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Background: Pregnancy-induced physiological changes can substantially alter venlafaxine pharmacokinetics. Despite the clinical
relevance of both venlafaxine and its active metabolite, O-desmethylvenlafaxine (ODV), no physiologically-based pharmacokinetic
(PBPK) models have been developed that simultaneously describe their disposition during pregnancy. In this study a PBPK model was
developed to predict maternal and fetal exposure to venlafaxine and ODV and to optimize dosing regimens.

Methods: PBPK models for venlafaxine and ODV in non-pregnant women, pregnant women, and the fetal-placental unit were
developed using the Simeyp®™ simulator. Model performance was evaluated using visual predictive checks, assessing whether observed
data were contained within the predicted 95% confidence intervals, and by comparing predicted versus observed ratios for maximum
plasma concentration (C,,,x) and area under the concentration—time curve (AUC) using a prespecified range (0.7-1.3).

Results: In non-pregnant women, observed venlafaxine and ODV concentrations fell within the 95% confidence intervals of model
predictions, with C,,,,, and AUC prediction ratios between 0.7 and 1.3. Most observed data in pregnant women also fell within the 95%
confidence intervals. Venlafaxine and ODV concentrations decreased as pregnancy progressed for doses ranging from 37.5 to 225 mg.
Cord-to-maternal concentration ratios were approximately 1.02 at 37.5-150 mg and 1.01 at 225 mg. Predicted venlafaxine and ODV
concentrations remained within the therapeutic range (100-400 ng/mL) at 150 mg during the first and second trimesters, whereas
225 mg was necessary in the third trimester. At a 375 mg dose, the umbilical cord C,,, for venlafaxine reached 195.26 ng/mL, a level
approaching thresholds of fetal toxicity. These findings should be interpreted with caution, given the limited sample size in pregnant
women (n= 7 for plasma and n=9 for cord blood).

Conclusion: A venlafaxine dose of 150 mg/day is recommended during pregnancy, balancing efficacy with the risk of toxicity in both
mother and fetus.
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Introduction
Perinatal depression is a prevalent complication of pregnancy, affecting approximately 20% of pregnant women.' Despite
this high prevalence, only about 40% of women with perinatal depression receive any treatment, and merely 8.6%
receive adequate therapy.” Concerns regarding adverse effects of antidepressants likely contribute to these low treatment
rates.” Untreated antenatal depression is a recognized risk factor for postpartum depression. Depression during pregnancy
is associated with increased risks of preterm birth, low birth weight, and, in severe cases, maternal suicide.>*> Notably,
discontinuation of antidepressant therapy during pregnancy has been shown to markedly increase the risk of maternal
depression relapse, particularly in the first trimester.® Thus, perinatal depression poses substantial risks to both mother
and fetus, highlighting the need for effective treatment during pregnancy.

Venlafaxine is among the most frequently prescribed non-SSRI antidepressants during pregnancy, following selective
serotonin reuptake inhibitors (SSRIs), which are generally considered safer for use in pregnant women.” As a serotonin-
norepinephrine reuptake inhibitor, venlafaxine is commonly prescribed for depression, generalized anxiety disorder, and
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panic disorder. It is used by approximately 1.2% of women of reproductive age and 0.3% of pregnant women annually.®
Among women aged 15-45 years, venlafaxine accounts for 11.2% of all redeemed antidepressant prescriptions, ranking
fourth after fluoxetine, citalopram, and escitalopram.7

Venlafaxine exhibits approximately 92% absorption, but its bioavailability is about 45% due to first-pass metabolism. The
drug is primarily metabolized by cytochrome P450 2D6 (CYP2D6) to its active metabolite, O-desmethylvenlafaxine (ODV),
with minor contributions from CYP2C9 and CYP2C19.° Venlafaxine and ODV possess similar pharmacological activity.'”
Their plasma protein binding rates are approximately 27% and 30%, respectively.'' Approximately 87% of a venlafaxine dose
is eliminated in urine within 48 hours; the half-lives of venlafaxine and ODV are about 5 hours and 11 hours, respectively.'"
Venlafaxine therapy is typically initiated at 37.5 mg/day to enhance tolerability, with a therapeutic range of 75 to 225 mg/day."!

Pregnancy-induced physiological changes can substantially alter venlafaxine pharmacokinetics. These include
changes in gastric emptying, pH, and transit time, which influence bioavailability.'? Increased total body water and
decreased plasma protein concentrations affect drug distribution and protein binding.'* Metabolic activity is also altered:
CYP2D6 activity increases approximately threefold, while CYP1A2 activity decreases by more than 60% compared to
pre-pregnancy.'* Renal blood flow and glomerular filtration rate (GFR) are also elevated during pregnancy.'® Consistent
with these physiological changes, the elimination half-life of venlafaxine has been reported to decrease from approxi-
mately 8.7 hours in the first trimester to 7.3 hours in the second trimester and 3.2 hours in the third trimester, compared
with 6.5 hours in the postpartum period.'> These adaptations impact venlafaxine and ODV concentrations. Two studies
have shown that venlafaxine concentrations decline from 98.9% to 87% of postpartum values between the first and third
trimesters,'®!” while the ODV/venlafaxine metabolic ratio rises from 76.9% to 196.7%.'°

Optimizing venlafaxine dosing in clinical practice remains challenging, particularly during pregnancy. According to
the consensus guideline, venlafaxine therapeutic drug monitoring (TDM) is classified as level 2, indicating that TDM is
recommended for dose titration or in specific clinical situations rather than as a routine measure.'® A recent study showed
that only 39% of patients achieved the therapeutic range (100-400 ng/mL) for venlafaxine active moiety.' In female
patients, the median plasma concentration of the active moiety exceeded this range, emphasizing the difficulty of
maintaining therapeutic concentrations and the importance of TDM for guiding dose adjustment.'® This variability is
in part attributable to CYP2D6 genetic polymorphisms. The Clinical Pharmacogenetics Implementation Consortium
(CPIC) guideline reports that CYP2D6 genetic polymorphisms influence venlafaxine metabolism, which may affect
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dosing, efficacy, and tolerability. Specifically, poor and ultrarapid metabolizers may experience therapeutic failure or
adverse effects, necessitating consideration of alternative therapy.”® These clinical challenges, combined with pregnancy-
induced physiological changes, further complicate dose adjustment in pregnant women.

Safety concerns have been raised regarding venlafaxine use in late pregnancy. In addition to pharmacokinetic
changes, regulatory guidance highlights potential risks. According to the FDA label, third-trimester use of venlafaxine
has been associated with neonatal withdrawal symptoms and adverse fetal outcomes such as respiratory distress, feeding
difficulties, and excessive irritability."' Case reports also describe neonatal seizures and respiratory distress following
third-trimester exposure.”' These effects are attributed to serotonergic toxicity or drug discontinuation syndrome, and
close neonatal monitoring is recommended.

Physiologically based pharmacokinetic (PBPK) modeling is widely used to predict drug concentrations in humans
and supports dosing regimen design in special populations, including pregnant women and fetuses.”? For model
evaluation, prediction ratios of maximum plasma concentration (Cp,.) and area under the curve (AUC) were selected
as validation criteria to ensure model reliability.>>*> Existing PBPK models for venlafaxine and ODV have incorporated
CYP2D6 genotypes and drug interactions; however, no predictive model has been developed specifically for pregnancy.®
One prior study simulated venlafaxine plasma concentrations during pregnancy using PBPK modeling; however, ODV
was not included.”* To date, no PBPK modeling study has simultaneously incorporated both venlafaxine and ODV to
predict maternal and fetal exposure.

Therefore, an integrated venlafaxine—ODV PBPK model was developed to capture the sequential metabolism
between the parent drug and its active metabolite, enabling simultaneous prediction of the exposure of both compounds
in pregnant women and supporting optimal dosing regimens for this population.

Materials and Methods

Software and Workflow
The PBPK models for venlafaxine and ODV in non-pregnant women, pregnant women, and the fetoplacental unit were
developed using Simcyp® version 21 (Certara, Princeton, NJ, USA). The modeling workflow is illustrated in Figure 1.
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Figure | Workflow for developing a PBPK model of venlafaxine and ODV during pregnancy. Arrows indicate the direction of the workflow direction or the metabolic
conversion of venlafaxine to ODV. Arrows adjacent to physiological parameters denote an increase or decrease.

Abbreviations: ODV, O-desmethylvenlafaxine; LogP, logarithm of octanol/water partition coefficient; pK,, negative logarithm of acid dissociation constant; B/P, blood-to-
plasma ratio; fup, fraction unbound in plasma; f,, fraction absorbed; k,, absorption rate constant; Kp scalar, tissue-to-plasma partition coefficient; V,,,,,, maximum reaction
rate; K,,, substrate concentration at which the reaction rate is half-maximal; GFR, glomerular filtration rate; CL;,,, intrinsic clearance; Clpppm, maternal-placental barrier
clearance; Clppg placenta-fetal barrier clearance.
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Initially, a model for non-pregnant women was constructed by integrating physiological parameters, drug physicochem-
ical properties, ADME characteristics, and clinical study design, using available clinical data. This model was validated
against published data. Subsequently, pregnancy-induced physiological changes were incorporated to establish
a predictive model for pregnant women, which was also validated. Finally, a fetal-placental model was added, relevant
fetal pharmacokinetic parameters were applied, and final model validation was conducted.

Development of Non-Pregnant Model

The PBPK model for non-pregnant women was developed using the Simcyp®™ simulator, which includes compartments for
organs such as the liver, kidney, skin, gastrointestinal tract, brain, lung, blood, and other tissues.?® The fraction absorbed (fo),
permeability assay value and enzyme parameters for venlafaxine were obtained from the literature (Table 1).**"*® Lag time
(Tiag), absorption rate constant (k,), and renal clearance (CLg) were optimized using the Simcyp®™ parameter estimation
module, because predictions based on literature values showed discrepancies with observed plasma concentration—time data in
healthy participants.”’ Parameter estimation was performed using a weighted least squares objective function with the Nelder—
Mead minimization method, and the optimization procedure was repeated 100 times to obtain the parameter values. The
tissue-to-plasma partition coefficient scalar was sourced from published data and used to predict steady-state volume of
distribution via the Rodgers and Rowland method (method 2) (Table 1). Additional systemic clearance was optimized by
fitting the predicted plasma concentration—time curve to observed data, as no reliable literature value was available (Table 1).%°

The fraction unbound in plasma (fu,) for ODV was obtained from the literature (Table 1).3° The tissue-to-plasma
partition coefficient scalar was adjusted to improve agreement between predicted plasma concentration—time curve and
observed data (Table 1).>° The brain-to-plasma distribution coefficient was estimated by assuming equivalence between
the cerebrospinal fluid (CSF)-to—plasma ratio and the brain-to-plasma ratio (Table 1), as ODV concentrations in CSF
have been reported to be similar to those in the cerebellum.®'** The steady-state volume of distribution was calculated
using the Rodgers and Rowland method based on the tissue-to-plasma partition coefficient scalar. Intrinsic clearance of
ODV mediated by CYP3A4, CYP2C19, and CYP2C9 could not be reliably obtained from the literature. Reported values
for renal clearance showed discrepancies between predicted plasma concentration-time profiles and observed data.”
Consequently, elimination parameters were selected to achieve consistency with observed plasma concentration—time
profiles.”” The robustness of the applied parameters for venlafaxine and ODV was further ensured through evaluation
with independent datasets.>*

Participants were healthy individuals aged 18—45 years, with a female proportion ranging from 0 to 0.5.%°** Although
original studies enrolled healthy individuals, simulations were performed in non-pregnant women at gestational week 0,
with the female proportion set to 1.0 (Table S1). The number of participants ranged from 12 to 22, and each trial was
replicated 10 times (Table S1). Dosing regimens included single doses of two 75 mg venlafaxine tablets, a single 75 or
150 mg dose, or repeated 75 mg dosing over 4 days (Table S1).

Development of Pregnant Model

Trimester-specific physiological parameters were integrated into the PBPK model using a gestational age-dependent equation
in Simcyp®™. These parameters included changes in plasma volume, hepatic CYP enzyme activity, renal function, and blood
flow. Each parameter was continuously adjusted across gestational weeks using Equation 1 (Eq. 1), enabling trimester-specific
scaling without discrete compartmentalization.>

GWy - (1 + B1-GW + B2-GW?+ B3-GW? + B4-GW*) (1)

GW, denotes the baseline value at week 0 of gestation. B1, B2, B3, and B4 are coefficients that describe changes in these
physiological parameters as functions of gestational week (GW), with each coefficient corresponding to a different power
of GW. GW represents gestational week, serving as the independent variable to model physiological changes throughout
pregnancy. In addition, CYP2D6 genetic variability was represented at the population level by applying the default
phenotype frequencies implemented in the Simcyp® pregnancy population model (extensive metabolizer [EM]: 56.8%,
poor metabolizer [PM]: 8.2%, intermediate metabolizer [IM]: 32.5%, ultrarapid metabolizer [UM]: 2.5%). These default
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Table | Input Parameters for the Venlafaxine and ODV PBPK Model

Parameter Venlafaxine oDV
Value Reference Value Reference
Mol. weight (g/mol) 277.4 [24] 263.37 PubChem
LogPo.w 28 [24] 2.6 DrugBank Online
Compound type Monoprotic base - Monoprotic base -
pK, 9.4 [24] 8.87 (base) DrugBank Online
B/P 1.17 [24] 1.17 Assumed same as venlafaxine B/P
ratio
fu, 0.73 [24] 0.7 [30]
Absorption model First-order First-order
f, 0.92 [24] Predicted
ka (1/h) 0.19 PE Predicted
Thg (h) 272 PE Predicted
Permeability assay Caco-2 (passive, active): [27] Caco-2 (passive, active): | Default
4.75%107° cml/s 50%10- cm/s
Distribution model Full PBPK Full PBPK
Vss (L/kg) 9.7497 Predicted 1.9389 Predicted
K, scalar 2.37 [24] 043 Optimized
Brain/plasma partition coefficient - - 0.88 (Assumed CSF/plasma ratio equals
brain/plasma ratio)3I
Enzyme kinetics parameters Vimax (pmol/min/pmol), [28] CLie (uL/min/pmol): Optimized
K (uM): CYP3A4: 0.05
CYP2Dé: 65, 23.2 CYP2C19: 0.05
CYP2C19: 76, 398 CYP2C9: 0.003
CYP2C9: 103, 2250
CL, (L/h) 5.04 PE 0.3 Optimized
Additional systemic clearance (L/h) 22 Optimized - -
Transport (permeability-limited organ): Permeability- - -
limited placenta model
Fetal CL swallowing 0.00844 3(Methods, | — -
(L/h/kg fetal weight) Eq. 2)
Fetal renal CL 0.055 3(Methods, | — -
(L/h/kg fetal weight) Eq. 3)
Maternal-placental barrier (CLppm), placenta-fetal 0.466 [24] - -
barrier (CLppr)

Abbreviations: ODV, O-desmethylvenlafaxine; PBPK, physiologically based pharmacokinetic; LogP,., logarithm of the octanol/water partition coefficient; pK,, negative
logarithm of the acid dissociation constant; B/P, blood to plasma ratio; f,,, fraction unbound in plasma; f,, fraction absorbed; k,, absorption rate constant; T, lag time; VSS,
steady-state volume of distribution; K, scalar, tissue to plasma ratio; CSF, cerebrospinal fluid; V., maximum reaction rate; Km, substrate concentration at half-maximal
velocity; CL,, renal clearance.

frequencies are broadly consistent with global allele frequency distributions (PM 5-24%, IM 2-45%, EM/NM 47-80%,
UM 2-12%).3°

Participants were pregnant women aged 2634 years, with one to three participants per dose group.'® Because of the
limited sample size, default Simcyp®™ population values were used, which may limit the statistical power and general-
izability of the validation. Dosing regimens included 37.5 mg, 75 mg, 150 mg, and 225 mg of venlafaxine administered
once daily for 7 days (Table S2). This duration was selected based on FDA-approved prescribing information, which
indicates that venlafaxine reaches steady state within 3 days. All dosing regimens reflected observed doses reported in
clinical studies and selected according to the specific dosage strengths listed in the FDA-approved labeling. Although
other doses are within the approved range, only the standard strengths explicitly referenced in the prescribing information
(ie, 37.5 mg, 75 mg, 150 mg, and 225 mg) were included (Table S2).

Plasma trough concentrations were measured for each trimester. Trimester-specific PBPK models were developed
according to the timing of drug administration. For participants with dose adjustments across trimesters, each regimen
was modeled based on the actual administered dose.
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Development of Fetoplacental Model

A fetoplacental model was incorporated into the pregnancy model, integrating fetal-specific pharmacokinetic parameters. This
model simulates drug transfer from the placenta to fetal circulation, enabling assessment of fetal drug exposure throughout
pregnancy. Fetal clearance via swallowing (L/h/kg fetal weight) was calculated using Eq. 2, based on the average amniotic
fluid volume ingested by a full-term fetus (750 mL) and the average fetal weight (3.7 kg).>**"-® Fetal renal clearance (L/h/kg
fetal weight) was determined using Eq. 3, incorporating adult renal clearance (5.04 L/h), fetal and adult GFR values, and fetal
weight.*>*%4° Maternal-placental and placenta-fetal barrier clearances were obtained from published sources.**

Fetal swallowing amniotic volume (mL/day) “ 1L y 1
24hr/day 1000mL  Fetal weight (kg)

_ 750mL/day y 1L " 1

24hr/day ~ 1000mL  3.7kg

Fetal CL swallowing =

2

Adult CLr(L/h) x Fetal GFR(mL/min)
Fetal body weight(kg)x AdultGFR(mL/min)
_5.04(L/h) x 4.92(mL/min)
~ 3.7(kg)x121(mL/min)

Fetal renal CL =
(3)

Participants were pregnant women aged 28-40 years, and the trial size was set to the Simcyp® default of 10x10 because
of limited sample availability, which may limit the statistical power and generalizability of the validation (Table S3).*'
Dosing regimens included 37.5 mg, 75 mg, 112.5 mg, 150 mg, and 225 mg of venlafaxine once daily for 7 days.
Gestational age ranged from 37 to 39 weeks (Table S3).

For simulations evaluating fetal exposure, trial size and maternal age were set to Simcyp®™ defaults, and gestational
week was fixed at 40 weeks (Table S4).

Evaluation of the PBPK Model

In two previously published PBPK studies on venlafaxine, prediction ratios for pharmacokinetic parameters were
assessed using the commonly applied twofold range.”*> In this study, a 30% deviation from unity (0.7—1.3) was applied
for prediction ratios for key pharmacokinetic parameters, including C,.« and AUC, providing a more stringent and
precise evaluation of model performance.?® The prediction ratio was calculated using Eq. 4. The predictive performance
of the model was also evaluated by determining whether the observed mean plasma concentration—time profiles fell
within the predicted 95% confidence intervals.

Predicted
Predicti tio = ——— 4
rediction ratio Observed “4)

Sensitivity Analysis

Local sensitivity analysis assessed the impact of CYP2D6-related parameters on AUC and C,,,x using the third-trimester
pregnancy model. Global sensitivity analysis, performed using the Morris method, quantified the influence of 18
physicochemical and drug-specific parameters in the non-pregnant and pregnant models, and 22 parameters in the
fetoplacental prediction model, on AUC and C,,.x predictions. High absolute mean (p*) values facilitated parameter
ranking; larger p* indicated greater influence on model outputs.*?

Results
Development and Verification of the Prediction Model for Venlafaxine and ODV in

Non-Pregnant Women

Observed data generally fell within the 95% confidence intervals of the predicted curves for both venlafaxine and ODV
in non-pregnant women (Figure S1). Prediction ratios for C,,x and AUC for venlafaxine and ODV ranged from
0.92—-1.27 and 0.81-1.19, respectively, within the acceptable range of 0.7-1.3 (Table S5).
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Development and Verification of the Prediction Model for Venlafaxine and ODV in

Pregnant Women

Most observed data were within the 95% confidence intervals of the predicted venlafaxine curves (Figures 2 and 3);
however, some observed values fell outside these intervals (Figure 3f~h). As with venlafaxine, most observed ODV data
were within the 95% confidence intervals of the predicted curves (Figures S2 and S3), although some values were outside
these intervals (Figure S3f—S3h). As pregnancy progressed from non-pregnancy through the third trimester, venlafaxine
Cmax and AUC decreased by 39.7% and 38.5%, respectively, across all dose (37.5 mg, 75 mg, 150 mg, and 225 mg)
levels. Similarly, ODV C,,,x and AUC decreased by 31.6% and 40.3%, respectively (Table 2).

Development and Verification of the Prediction Model for Venlafaxine in the

Fetoplacental Unit

Most observed data fell within the 95% confidence intervals of the predictions (Figure 4). Predicted pharmacokinetic
parameters of venlafaxine in umbilical cord blood following oral administration of 37.5 mg, 75 mg, 112.5 mg, 150 mg,
and 225 mg are presented in Table 3. The predicted cord-to-maternal concentration ratios for venlafaxine were 1.02 at
doses of 37.5-150 mg and 1.01 at the 225 mg dose (Table 3).

Global Sensitivity Analysis of Prediction Model for Venlafaxine in Pregnant VWomen

and Fetoplacental Unit

In both non-pregnant and pregnant models, parameters with the greatest impact on AUC were LogP, pK,, CLg, and Additional
CL, while LogP, pK,, B/P, and k, were most influential for C,,... Across trimesters, most parameters’ p* values decreased,
altering the relative ranking for AUC. However, key parameters influencing C,,.x remained consistent throughout all trimesters
(Figure S4). In the fetoplacental prediction model, parameters most affecting AUC were LogP, Additional CL, fa, and B/P, while
those impacting C,,x were LogP, ka, B/P, and fa (Figure S5). LogP and B/P consistently exhibited high influence across all
models, whereas the contributions of clearance-related parameters (CLg, additional CL) varied depending on pregnancy stage
and pharmacokinetic parameter.

Dose Optimization of Venlafaxine in the Predicted Model for Pregnant VWomen
The therapeutic range for combined venlafaxine and ODV concentrations is reported as 100-400 ng/mL."® In this study,
venlafaxine and ODV concentrations were summed to assess whether predicted concentrations were within the ther-
apeutic range.

In the predictive model for pregnant women, venlafaxine + ODV exposure at 37.5 mg and 75 mg/day did not reach
the therapeutic range in any trimester (Figure 5 and Table S6).

At 150 mg/day, C.,;, and C,,,x were within the therapeutic range in the first and second trimesters, while C;,
remained marginally below range in the third trimester (Figure 5). At 225 mg/day, both C,;, and C,,, of venlafaxine +
ODV were within the therapeutic range in the third trimester (Table S6).

Prediction of Fetal Toxic Exposure to Venlafaxine in the Prediction Model for the
Fetoplacental Unit
In vivo studies have shown that the maximum recommended dose of venlafaxine (375 mg) may cause adverse fetal

effects.**** After administration of 375 mg venlafaxine, the predicted C,,,x in umbilical cord blood was 195.26 ng/mL,
with a Tp,x of 5.43 hours and an AUC of 2805.17 ng-h/mL (Figure S6).

Discussion
In this study, we used the pharmacokinetic parameters of venlafaxine and ODV to develop and validate a predictive
model for non-pregnant women, which we subsequently adapted for pregnant women. The prediction ratios for
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Table 2 Predicted Pharmacokinetic Parameters of Venlafaxine and ODV in Non-Pregnant and Pregnant VWomen
Across Pregnancy Trimesters After Multiple Oral Doses

Dose Trimester | Venlafaxine Parameters (Predicted) ODV Parameters (Predicted)
Chax (ng/mL) | Trax (h) | AUC (ng/imL h) | C.ox (ng/mL) | Tohax (h) | AUC (ng/mL h)
37.5 mg | Baseline 34.79 5.38 513.66 60.91 9.03 1144.68
G O O O
First 3247 5.38 473.59 57.76 8.82 1056.64
(16.7%) (17.8%) (15.2%) (17.7%)
Second 26.45 5.43 388.42 50.08 8.37 867.74
(124.0%) (124.4%) 117.8%) (124.2%)
Third 20.97 5.21 315.75 41.65 7.87 683.13
(139.7%) (138.5%) (131.6%) (140.3%)
75 mg Baseline 69.69 5.38 1028.89 121.63 9.04 2286.64
O O O
First 65.05 5.38 948.62 115.34 8.83 2110.94
(16.7%) (17.8%) (15.2%) (17.7%)
Second 52.99 543 778.03 100.03 8.38 1734.01
(124.0%) (124.4%) 117.8%) (124.2%)
Third 42.01 5.21 632.43 83.22 7.88 1365.44
(139.7%) (138.5%) (131.6%) (140.3%)
150 mg | Baseline 139.81 5.38 2063.97 242.50 9.05 4562.47
e e e O
First 130.50 5.38 1902.99 229.99 8.84 4212.59
(16.7%) (17.8%) (15.2%) (17.7%)
Second 106.33 5.43 1560.78 199.57 8.39 3462.15
(124.0%) (124.4%) (117.8%) (124.2%)
Third 84.31 5.21 1268.56 166.12 7.89 2727.64
(139.7%) (138.5%) (131.6%) (140.3%)
225 mg | Baseline 210.35 5.39 3105.18 362.60 9.07 6827.60
) G G G
First 196.37 5.39 2863.04 343.94 8.85 6305.04
(16.7%) (17.8%) (15.2%) 17.7%)
Second 160.02 5.44 234823 298.60 8.40 5184.45
(124.0%) (124.4%) (117.8%) (124.2%)
Third 126.88 5.21 1908.38 248.70 7.89 4086.61
(139.7%) (138.5%) (131.6%) (140.3%)

Notes: All parameters are reported as arithmetic means (percent change from baseline). Downward arrows indicate a decrease.
Abbreviations: ODV, O-desmethylvenlafaxine; C,,,5, maximum plasma concentration; T .., time to maximum plasma concentration; AUC, area under
the plasma concentration—time curve.

venlafaxine and ODV C,,,x and AUC ranged from 0.92-1.27 (95% confidence interval: 0.87—1.33) and 0.81-1.19
(0.77-1.25), respectively, meeting the predefined evaluation criteria (Table S5).

Inter-individual physiological variability, including genetic polymorphisms and other factors, can affect plasma
concentrations of venlafaxine and ODV. We constructed a prediction model based on non-pregnant women to estimate
venlafaxine and ODV concentrations during pregnancy. Most observed data fell within the 95% confidence intervals of
the predictions for venlafaxine doses of 37.5 mg, 75 mg, 150 mg, and 225 mg (Figures 2, 3, S2 and S3). However, some
data points (patients 3, 6, and 7) were outside these intervals, likely due to inter-individual variability and genetic factors.
P-glycoprotein (P-gp), encoded by the ABCBI gene, is an efflux transporter and a known substrate for venlafaxine,
influencing its bioavailability and brain distribution.” In vivo studies have shown that knockout of P-gp increases brain
concentrations of venlafaxine and ODV by two- to fourfold compared with wild-type mice.” Additionally, a clinical study
found that co-administration of venlafaxine with indinavir, which induces P-gp, resulted in a 28% reduction in AUC and
a 36% decrease in Cpg.” Furthermore, a study using PBPK modeling demonstrated that CYP2D6 genetic
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Figure 4 Predicted umbilical vein concentration—time profiles of venlafaxine at term pregnancy following (a) 37.5 mg, (b) 75 mg, (c) 112.5 mg, (d) 150 mg, and (e) 225 mg
once daily. The blue line represents the mean predicted umbilical vein concentrations, while the gray dotted lines denote the 5% and 95% percentiles of predicted
concentrations. Circles indicate observed umbilical vein concentrations.

polymorphisms and co-administration of CYP2D6 inhibitors, such as clarithromycin or paroxetine, can alter venlafaxine
pharmacokinetics.>> Plasma concentrations of venlafaxine are elevated in patients with reduced CYP2D6 activity,
indicating that individual metabolic capacity should be considered for dose optimization.*®

During pregnancy, physiological changes can reduce the therapeutic efficacy of venlafaxine. In this study, as pregnancy
progressed, C,,.x and AUC values decreased for all venlafaxine doses tested (Table 2). Previous research similarly reported
that venlafaxine plasma concentrations during pregnancy declined from 98.9% to 87.0% of postpartum levels.'® This
reduction may be attributable to increased metabolic enzyme activity during pregnancy. The simulated abundance of
CYP2D6, the primary enzyme responsible for venlafaxine metabolism, increased by 62.59% in the third trimester
compared to baseline (Table S7). In addition, local sensitivity analysis showed that increasing the V., of CYP2D6
reduced both C,,,,x and AUC of venlafaxine, while a higher K, value led to increased drug exposure (Figure S7). Moreover,

Table 3 Predicted Venlafaxine Pharmacokinetic Parameters in Term Pregnancy After
Repeated Oral Venlafaxine Administration

Dose Predicted Umbilical Vein Pharmacokinetic Parameters
Cax (ng/mL) | Tax (h) | AUC (ng h /mL) | Cord-to-Maternal Ratio
37.5 mg 20.23 5.45 288.17 1.02
75 mg 41.00 5.46 582.58 1.02
112.5 mg | 60.92 5.45 867.13 1.02
150 mg 81.37 5.45 115791 1.02
225 mg 125.27 5.46 1776.28 1.01

Notes: All values represent arithmetic means.

Abbreviations: C,,,,, maximum plasma concentration; T . time to maximum plasma concentration; AUC,
area under the plasma concentration—time curve.
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CYP2D6 activity has been reported to increase approximately threefold during pregnancy, '+

which may contribute to the
observed reductions in C,,,, and AUC.

Our results indicate that fetal circulation can be exposed to venlafaxine at concentrations similar to those in maternal
plasma. Using a fetoplacental prediction model, we found that the predicted cord-to-maternal concentration ratios of
venlafaxine were 1.02 at doses from 37.5 mg to 150 mg and 1.01 at 225 mg (Figure 4 and Table 3), closely matching
previously reported ratios of approximately 1.05.*' Venlafaxine’s high lipid solubility (logP 2.8) and low ionization (pKa
9.4) facilitate placental transfer.*’

Our PBPK model predicts that dose adjustments may be necessary to maintain therapeutic exposure throughout
pregnancy. Both venlafaxine and ODV contribute to pharmacological activity, making it essential to consider their
combined effects when adjusting doses.*® Notably, active moiety concentrations below 100 ng/mL have been associated
with insufficient therapeutic response, as venlafaxine acts primarily as an SSRI at these levels rather than as a serotonin-
norepinephrine reuptake inhibitor.'®

A dose of 150 mg/day is predicted to be optimal during pregnancy. Combined venlafaxine and ODV exposure at the
target dose of 75 mg/day did not reach the therapeutic range in all trimesters, indicating the need for dose adjustment
during pregnancy (Figure 5 and Table S6). A 150 mg/day dose achieved the therapeutic range during the first and second
trimesters, but the C,,;, remained slightly below the therapeutic range in the third trimester (Figure 5). At 225 mg/day,
both the C,,;, and C,,.x of the combined venlafaxine and ODV were within the therapeutic range in the third trimester,
suggesting that additional dose escalation may offer further benefit (Table S6). In the third trimester, a daily dose of
225 mg may provide marginally higher exposure compared to 150 mg/day; however, the difference appears minimal.
Furthermore, previous research assessing dose optimization based on CYP2D6 phenotypes also recommended increasing
doses as pregnancy progresses.”* Both studies underscore the need to adjust venlafaxine dosing during pregnancy.
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These findings suggest a practical framework for venlafaxine dose adjustment during pregnancy. A dose of 150 mg/
day appears appropriate for patients in the first and second trimesters of pregnancy, whereas escalation to 225 mg/day
may be considered in the third trimester if therapeutic concentrations are not achieved. This escalation remains within the
FDA-approved therapeutic range (75-225 mg/day); however, safety considerations must be weighed.'" Although
225 mg/day is within the FDA-labeled maximum dose for major depressive disorder and anxiety disorders, third-
trimester use has been associated with maternal complications, including preeclampsia and postpartum hemorrhage as
well as neonatal adaptation syndrome.'' Therapeutic plasma concentrations of 100-400 ng/mL represent the interna-
tionally recommended reference range for venlafaxine and ODV; however, their relationship with perinatal depression
outcomes is not fully established, and this range should be interpreted with caution.'®

It is essential to avoid doses that may pose fetal risk. Administration of venlafaxine at the maximum recommended
dose (375 mg) resulted in predicted umbilical cord concentrations of 195.26 ng/mL (Figure S6). In vivo studies have
shown that doses equivalent to this human exposure level can increase fetal oxidative stress and apoptotic signaling,
promoting neurodegeneration and potential cognitive and emotional deficits in adulthood.**** Therefore, a predicted
umbilical cord concentration of 195.26 ng/mL may represent a threshold for adverse fetal effects.

This study has some limitations. The number of pregnant participants with venlafaxine plasma level measurements
was small. Furthermore, most umbilical cord concentration data were collected only at delivery, which limited the
statistical power and hindered model validation across different gestational stages. This limitation is common among
PBPK pregnancy models, which are frequently validated using small clinical datasets (1-10 participants).**' These
challenges underscore the inherent difficulties associated with validating PBPK models in the pregnant population.
Consequently, these results should be considered exploratory. Further prospective multi-center studies are required to
confirm these findings and establish their clinical applicability. Following this validation, the proposed dosing recom-
mendations could be considered for clinical implementation. Despite these limitations, we successfully predicted the
concentration—time profiles of venlafaxine and ODV during pregnancy and provided insights into fetal exposure. These
model-based predictions can expand the understanding of drug disposition in this population and provide a framework
for trimester-specific dosing optimization that considers both venlafaxine and ODV, which has not been addressed in
previous studies.

Conclusion

We successfully developed and validated a maternal-fetal PBPK model for venlafaxine and ODV, enabling informed dose
optimization during pregnancy, despite the limited observational sample size. A venlafaxine dose of 150 mg once daily is
recommended during pregnancy, considering therapeutic range and the potential fetal toxicity associated with higher
doses such as 375 mg/day. These findings enhance our understanding of venlafaxine pharmacokinetics during pregnancy
and support the development of safer and more effective treatment strategies for this population; however, these
recommendations require further validation before clinical application.

Abbreviations

ODV, O-desmethylvenlafaxine; C,,.x, maximum plasma concentration; SSRI, serotonin reuptake inhibitor; CYP2D6,
cytochrome P450 2D6; GFR, glomerular filtration rate; PBPK, physiologically based pharmacokinetic; k,, absorption
rate constant; CLg, renal clearance; GW, gestational week; AUC, area under the curve; Tj,e, lag time; EM, extensive
metabolizer; PM, poor metabolizer; IM, intermediate metabolizer; UM, ultrarapid metabolizer; p*absolute mean.
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