients was 29.4% lower than in non-obese patients, resulting
in a slower clearance rate and higher systemic exposure in the obese patients. Obesity involves more than just weight
gain; it causes a series physiological changes, which will impact drug clearance. A study®' suggests three major factors
influencing clearance in obesity: the hepatic extraction ratio (ER), relative enzyme activity, and plasma protein binding.
MTZ exhibits non-specific and reversible plasma protein binding of about 85% and is mainly eliminated via hepatic
metabolism.” Consequently, among the above three factors, the hepatic extraction ratio and relative enzyme activity are
the primary determinants governing the hepatic clearance of MTZ.

Typically, as BMI increases, liver volume and hepatic blood flow (Qh) increase.?’ For high-ER drugs, increased blood
flow usually translates directly to increased clearance. However, CYP3A4, which accounts for approximately 40% of
total hepatic CYP enzymes,” is a key metabolic pathway for MTZ. Many studies®> >> have shown that the activity of
CYP3A4 is inversely correlated with body weight in obese patients, directly contributing to reduced clearance. The
observed 29.4% reduction in clearance in this study indicates that, among the above two influencing factors, relative
enzyme activity plays the dominant role in influencing MTZ clearance.

Regarding dosing regimens for conditions involving reduced enzyme activity (eg., CYP3A4 downregulation),
previous study’' recommends “flat dosing” or even dose reductions lower than the standard fixed dose, rather than
weight-based increased dose. Our simulation results show that obese patients require a lower initial dose of 22.5-30 mg/
day (compared to 30-37.5 mg/day for the general population) to achieve target concentrations. This confirms that for
drugs like MTZ, which are sensitive to CYP enzyme inhibition, weight-based dosing is unnecessary and dose reduction
may be warranted. It proves that for MTZ, a drug affected by CYP enzyme inhibition, there is no need to reduce the dose
according to body weight, and even need to reduce the dose appropriately, which is highly consistent with the prediction
model of drugs with low ER and impaired enzyme activity in the previous studies.
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Paroxetine
In the present study, the combination of paroxetine can lead to a decrease in the MTZ clearance by about 26%. This drug-
drug interaction (DDI) is mainly attributable to the inhibition of MTZ metabolic pathways by paroxetine.

First, the in vivo metabolism of MTZ is closely related to the cytochrome P450 enzyme system. Existing studies indicate
that the metabolic clearance of MTZ is significantly influenced by CYP2D6 genetic polymorphisms. Compared to normal
metabolizers (NMs), poor metabolizers (PMs) and intermediate metabolizers (IMs) exhibit MTZ C/D ratios that are 18% and
14% higher, respectively.’® Furthermore, individuals carrying the CYP2D6*4 allele demonstrate elevated C/D levels.’” This
pharmacogenetic evidence confirms that CYP2D6 serves as a key rate-limiting enzyme in the clearance of MTZ.
Concurrently, a study'® reports a positive correlation between paroxetine co-administration and MTZ C/D ratios, which
aligns with the reduction in clearance observed in the present study. As paroxetine is a clinically known powerful CYP2D6
inhibitor,”® its co-administration essentially simulates the physiological state of CYP2D6 poor metabolizers (phenocopying),
thereby hindering the metabolic elimination of MTZ and leading to increased drug concentrations.

Despite the above pharmacokinetic interactions, this combination regimen remains of significant clinical value.
As a NaSSA, MTZ promotes the release of norepinephrine (NE) and 5-HT from the presynaptic membrane by
antagonizing o,-adrenergic autoreceptors and heteroreceptors; whereas paroxetine, as an SSRI, increases the
concentration of 5-HT in the synaptic cleft by inhibiting reuptake. This “dual-trigger” mechanism activates the
monoamine neurotransmitter system more comprehensively. A study®’ indicates that for patients with treatment-
resistant depression (TRD) who respond poorly to monotherapy, the combination regimen achieved a significantly
higher remission rate at week 6 compared to monotherapy groups (43% vs. 19-26%), demonstrating its superior
efficacy in overcoming treatment bottlenecks. Regarding adverse drug reactions, sexual dysfunction (such as
decreased libido and erectile dysfunction) caused by paroxetine is a primary reason for treatment discontinuation;
however, studies have shown that MTZ can effectively mitigate paroxetine-induced sexual dysfunction.''*°
Furthermore, depression is often accompanied by severe anxiety and circadian rhythm disturbances. By potently
antagonizing H; and 5-HT, receptors, MTZ can significantly improve patients’ difficulty falling asleep and
alleviate acute anxiety symptoms early in treatment. This rapid-onset advantage compensates for paroxetine’s
slower onset of action (typically requiring 2-4 weeks), helping to improve early treatment adherence.*!

Therefore, to preserve the clinical benefits of combination therapy while mitigating the risk of drug accumulation, it is
necessary to optimize the dosing of MTZ. For patients co-medicated with paroxetine, the recommended dose should be
lowered to 22.5-30 mg/d due to the inhibition of clearance. This dosing strategy aims to offset the increased exposure
resulting from enzyme inhibition, ensuring that drug concentrations are maintained within the safe and effective

therapeutic window.

Fluvoxamine
Regarding the subgroup co-medicated with fluvoxamine, despite the limited sample size (n = 6, 5.7%), the substantial
reduction in clearance (—51.1%) captured by the model exhibits high biological plausibility.

Fluvoxamine is a clinically recognized powerful inhibitor of CYP1A2, while also exerting significant inhibitory
effects on CYP2C19 and CYP3A4.*> Notably, CYP1A2 and CYP3A4 constitute the main metabolic pathways for
MTZ. Theoretically, such a combined inhibitory mechanism inevitably leads to significant accumulation of MTZ. The
magnitude of concentration increase predicted in this study (about 2-fold) is consistent with the direction of previous
case reports'' (3—4-fold) but is more conservative, thereby confirming the reliability of this DDI signal. Given the
substantial risk that “standard dosing equates to overdosing” in this context, it is recommended to reduce the
maintenance dose to 15 mg/d for such patients. Furthermore, to mitigate the risks of serotonin syndrome'? or
excessive sedation,”’ close monitoring of therapeutic drug levels via TDM is strongly advised during clinical

administration.
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BMI and Concomitant Medications

When obese patients are co-administered CYP inhibitors (paroxetine or fluvoxamine), these covariates have a significant
cumulative or synergistic inhibitory effect on MTZ clearance, potentially transforming standard “therapeutic doses” into
“toxic doses.”

For the “Obesity + Paroxetine” subgroup, 15 mg/d represents the optimal initial dose (target attainment rate: 76.5%),
whereas 30 mg/d exposes the majority of patients to supratherapeutic concentrations. Blindly increasing the dose
according to weight may cause side.

In the “Obesity + Fluvoxamine” subgroup, despite the limited sample size (5.7%), the CYP3A4 inhibition induced by
obesity (—29.4%) is compounded by the powerful enzymatic inhibition of fluvoxamine (—51.1%), resulting in a profound
cumulative effect. Simulation results highlight a strong safety signal: 30 mg/d carries an extremely high risk, whereas
a low-dose regimen of 7.5-15 mg/d (with 7.5 mg/d offering superior safety and 15 mg/d maximizing target attainment) is
more appropriate.

Limitations

Limited Sample Size in Specific

Subgroups in this study, only 6 patients (5.7% of the total sample) received concomitant fluvoxamine. Although the
model estimated a 51.1% increase in plasma concentrations due to this combination, the limited sample size requires
a cautious interpretation of this value. Similarly, fluoxetine, a potent CYP2D6 inhibitor, should theoretically increase
serum concentrations of MTZ; however, it did not reach statistical significance during covariate screening. This may be
attributed to the small sample size (n = 5) and the long half-life of its active metabolite (ranging from several days to two
weeks). Consequently, this may suggest that fluoxetine’s inhibition of CYP2D6 is gradual and requires a prolonged
period (typically more than 4 weeks) to reach a steady state of enzyme inhibition. Future studies with larger subgroup
cohorts are necessary to further investigate the impact of these drug-drug interactions.

Constraints in Controlling Confounding Factors
This study did not include patients with a history of smoking; therefore, this inducer of CYP1A2 was not examined.

Lack of Pharmacogenetic Data
This study did not include genotype data. Consequently, we were unable to assess the influence of genetic polymorph-
isms (eg., CYP2D6, CYP1A2) on the individualized pharmacokinetic parameters of MTZ.

Ethnic Limitations and Lack of Validation

The study population was limited to Chinese patients, and external validation was not performed for the specific
subgroups. Consequently, the subgroup dose recommendations derived from model simulations should be regarded as
“exploratory guidance” and interpreted with caution in clinical practice. Before these recommendations can be incorpo-
rated into clinical guidelines, they must undergo prospective validation in larger and more diverse multi-ethnic cohorts.

Conclusion

By developing a population pharmacokinetic model, this study clarifies the pharmacokinetic characteristics of mirtaza-
pine in the Chinese population and the main influencing factors of its clearance: BMI, paroxetine, and fluvoxamine. In
particular, under complex clinical scenarios involving obesity and co-medication, standard dosing regimens may pose
potential safety risks. The dose optimization strategies proposed herein assist clinicians in minimizing the risk of adverse
reactions while ensuring therapeutic efficacy.
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