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Summary eBioMedicine
Background Understanding the impact of CYP2D6 metabolism on paroxetine, a widely used antidepressant, is 2024;104: 105165

essential for precision dosing. :’1ublish/e/r(ij Online/xxx
ttps://doi.org/10.

1016/j.ebiom.2024.

Methods We conducted an 8-week, multi-center, single-drug, 2-week wash period prospective cohort study in 921 105165

Chinese Han patients with depressive or anxiety disorders (ChiCTR2000038462). We performed CYP2D6
genotyping (single nucleotide variant and copy number variant) to derive the CYP2D6 activity score and evaluated
paroxetine treatment outcomes including steady-state concentration, treatment efficacy, and adverse reaction.
CYP2D6 metabolizer status was categorized into poor metabolizers (PMs), intermediate metabolizers (IMs),
extensive metabolizers (EMs), and ultrarapid metabolizers (UMs). The influence of CYP2D6 metabolic phenotype
on paroxetine treatment outcomes was examined using multiple regression analysis and cross-ethnic meta-
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analysis. The therapeutic reference range of paroxetine was estimated by receiver operating characteristic (ROC)
analyses.

Findings After adjusting for demographic factors, the steady-state concentrations of paroxetine in PMs, IMs, and UMs
were 2.50, 1.12, and 0.39 times that of EMs, with PM and UM effects being statistically significant (multiple linear
regression, P = 0.03 and P = 0.04). Sex and ethnicity influenced the comparison between IMs and EMs. Moreover,
poor efficacy of paroxetine was associated with UM, and a higher risk of developing adverse reactions was associated
with lower CYP2D6 activity score. Lastly, cross-ethnic meta-analysis suggested dose adjustments for PMs, IMs, EMs,
and UMs in the East Asian population to be 35%, 40%, 143%, and 241% of the manufacturer’s recommended dose,
and 62%, 68%, 131%, and 159% in the non-East Asian population.

Interpretation Our findings advocate for precision dosing based on the CYP2D6 metabolic phenotype, with sex and

ethnicity being crucial considerations in this approach.
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Research in context

Evidence before this study

We searched the PubMed database using the terms
“(cytochrome P450 2D6 or CYP2D6)" AND “paroxetine” and
found 40 studies related to paroxetine out of 359 articles.
These studies showed that: 1) the activity scoring system
provided a more detailed classification for CYP2D6
metabolizer status compared to the traditional standard; 2)
CYP2D6 metabolizer status or CYP2D6 genotype have impacts
on pharmacokinetic parameters (e.g., steady-state
concentration, AUC, clearance, and half-life) of paroxetine,
different CYP2D6 metabolizer statuses may require different
dose adjustments for paroxetine; 3) CYP2D6 metabolizer
status may phenoconvert after administered paroxetine in a
subset of individuals; 4) The relationship between CYP2D6
metabolizer status and treatment efficacy or adverse reaction
of paroxetine remains unclear. In particular, CYP2D6
ultrarapid metabolizers may not respond to paroxetine. Two
studies found a higher incidence of paroxetine-induced sexual
dysfunction in female CYP2D6 poor metabolizers, compared
to female CYP2D6 extensive metabolizers. However, other
studies showed no significant difference of adverse reaction
across CYP2D6 metabolizer statuses. The results of the search
indicate a lack of relevant discussions on paroxetine
metabolism under different CYP2D6 metabolizer status in the
Chinese Han population.

Introduction

Antidepressants are the critical treatment for depressive
and anxiety disorders, which affect social function and
quality of life."” However, patients considerably vary in
their response to antidepressants,’* and require multi-
ple medication changes to find the optimal prescription,

Added value of this study

To our knowledge, this study represents the largest, single-
drug, prospective cohort study on precision dosing of
paroxetine in patients with depressive or anxiety disorders.
The main finding was the association of CYP2D6 metabolic
phenotype with paroxetine exposure, efficacy, and adverse
reaction, while the CYP2D6 copy number variant was
associated with paroxetine Css and efficacy. Moreover, we
found that ethnicity and sex influenced the comparison
between CYP2D6 intermediate metabolizers and extensive
metabolizers, which lack exploration in previous studies and
meta-analysis. Compared to other ethnicities, greater dose
adjustment was recommended for East Asians based on
CYP2D6 metabolizer status. Lastly, the therapeutic reference
range for paroxetine was determined to be 31.95-79.65 ng/
ml by considering both its efficacy and adverse reactions.

Implications of all the available evidence

Our findings and previous research suggest that it is practical
to infer metabolic phenotype from the CYP2D6 genotype.
CYP2D6 metabolizer phenotype affects paroxetine exposure
and clinical outcomes, influenced by sex and ethnicity. Dose
adjustment is recommended based on CYP2D6 metabolizer
status to guide precision dosing of paroxetine, with sex and
ethnicity being crucial considerations in this approach.

which is a notable clinical challenge. Precision medicine
may optimize antidepressant selection and dosage based
on patient features, such as genotype,” to enhance out-
comes and reduce adverse drug reactions (ADRs).
Paroxetine, a selective serotonin reuptake inhibitor
(SSRI) antidepressant, has good efficacy but moderate
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tolerability.® Paroxetine is mainly metabolized by the
CYP2D6 enzyme into inactive metabolites. Low parox-
etine concentrations reduce the likelihood of benefit,
while high paroxetine concentrations raise the possibil-
ity of ADRs.” Monitoring the paroxetine concentration
and using its therapeutic reference range (TRR) may
help adjust dosing and increase patient compliance and
satisfaction.®

The CYP2D6 gene has extensive single nucleotide
variants (star alleles) and copy number variants (CNVs),
causing large variations in CYP2D6 enzyme activity.
Therefore, deriving activity score (AS) based on CYP2D6
genotype is a validated method for predicting
metabolizer status. The Clinical Pharmacogenetics
Implementation Consortium (CPIC) and the Dutch
Pharmacogenetics Working Group (DPWG) developed a
consensus AS-inferred standard.” However, more
clinical research is needed to validate these standards.
Also, previous studies mainly studied star alleles,™
ignoring CNV, which affects CYP2D6 enzyme activity.

Paroxetine concentration depends on many factors,
especially CYP2D6 metabolizer status.'' Therefore, the
CPIC guideline suggested dose adjustment of paroxe-
tine according to CYP2D6 metabolizer status.” It indi-
cated that ultrarapid metabolizers (UMs) should choose
antidepressants that CYP2D6 does not mainly metabo-
lize and that intermediate metabolizers (IMs) and
poor metabolizers (PMs) should consider a lower start-
ing dose and slower titration schedule than extensive
metabolizers (EMs). However, the DPWG guideline
recommended no action for these gene-drug
interactions (IMs and PMs) due to a lack of clinical
effects.”” However, these guidelines focus mainly on
European populations, while East Asians tend to have a
higher prevalence of CYP2DG6 genetic variants associ-
ated with reduced enzyme activity.”” Further clinical
research is needed to support these recommendations,
especially for East Asians.

Therefore, this study aims to improve precision
dosing of paroxetine, especially in the Chinese Han
population. We conducted a prospective cohort study
with objectives: (1) investigating the effect of CYP2D6
metabolic phenotype, (2) and the effect of CYP2D6-CNV
on paroxetine concentration and treatment efficacy and
adverse reaction; (3) determining the TRR of paroxetine.
We conducted meta-analyses to validate and expand our
findings and performed pooled analyses to recommend
dose adjustment for different CYP2D6 metabolizer
statuses.

Methods

Study design and participants of the PMEDA study
This trial was an 8-week, multi-centre, single-drug
prospective cohort study evaluating the effects of
CYP2D6 genotype and phenotype on paroxetine out-
comes in patients with major depressive disorder
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(MDD), generalized anxiety disorder (GAD), or panic
disorder (PD) from the Precision Medicine to Enhance
Depression and Anxiety Outcome (PMEDA) con-
sortium. The consortium was established in 2021 with
members from seventeen Chinese hospitals.
Supplement 1 detailed the setting, variables, and bias
of the PMEDA study. Supplement 2 provides the
protocol of the PMEDA study.

A priori sample size calculation was based on expected
small effect size (£ = 0.015) for increase of explained
variance of three additional predictors (dummy variables
for CYP2D6 metabolizer status) in the multiple linear
regression model, which incudes five predefined
demographic covariates. A target sample size of 822 was
able to achieve an 85% power at a significance (alpha)
level of 0.05. Adjusting for approximately 20-30%
dropout results in a target sample size of about 1100
participants.

Psychiatric clinicians diagnosed patients using the
Structured Clinical Interview of Diagnostic and Statis-
tical Manual of Mental Disorders, Fifth Edition (DSM-
5). Included patients had a diagnosis of MDD, GAD, or
PD, were aged 18-65 years, were of Han Chinese
ancestry, had no systemic antidepressant treatment or
use of CYP2D6-inducing or -inhibiting drugs within two
weeks before enrollment, had no language barriers, and
could cooperate with assessment and treatment.
Patients with MDD scored >17 on 17-item Hamilton
Depression Scale (HAMD-17) and <13 on Hypomania
Checklist-32 (HCL-32). Patients with GAD scored >14
on Hamilton Anxiety Scale (HAMA). Patients with PD
scored >7 on Panic Disorder Severity Scale (PDSS)."
Patients who were either first-episode or relapsed with
discontinuing antidepressant treatment for over two
weeks were enrolled.

We excluded patients with other mental disorders,
pregnancy or lactation, severe suicidal tendencies or harm
to others, severe or unstable physical illnesses, secondary
depressive and anxiety disorders due to endocrine dis-
ease, epilepsy, Parkinson’s disease, Huntington’s disease
and traumatic brain injury, participation in another trial,
or unwillingness or inability to complete this trial.
Moreover, patients who took less than 80% of the pre-
scribed medication were considered to have poor adher-
ence and excluded.

Patients who met any exclusion criteria, had intol-
erable ADRs, or requested to withdraw were withdrawn
from the study. Doctors from the PMEDA consortium
provided a final assessment and developed alternative
treatment plans. The study followed the Strengthening
the Reporting of Observational Studies in Epidemiology
(STROBE) reporting guideline.

Intervention and procedure

After baseline assessments and laboratory tests, patients
received paroxetine hydrochloride tablets (Seroxat, im-
mediate release formulation) at 10 mg/d monotherapy
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in the first week and 2040 mg/d after one week.
Adjunctive medicine that does not undergo CYP2D6
metabolism could be used if necessary. Doctors fol-
lowed up on patients at four and eight weeks,
including clinical scale assessments and laboratory
tests. Based on DrugBank V5.0 (https://go.drugbank.
com/),”” drugs that inhibit or increase the biosyn-
thesis or actions of the CYP2D6 enzyme, referred to as
CYP2D6-inhibiting or inducing drugs, were prohibited
for two-weeks before enrollment and during the study.
Physical therapy was restricted during the study.

Primary outcome measurement

The primary outcome was the steady-state concentration
(Css) of paroxetine in plasma. Blood samples were
collected from patients at the 4-week treatment endpoint,
ensuring stable daily dosing for at least ten days. Samples
were collected immediately before ingesting the morning
dose, 20-24 h after the last medication. The dose of
paroxetine at blood collection was recorded. Dried blood
spots of plasma and whole blood were made and trans-
ported to the centralized testing laboratory. We detected
paroxetine concentrations in plasma using liquid
chromatography-tandem mass spectrometry (LC-MS/
MS, AB5500, AB Sciex).'® The lower limit of quantitation
(LLOQ) for this method was 0.1 ng/ml, while the limit of
detection (LOD) was 2 ng/ml Detailed laboratory
methods are in Supplement 1.

Secondary outcome measurement

The secondary outcomes were paroxetine efficacy and
ADR status. Treatment efficacy was quantified as the
percentage improvement in symptom severity from
baseline at 4-week and 8-week follow-up endpoints.
Symptom severity was measured using different scales:
HAMD for patients with MDD, HAMA for those with
GAD, and PDSS for those with PD.”"* The formula for
percentage improvement is:

Percentage improvement = 100%

« Baseline Score — Follow up Score
Baseline Score

ADR was evaluated by the Treatment Emergent
Symptom Scale (TESS)* with laboratory tests. Patients
with ADR had at least one item on the TESS with a score
of more than two points, which indicated that ADR could
be directly observed in these patients, with some functional
impact. The patients felt uncomfortable due to the ADR,
but it did not seriously impact their lives (three points) or
severely affect their daily lives (four points). Efficacy and
ADR rater were blinded to the results of CYP2D6 meta-
bolic phenotype and paroxetine concentration.

CYP2D6 genotyping
Genomic DNA was extracted from dried blood spots
using the Mag-MK Blood Spot DNA Extraction Kit

(QIAGEN, Hilden, Germany). The rationale of CYP2D6
variant genotyping was based on previous pharmaco-
genomics studies’”? and tailored by excluding *2 and
*2A due to their lack of functional impact on CYP2D6
enzyme, and *9 due to its rarity in the Chinese
population.”** Meanwhile, we included *14A, which is
classified as a no function variant.”* Therefore, we gen-
otyped CYP2D6 *3, *4, *5, *6, *7, *8, *10, *11, *12,
*14A, *14B, *15, *17, and *41 alleles using a nucleotide
Matrix-Assisted Laser Desorption/Ionization-Time of
Flight Mass Spectrometry (MALDI-TOF MS) assay
(Shanghai Conlight Medical Laboratory Co., Ltd.).
Patients without the above variation were assumed to
carry CYP2D6*1.

We used the TagMan real-time qPCR reaction to
identify the copy number of the CYP2D6 gene. We used
an Applied Biosystems 7500 instrument (Thermo
Fisher, Waltham, USA) under the standard conditions:
50 °C for 2 min, 95 °C for 10 min, followed by 40 cycles
at 95 °C for 15s and 60 °C for 60s. The copy number of
CYP2D6 was calculated using AACt relative quantitative
method with CopyCaller V2.3.1 software (Thermo
Fisher, Waltham, USA).” Then, we combined the data
for zero and one copy of CYP2D6 as CYP2D6-CNV-
deletion and more than two copies as CYP2D6-CNV-
duplication. Two copies were in the subgroup without
CYP2DG-CNV. Detailed laboratory methods are in
Supplement 1.

Conversion from CYP2D6 genotype to phenotype
We identified alleles and CNVs for CYP2D6 gene using
the above molecular platforms, combined allele
sequencing and copy number results to assemble
haplotypes, and then empirically assigned diplotypes.
Each allele was assigned an AS value, and the final AS
was the sum of the individual values for each subject.
The CYP2D6 AS was used to infer CYP2D6 metabolizer
status according to the latest standard.” Patients were
categorized as UMs (AS >2.25), EMs (1.25 < AS <£2.25),
IMs (0 < AS<1.25), or PMs (AS = 0). We used numerical
(AS) and categorical (metabolizer status) variables to
assess the CYP2D6 metabolic phenotype, which reflects
CYP2D6 enzyme activity.

Statistics

To handle the missing data in our multivariable anal-
ysis, we employed a complete-case analysis approach.
Due to the skewed distribution of paroxetine Css, we
performed a natural log-transformation for further
parameter testing.”® In descriptive analysis, we per-
formed a one-way ANOVA to test for significance
among the CYP2D6 metabolizer statuses.

For the primary analysis, referred to as adjusted
model one, we employed multiple linear regression to
explore the independent effect of CYP2D6 metabolic
phenotype on paroxetine Css and efficacy, and multiple
logistic regression to investigate its independent effect
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on paroxetine ADR status, both controlling for pre-
defined covariates. Predefined covariates for paroxetine
Css are age, sex, BMI, smoking habit and drinking
habit, and predefined covariates for paroxetine efficacy
and ADR are age and sex.

For the post-hoc sensitivity analysis, referred to as
adjusted model two, we incorporated additional clinical
covariates that have been reported to be associated with
the outcome. Daily dose was included as covariates in
the analysis of paroxetine Css, efficacy, and ADR status,
since previous studies indicated its association with
these outcomes.”*' Current episode duration, baseline
symptom severity, and adjunctive medication status
were included as covariates in the analysis of paroxetine
efficacy.’"** Furthermore, first-episode or not was taken
into account in the analysis of paroxetine ADR status.”

Given that same measurement for paroxetine Css
and ADR status was performed across different disease
groups, data from three psychiatric disorders was com-
bined in their analysis. Since efficacy was measured by
different scales, we first conducted the linear regression
analysis for each disease group. Then the effect of the
CYP2D6 metabolic phenotype on paroxetine efficacy
across different disease groups was represented by
pooled standardized coefficients, calculated using
random-effect meta-analyses.

In the exploratory analysis, we flexibly modelled and
visualized the associations of CYP2D6 AS with paroxe-
tine Css and efficacy using restricted cubic spline (RCS)
linear regression, and the association between CYP2D6
AS and ADR status using RCS logistic regression,
implemented with R package “rms”. To balance best fit
and overfitting of splines, we selected the number of
knots (between three and seven) based on the lowest
Akaike information criterion,** and assessed nonline-
arity using the Wald test. Since the association of
CYP2D6 AS and ADR status appeared approximately
linear below and above the value of CYP2D6 AS asso-
ciated with the lowest ADR risk (corresponding to the
value with the lowest odds of developing ADR on the
spline curve*), we additionally used a multiple linear
model to calculate odds ratios per standard deviation
increase in CYP2D6 AS.* Covariates were the same as
those involved in the main analysis.

All statistical analyses were performed using R
software version 4.2.3, the significance level was set at a
two-side P-value of <0.05.

Therapeutic reference range

The TRR is defined as the range of paroxetine Css in
plasma associated with therapeutic outcome, with a
lower limit below which response is unlikely and an
upper limit above which tolerability decreases. Treat-
ment response was defined as a binary variable,
responder and non-responder. MDD patients with
>50% improvement in HAMD-17 from baseline at
follow-up to the end of follow-up period was defined as

www.thelancet.com Vol 104 June, 2024

responder, other was defined as non-responder.”
Similarly, GAD patients with >50% improvement in
HAMA was responder,’”® PD patients with >50%
improvement in PDSS was responder.”*® To estimate
the TRR, we conducted receiver operating characteristic
(ROC) analyses to identify the cut-off value that sepa-
rated responders from non-responders or patients with
or without ADR. We used the Youden index to deter-
mine the best cut-off value. To correspond the measured
time of paroxetine concentration and therapeutic
outcome, we used 4-weekend measurement to perform
ROC analysis. When we subset patients using the best
cut-off, and the subgroups have significantly different
response rates or ADR frequency, we suggest the cut-off
could be the limit of TRR.

Meta-analysis and dose adjustment

To validate and expand the findings in our cohort and
compute quantitative dose adjustments for paroxetine,
we followed the Preferred Reporting Items for System-
atic Reviews and Meta-Analyses (PRISMA) guidelines to
perform a systematic review and meta-analysis with our
cohort, registered at PROSPERO (CRD42023430543).
We searched PubMed, the Cochrane Library, Embase,
and the Web of Science databases using free text and
controlled terms to identify relevant literature. The
search strategy and selection criteria were listed in
Supplement 1 (Supplemental Methods and Table S1).
Two authors screened literature and extracted data,
conducting a quality assessment using strengthening
the Reporting of Genetic Association Studies (STREGA)
guidelines’” and Cochrane’s risk of bias tool.

Considering the influence of dose on Css, we used
the ratio of means (RoM) to compare paroxetine Css of
different CYP2D6 metabolizer statuses, which made it
possible to compare results from studies with different
doses.* To enrich pharmacokinetic parameters, we also
compared the area under the concentration-time curve
(AUC) and peak concentration (Cmax) among metabo-
lizer statuses. We conducted a random-effects meta-
analysis for studies with at least three participants in a
metabolizer status subgroup and assessed heterogeneity
using I* statistics. Pre-planned subgroup analyses
stratified by ethnicity were conducted. Potential bias was
evaluated using funnel plots since the number of
included studies was insufficient. Furthermore, we
determined the metabolizer status-related Css range by
combining Css of each metabolizer status from the
included studies. All analyses were conducted with
RevMan 5.4, and two-sided P-values <0.05 were
considered statistically significant.

Dose adjusted ratios were calculated according to
previous studies*** and Supplement 1 offers details on
the calculation process. This approach was based on
differences in pharmacokinetic data (i.e., Css, Cmax,
and AUC) between EMs and the other three metabo-
lizers. The pooled estimate of dose-adjusted ratios for
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paroxetine was computed as the mean of study that
exhibited statistically significant differences in pharma-

cokinetic data between EMs and other three
metabolizers.
Ethics

The study was approved by the ethics committee of the
Peking University Sixth Hospital and each participating
site. The reference number was 2020-LUNSHEN-49 and
approval date was September 15, 2020. This study was
registered at the Chinese Clinical Trial Registry
(ChiCTR2000038462). The patient enrollment period
was between March 2021 and April 2023 and informed
written consent was obtained for all included subjects in
accordance with the Declaration of Helsinki.

Role of funders

All funders had no role in the study design, data
collection, analysis, interpretation, decision to submit
the paper for publication, or report writing.

Results

In the PMEDA study, 1056 patients were enrolled. Of
these, 58 patients with poor adherence were excluded.
Before the 4-week follow-up, 154 (14.58%) dropped out.
The average follow-up time was 7.5 weeks. Among those
who met the withdrawal criteria, 80 patients without
prohibited treatment agreed to have blood samples
collected at termination (>10 days follow-up), including
four patients with intolerable ADR. Their paroxetine Css
and CYP2D6 genotype data were analysed. However,
since they discontinued the treatment before the
completion of the 4-week period, their efficacy and ADR
data for the 4-week and 8-week follow-up periods were
not available.

For the primary outcome, we combined data from
three psychiatric disorders, yielding a total of 921 pa-
tients that were available for the primary outcome
(Fig. 1). The four CYP2D6 metabolizer statuses were
comparable regarding baseline characteristics except for
drinking and smoking habits (Table 1), which were used
as covariates. The frequency of CYP2D6 diplotype, the
distribution of raw-form and log-transform paroxetine
Css are in Supplemental Figure S1. For the secondary
outcome, we analysed data from 841 patients at the
4-week follow-up. Of these, 805 also had available data at
the 8-week follow-up (Fig. 1). Efficacy data was shown in
Table 2.

CYP2D6 metabolic phenotype and paroxetine Css in
the PMEDA study

We began by examining the effect of CYP2D6 metabo-
lizer status on paroxetine Css (Table 3). In the primary
analysis (adjusted model one), after adjusting for age,
sex, smoking habit, drinking habit and BMI, we found
that the paroxetine Css of PMs, IMs, and UMs were

2.50, 1.12, and 0.39 times that of EMs, respectively, with
PM and UM effects being statistically significant
(multiple linear regression, exponentiated § = 2.50, 95%
CI: 1.08-5.76, P = 0.03; exponentiated f = 0.39, 95%
CI: 0.15-0.97, P = 0.04, respectively).

In the post-hoc sensitivity analysis (adjusted model
two), further adjustments for daily dose yielded similar
results, with a significant effect remaining for PMs
(exponentiated f = 2.40, 95% CI: 1.09-5.29, P = 0.03),
and when we add interaction terms (IM*sex, PM*sex,
UM*sex) in the model, we found significant interaction
between sex and IM on paroxetine Css (t = 2.13,
P =0.03).

Stratified analysis revealed sex differences in the
association between metabolizer status and paroxetine
Css (Table 3). In female patients, after adjusting the
same demographic covariates, the paroxetine Css of
PMs, IMs, and UMs were 2.14, 1.23, and 0.24 times that
of EMs, respectively, with IM and UM effects remaining
significant (exponentiated f = 1.23, 95% CI: 1.05-1.45,
P = 0.01; exponentiated f = 0.24, 95% CI: 0.08-0.80,
P = 0.02, respectively). Similar results were found even
after additionally adjusting daily dose. However, no
significant association was observed in males in our
predefined model and after additionally adjusting for
daily dose.

Lastly, we explored the effect of CYP2D6 AS on
paroxetine Css (Table 3). In our predefined model, after
adjusting for the same demographic covariates, a
marginally statistically significant negative effect of AS
on paroxetine Css was observed (exponentiated § = 0.90,
95% CI: 0.81-0.999, P = 0.048), which was not signifi-
cant when further adjusting for daily dose. A significant
interaction was found between sex and AS on paroxetine
Css after adjusting the same demographic covariates
and daily dose (t = -3.01, P = 0.003), with a strong
negative association in females (exponentiated $ = 0.83,
95% CI: 0.73-0.93, P = 0.002) but not in males (expo-
nentiated § = 1.17, 95% CI: 0.96-1.43, P = 0.12). No
non-linear relationship was observed between paroxe-
tine Css and AS, supporting the use of linear models
(Supplemental Figure S2).

CYP2D6 metabolic phenotype and paroxetine
efficacy in the PMEDA study

At the 4-week treatment endpoint (Supplementary
Table S2), we observed a trend of lower percentage
improvement in symptom severity for UMs compared
to EMs in the MDD group, after adjusting for pre-
defined demographic covariates (age and sex), which
was not statistically significant (multiple linear regres-
sion, standardized g = -0.93, SE = 0.50, P = 0.07).
However, in post-hoc analysis, when further adjusting
for current episode duration, baseline symptom severity,
daily dose, and adjunctive medication status, the effect
of UM became marginally statistically significant (stan-
dardized f = —0.98, SE = 0.50, P = 0.049). As for GAD
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1106 Patients assessed for eligibility

50 Patients Excluded
8 Not meeting inclusion criteria
6 HAMD-17 score < 17

2 PDSS score <7

713 Major Depressive Disorder

l

42 Declined to participate

1056 Enrolled

82 Panic Disorder

!

261 General Anxiety Disorder

l

Week 4
572 Completed assessments
39 Poor treatment adherence
1 Unable to be reached

101 Dropped out
23 Newly meeting excluded criteria
10 Experienced intolerable adverse reaction
11 Loss to follow-up
23 Withdrew informed consent
31 Meeting other withdrawal criteria

3 Used prohibited treatment

Week 4

67 Completed assessments
6 Poor treatment adherence
1 Unable to be reached
8 Dropped out
2 Loss to follow-up
5 Withdrew informed consent
1 Meeting other withdrawal criteria

Week 4
202 Completed assessments
13 Poor treatment adherence
1 Unable to be reached
45 Dropped out
1 Newly meeting excluded criteria
4 Experienced intolerable adverse reaction
6 Loss to follow-up
18 Withdrew from research
9 Meeting other withdrawal criteria
7 Used prohibited treatment

l

l

l

Week 8
550 Completed assessments
23 Dropped out
2 Experienced intolerable adverse reaction
11 Loss to follow-up
10 Withdrew informed consent

Week 8
63 Completed assessments
5 Dropped out
5 Withdrew informed consent

Week 8
192 Completed assessments
11 Dropped out
9 Loss to follow-up
1 Withdrew informed consent
1 Meeting other termination criteria

|

l

l

61 Dropouts with collected paroxetine Css

5 Dropouts with collected paroxetine Css ‘ ’

14 Dropouts with collected paroxetine Css

|

l

l

633 Included in the analyses
paroxetine Css: 633

72 Included in the analyses
paroxetine Css: 72
paroxetine treatment outcome: 67

216 Included in the analyses
paroxetine Css: 216

paroxetine treatment outcome: 572

paroxetine treatment outcome: 202

Fig. 1: Flow chart of the prospective cohort study from the precision medicine to enhance depression and anxiety outcome (PMEDA)

consortium.

and PD groups, the effect of metabolizer status on the
percentage improvement in symptom severity was not
significant in our predefined model and post-hoc
analysis.

At the 8-week treatment endpoint (Supplementary
Table S2), no significant association was found be-
tween CYP2D6 metabolizer status and the percentage
improvement in symptom severity across all disease
groups. The pooled standardized coefficients of
CYP2D6 metabolizer status across different disease
groups are presented in the Supplemental Table S3.

Regarding the AS, we found no significant associa-
tion between AS and the percentage improvement in
symptom severity in multiple linear regression
(Supplementary ~ Table S2) and RCS analysis
(Supplemental Figure S2).
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CYP2D6 metabolic phenotype and paroxetine ADR
in the PMEDA study
When applied multiple logistic regression model and
adjusted predefined covariates (sex, age) and additional
clinical covariates (first-episode status, daily dose), we
found a negative association between the AS and the
risk of developing ADR (Supplementary Table S4).
Interestingly, our exploratory analysis revealed a ‘U-
shaped’ relationship between AS and ADR status
(Fig. 2a), which was observed in the RCS logistic
regression analysis without covariates. In this analysis,
ADR status served as the dependent variable, while AS
was the independent variable. The reference point was
set at the median value of AS, with three knots placed at
the 10th, 50th, and 90th percentiles of AS. Conse-
quently, the value of AS associated with the lowest ADR
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PM IM EM UM Test statistic
(N = 6) (N =379) (N = 531) (N =5)
Age, year, mean (sd) 41.8 (19.2) 40.9 (15.5) 41.8 (153) 34.4 (14.0) F917 = 0.63, P = 0.59°
Female, n (%) 4 (66.7) 254 (67.0) 380 (71.6) 3 (60.0) X3 =240, P = 0.49°
Weight, kg, mean (sd) 64.5 (7.1) 62.0 (9.5) 61.6 (8.7) 56.6 (3.8) F3910 = 0.89, P = 0.45"
BMI, kg/m?, mean (sd) 229 (2.1) 22.5 (3.0) 22.4 (2.8) 20.6 (2.1) F3910 = 0.80, P = 0.49%
Marriage, n (%) X; =637, P=070"
Married 4 (66.7%) 252 (67.0%) 378 (71.7%) 2 (40.0%)
Unmarried 2 (33.3%) 111 (29.5%) 8 (24.3%) 3 (60.0%)
Divorced/separated 0 (0.0%) 7 (1.9%) 11 (2.1%) 0 (0.0%)
Widowed 0 (0.0%) 6 (1.6%) 0 (1.9%) 0 (0.0%)
Smoker, n (%) 1 (16.7%) (8 8%) (6 6%) 2 (40.0%) X3 =938, P =002
Drinker, n (%) 0 (0.0%) 0 (10.6%) 41 (7.8%) 2 (40.0%) X; = 857, P = 0.04"
Have family history of psychiatric condition (%) 1 (16.7%) (6 9%) 0 (5.7%) 0 (0.0%) X3 =201, P = 0.57°
First-episode, n (%) 4 (66.7%) 243 (64.8%) 329 (62.7%) 4 (80.0%) X§ =1.04, P = 079"
Age of first-episode, year, mean (sd) 38.5 (17.1) 37.8 (14.6) 38 2 (13.9) 25.0 (19.0) F3g04 = 1.18, P = 0.32%
Current episode duration, month, median (IQR) 1.5 (1.75) 0 (1.0) 0 (1.0) 1.0 (1.0) X§ =458, P =021
Drug naive, n (%) 4 (66.7%) 242 (64.4%) 354 (67.0%) 5 (100.0%) =328, P=035"
Paroxetine daily dose, mg/d, mean (sd) 233 (5.2) 22.8 (6.6) 227 (6.7) 20.0 (0.0) F3917 = 0.32, P = 0.81°
Receiving adjunctive medicine, n (%) 3 (50.0%) 267 (70.4%) 394 (74.2%) 3 (60.0%) X§ =348, P=032"
Baseline HAMD score®, mean (sd) 26.3 (9.5) 22.8 (5.1) 23.7 (5.6) 215 (4.1) F3629 = 1.83, P = 0.14"
Baseline HAMA score®, mean (sd) 18.7 (5.0) 23.2 (6.0) 23.6 (6.0) 17.0 (NA) F3209 = 1.05, P = 0.37%
Baseline PDSS score', mean (sd) NA 15.1 (3.3) 15 6 (4.2) NA F3eg = 0.29, P = 0.59%
CYP2D6 activity score, mean (sd) 0.0 (0.0) 6 (0.2) 5(0.3) 43 (2.9) F3917 = 634.08, P < 0.01"
CYP2D6 CNV, n (%) X2 = 566.90, P < 0.01°
None 2 (33:3%) 252 (66.5%) 524 (98.7%) 0 (0.0%)
Deletion 4 (66.7%) 6 (33.2%) 0 (0.0%) 0 (0.0%)
Duplication 0 (0.0%) 1 (0.3%) 7 (1.3%) 5 (100.0%)
4-week paroxetine Css, ng/ml, geometric mean (95% Cl) 2.5 (38.5-177.0) 37.4 (33.8-41.4) 34.4 (31.3-37.7) 12.4 (3.32-46.2) =9.69, P = 0.02°
4-weekend TESS score, mean (sd) 2.8 (2.8) 9 (3.0) 7 (2.6) 6 (3.0) F3g01 = 1.35, P = 0.26%
8-weekend TESS score, mean (sd) 0.8 (1.0) 8 (2.1) 7 (2.0) 0 (2.0) F3795 = 0.18, P = 0.91°
Incidence of ADR, n (%) 1 (16.7%) 5 (10.7%) 3 (7.1%) 0 (0.0%) X§ =420, P = 024"
2ANOVA Test. °Chi-square Test. Kruska-Wallis Test. “Measured in the patients with major depressive disorder. “Measured in the patients with general anxiety disorder. ‘Measured in the patients with panic disorder.
Note: N is the number of non-missing values. Abbreviation: UM, ultrarapid metabolizer; EM, extensive metabolizer; IM, intermediate metabolizer, PM, poor metabolizer; HAMD, 17-item Hamilton Depression Scale;
HAMA, Hamilton Anxiety Scale; PDSS, Panic Disorder Severity Scale; Css, steady-state concentration; TESS, Treatment Emergent Symptom Scale; ADR, adverse drug reaction.
Table 1: Demographic and clinical characteristics of the prospective cohort.

risk was 1.63, which corresponded to the value with the
lowest odds of developing ADR on the spline curve
(Fig. 2a). The association between AS and ADR status
appeared to be approximately linear below and above an
AS of 1.63.

Therefore, we additionally employed a multiple
linear model to calculate odds ratios per standard devi-
ation increase in AS, separately within subgroups with

MDD GAD PD

Percentage improvement in symptom
severity at 4-week, %, mean (sd)
Responder at 4-week, n (%)
Percentage improvement in symptom

severity at 8-week, %

Responder at 8-week, n (%)

Note: Data presents in mean (sd) or sample size (frequency). MDD, major depressive disorder; GAD, general
anxiety disorder; PD, panic disorder.

50.9 (14.4) 45.4 (18.5) 45.6 (17.0)

350 (61.2%)
727 (18.1)

82 (40.6%)
71.9 (21.1)

24 (35.8%)
70.9 (123)
487 (88.5%)

173 (90.1%) 60 (95.2%)

Table 2: Paroxetine treatment efficacy of patients in the PMEDA study.

AS below or above 1.63 (Fig. 2b). Among patients with
an AS less than 1.63, the risk of ADR increased by 127%
for every unit decrease in AS (crude OR = 0.38, 95%
CI: 0.20-0.74, P = 0.005). The independent effect size of
AS remained consistent after adjusting for age and sex,
and even after additionally adjusting for first-episode
status and daily dose, as depicted in Fig. 2b. However,
we found no significant association among patients with
an AS of 1.63 or higher in both crude and adjusted
models, which had wide confidence intervals.

CYP2D6-CNV associated with paroxetine treatment
outcome in the PMEDA study
In the PMEDA study, four patients (0.43%) had zero
copies of the CYP2D6 gene, 126 (13.68%) had one copy
deletion of the CYP2D6 gene, and 13 (1.41%) carried at
least one copy duplication of the CYP2D6 gene. Overall,
CYP2D6-CNV accounts for 19.1% of the variance in AS.
After adjusting for age, sex, smoking status, drinking
status and BMI, the paroxetine Css of CYP2D6-CNV-
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Unadjusted model

Adjusted model one®

Adjusted model two”

Exponentiated f P Exponentiated P Exponentiated P
(95% Cly (95% Cl) (95% Cl)
Whole sample
CYP2D6 PM 2.40 (1.03, 5.59) 0.04 2.50 (1.08, 5.76) 0.03 2.40 (1.09, 5.29) 0.03
CYP2D6 IM 1.09 (0.95, 1.25) 0.23 1.12 (0.98, 1.28) 0.11 112 (0.98, 1.27) 0.10
CYP2D6 UM 0.36 (0.14, 0.91) 0.03 0.39 (0.15, 0.97) 0.04 0.43 (0.18, 1.02) 0.06
Activity score 0.91 (0.82, 1.02) 0.10 0.90 (0.81, 0.999) 0.048 0.91 (0.82, 1.01) 0.07
Female
CYP2D6 PM 2.07 (0.75, 5.68) 0.16 2.14 (0.78, 5.89) 0.14 1.85 (0.72, 4.78) 0.21
CYP2D6 IM 1.23 (1.05, 1.45) 0.01 1.23 (1.05, 1.45) 0.01 1.23 (1.06, 1.44) 0.01
CYP2D6 UM 0.25 (0.08, 0.79) 0.02 0.24 (0.08, 0.80) 0.02 0.30 (0.10, 0.90) 0.03
Activity score 0.82 (0.72, 0.93) 0.002 0.82 (0.72, 0.93) 0.002 0.83 (0.73, 0.93) 0.002
Male
CYP2D6 PM 3.32 (0.76, 14.61) 0.11 3.70 (0.84, 16.22) 0.08 4.00 (0.96, 16.59) 0.06
CYP2D6 IM 0.87 (0.68, 1.12) 0.28 0.89 (0.70, 1.15) 038 0.90 (0.71, 1.14) 038
CYP2D6 UM 0.68 (0.16, 3.00) 0.61 0.79 (0.18, 3.45) 0.75 0.83 (0.20, 3.45) 0.80
Activity score 1.18 (0.96, 1.45) 0.12 1.15 (0.94, 1.42) 0.18 1.17 (0.96, 1.43) 0.12

Sex, age, body mass index, smoking and drinking habit were used as covariates. bSex, age, body mass index, smoking and drinking habit, and paroxetine daily dose were
used as covariates. Note: For CYP2D6 metabolizer status, 3 represents the effect size of each CYP2D6 metabolizer status compared to CYP2D6 EMs. For the CYP2D6 activity
score, /3 represents the outcome change for each additional activity score unit. Css, steady state concentration; UM, ultrarapid metabolizer; EM, extensive metabolizer; IM,
intermediate metabolizer, PM, poor metabolizer.

Table 3: The impact of CYP2D6 metabolic phenotype on log-transformed steady-state concentration.

a
8
In AS < 1.63
OR per SD =0.38
74 (95% ClI: 0.20 to 0.74)
P =0.005
6_

Adverse Drug Reaction Odds Ratio (95%Cl)

P for nonlinear test = 0.05

b

In patients with AS < 1.63

Model P
Crude 0.005
Adjusted One 0.006

Adjusted Two 0.005
In patients with AS 2 1.63

Model P
Crude 0.76

Adjusted One 0.75

-

.

©

P-level O ns. @ =

OR (95% Cl)

0.38 (0.20, 0.74)

0.39 (0.20, 0.76)

0.38 (0.19, 0.75)

OR (95% Cl)

0.57 (0.02, 21.72)

0.52 (0.01, 28.81)

Adjusted Two 0.73 ———O—————— 0.49(0.01, 31.26)

Fig. 2: Association of CYP2D6 Activity score and incidence of Adverse Drug Reaction (ADR) of Paroxetine. Panel a displays the restricted cubic
spline curves of the CYP2D6 activity score and paroxetine ADR. For ease of presentation, the reference point is set at the activity score value
associated with the lowest ADR risk, with three knots positioned at the 10th, 50th, and 90th percentiles. The odds ratios, represented by solid
lines, are crude, and the 95% confidence intervals are indicated by shaded areas. Panel b shows multiple linear models which calculate odds
ratios of developing ADR per standard deviation increase in activity score, separately within subgroups with activity score below or above 1.63.
Adjustments were made for sex and age in adjusted model one, and for sex, age, first-episode status, and daily dose in adjusted model two.
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deletion carrier and CYP2D6-CNV-duplication carrier
were 1.53 and 0.64 times that of CYP2D6-CNV non-
carriers (multiple linear regression, exponentiated
B =1.53, 95% CI: 1.26-1.85, P < 0.001; exponentiated
B = 0.64, 95% CI: 0.36-1.12, P = 0.12, respectively),
which were consistent in the sensitivity analysis
(Supplementary Table S5). Stratified analysis revealed
no sex difference in the association between CYP2D6-
CNV-deletion and paroxetine (Supplementary Table S5).
However, CYP2D6-CNV-duplication was only associated
with lower paroxetine Css in the unadjusted model of
the female subgroup (exponentiated f = 0.52, 95% CI:
0.27-0.98, P = 0.04), but this association became non-
significant in adjusted models one and two (expo-
nentiated f = 0.53, 95% CI: 0.28-0.999, P = 0.05;
exponentiated g = 0.61, 95% CI: 0.34-1.12, P = 0.11,
respectively).

Regarding efficacy, we calculated the standardized
coefficients of CYP2D6-CNV for each disease group,
adjusting for age, sex, current episode duration, baseline
symptom severity, daily dose, and adjunctive medication
status (Supplementary Table S2), which resulted in no
significant association in single disease group. Howev-
er, pooled analysis showed that CYP2D6-CNV-deletion
carriers had significantly greater symptom improve-
ment after 8-week paroxetine treatment compared to
non-carriers (pooled standardized f = 0.21, 95% CI:
0.01-0.41, P = 0.04, I* < 0.01).

No significant association was observed between
CYP2DG6-CNV and ADRs (Supplementary Table S4).

Therapeutic reference range for paroxetine in the
PMEDA study
In the entire study population, ROC analysis revealed that
the best cut-off to distinguish responders from non-
responders was 91.4 ng/ml, the upper limit of paroxe-
tine Css for achieving treatment response. Then,
31.95 ng/ml was the second cut-off, which was the low
limit and identified among patients with Css below the
upper limits. After adjusting sex and age, patients with
Css within 31.95-91.4 ng/ml had a significantly higher
responder frequency (OR = 1.47, 95% CI: 1.11-1.95,
P = 0.01) compared to those with Css levels outside of
this range. Furthermore, ROC analysis showed that the
best cut-off to distinguish patients with ADR and without
ADR was 79.65 ng/ml, and patients with Css below it had
a significantly lower ADR frequency after adjusting sex
and age (OR = 0.44, 95% CI: 0.26-0.76, P = 0.003).
Therefore, paroxetine Css from 31.95 to 79.65 ng/ml was
determined as the TRR for patients with depressive or
anxiety disorders (Fig. 3a, Supplemental Figure S3).
Compared to patients without TRR, patients within TRR
had higher responder frequency (Fig. 3b) and lower ADR
frequency (Fig. 3c).

In patients with MDD, we performed the same ROC
analysis, which revealed that patients with Css within
31.55-97.6 ng/ml had a significantly higher responder

frequency after adjusting sex and age (OR = 1.74, 95%
CI: 1.22-2.49, P = 0.002) compared to those with Css
levels outside of this range. Furthermore, the best cutoff
to distinguish patients with ADR and without ADR was
52.5 ng/ml, and patients with Css below it had a
significantly lower ADR frequency after adjusting sex
and age (OR = 0.38, 95% CI: 0.19-0.72, P = 0.004).
Therefore, paroxetine Css from 31.55 to 52.5 ng/ml was
determined as the TRR for patients with MDD (Fig. 3d,
Supplemental Figure S3). Compared to patients without
TRR, patients within TRR had higher responder
frequency (Fig. 3e) and lower ADR frequency (Fig. 3f).

Cross-ethnic meta-analysis on CYP2D6 metabolic
phenotype and paroxetine exposure

We screened 6187 eligible published articles and
included 11 studies that met the criteria (Supplemental
Figure S4). Supplemental Tables S6 and S7 list the basic
information and quality evaluation results of each study.
We inferred the CYP2D6 metabolizer status for all
studies using the AS-inferred standard. Along with our
prospective cohort, the final meta-analysis included
12 studies with 1570 participants.

The meta-analysis replicated and extrapolated our
findings in the PMEDA study (Supplemental Table S8
and Figures S5 and S6). We found that PMs had 2.46
times more Css than EMs (RoM = 2.46; 95% CI:
1.24-4.89, n = 2, P = 0.01). Furthermore, IMs had 2.89
times more AUC and 2.76 times more Cmax than those
of EMs (AUC: RoM = 2.89, 95% CI: 1.54-5.44, n = 4,
P =0.001; Cmax: RoM = 2.76, 95% CI: 1.49-5.12, n = 3,
P =0.001). In the subgroup analysis, we noticed a trend
that IMs had higher Css than EMs, which was signifi-
cant among non-East-Asian population but not East
Asian population (RoM =1.36, 95% CI: 1.02-1.82,n = 3,
P=0.04; RoM =1.48; 95% CI: 0.56-3.94,n =2, P=0.43,
respectively). This suggests that the comparison
between IMs and EMs of Css may vary by ethnicity.

Sub-combinations for data under different paroxe-
tine doses (Supplemental Figure S7) indicate that the
weighted-average paroxetine Css for IMs was 48.93 ng/ml
(95% CI: 30.62-67.23) and for EMs is 41.82 ng/ml (95%
CI: 23.86-59.78) when the dose range is 10-60 mg/d. The
funnel plot of included studies was essentially symmet-
rical (Supplemental Figure S8).

Dose adjustment of paroxetine

Based on paroxetine Css differences among CYP2D6
metabolizer statuses, we calculated dose-adjusted ratios
of paroxetine for Chinese Han patients with depressive
or anxiety disorders (Fig. 4a). The results suggested that
PMs, IMs, EMs, and UMs should receive approximately
59%, 103%, 101%, and 364% of the manufacturer’s
recommended dose, respectively. For female PMs, IMs,
EMs, and UMs, the dose adjustment ratio was 69%,
98%, 104%, and 479%, respectively. For male PMs, IMs,
EMs, and UMs, the dose adjustment ratio was 40%,
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Fig. 3: Therapeutic reference range for patients with depressive and anxiety disorder in Chinese Han population. Abbreviation: ADR, adverse drug
reaction. The histograms illustrate the distribution of paroxetine steady-state concentration (raw form) in the entire sample (Panel a) and the major
depressive disorder (MDD) subgroup (Panel d), respectively. Black dashed line represents the boundary of the therapeutic reference range. Steady-
state concentrations of paroxetine within the range are categorized as the “recommend category”, while those out of the range are classified as the
“non-recommend category”. Panels b and e depict the proportion of patients identified as responders in the entire sample and the MDD subgroup,
respectively. The numbers on the columns represent the responder frequencies of corresponding groups. Panels ¢ and f present bar charts of ADR
frequencies for the entire sample and the MDD subgroup, respectively. The numbers on the columns represent the ADR frequencies of corre-
sponding groups. The presented odds ratios, calculated using multivariable logistic regression and adjusted for age and sex, represent the odds of
being a responder or developing an ADR in the recommended category compared to the non-recommended category.

114%, 94%, and 225%, respectively. We advise
cautiously adjusting dose for PMs due to the relatively
wide confidence interval observed in our multiple linear
regression analysis. As for male IMs and male UMs, we
do not recommend dose adjustment, since our multiple
linear regression analysis did not reveal a significant
difference between these metabolizer statuses and EM
in male patients.

Given that integrating evidence from multiple sour-
ces can improve proposing dose adjustment, we
conducted pooled analyses to calculate quantitative dose-
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adjusted ratios using data from the studies included in
our meta-analysis, which based on differences in the
paroxetine pharmacokinetic parameters (i.e., Cmax,
AUC, and Css) across metabolizer statuses (Fig. 4b,
Supplemental Table S9). Briefly, pooled analyses sug-
gested that for East Asian population, PMs, IMs, EMs,
and UMs were recommended to receive approximately
35%, 40%, 143%, and 241% of the manufacturer’s rec-
ommended dose. For non-East-Asian population, the
recommended dose adjustment for PMs, IMs, EMs, and
UMs were 62%, 68%, 131%, and 159% of the

11
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Fig. 4: Dose adjustments based on difference in pharmacokinetic parameters of paroxetine across CYP2D6 metabolizer statuses. Abbreviation:
UM, ultrarapid metabolizer; EM, extensive metabolizer; IM, intermediate metabolizer; PM, poor metabolizer. The average dose (DAv) recom-
mended by the manufacturer was considered the pragmatic results of large-scale studies performed within genetically mixed populations
consisting of CYP2D6 PMs, IMs, EMs, and UMs. Dose-adjusted ratios for CYP2D6 PMs, IMs, EMs, and UMs were estimated based on differences
in paroxetine pharmacokinetic parameters (i.e., peak concentration, area under the concentration-time curve, and concentration at steady state)
among different CYP2D6 metabolizer statuses. The figure shows the specific values of dose-adjusted ratio, with DAv equal to 100%. Panel a
displays the dose-adjusted ratios for the sex subgroup of Chinese Han patients, and panel b shows the dose-adjusted ratios for Chinese Han

patients, East Asian population, and non-East-Asian population.

manufacturer’s recommended  dose,
(Supplemental Table S10).

respectively

Discussion

This study presents several key findings: (1) The
CYP2D6 metabolic phenotype was associated with
paroxetine exposure, efficacy, and adverse reaction, with
sex and ethnicity exerting influences. These findings
highlight the significance of considering the CYP2D6
metabolic phenotype in paroxetine treatment. (2)
CYP2D6-CNV-deletion carriers had significantly greater
symptom improvement after 8-week paroxetine treat-
ment compared to non-carriers. (3) The paroxetine TRR
was found to be 31.95-79.65 ng/ml for depressive or
anxiety disorder, and 31.55-52.5 ng/ml for major
depressive disorder. (4) Compared to non-East-Asian
population, we recommend larger dose adjustments
for different CYP2D6 metabolizer statuses in East
Asians and cautious adjustments for Chinese Han male
patients.

We found that sex modulates the effects of CYP2D6
metabolic phenotype and CYP2D6-CNV on paroxetine
Css. Females with increased CYP2D6 enzyme activity
(due to CYP2D6 gene duplication or being UMs) had a
more pronounced difference in paroxetine Css from
those with normal activity (CYP2D6-CNV non-carrier or
being EMs) than males. Therefore, these findings
underscore the necessity of integrating sex and CYP2D6
metabolizer status in paroxetine dosing. While we

acknowledge that these observed sex differences may be
influenced by various factors such as the reduced
statistical power when splitting the dataset by sex, sex
differences in the pharmacodynamics of paroxetine
(higher CYP2D6 enzyme activity in females*), and
inherent sex difference in other factors that affect
plasma drug levels (body weight and fat distribution,
blood volume, and renal excretion rates*’). However, it
does not diminish the importance of considering both
sex and CYP2D6 metabolizer status in paroxetine
dosing.”

In the MDD group, we observed a trend of lower
symptom improvement in UMs compared to EMs,
which was marginally significant after adjusting for
demographic and clinical covariates. However, the
scarcity of UMs in the GAD and PD groups limits our
ability to extend this analysis to anxiety disorders.
Regarding the entire study population, CYP2D6-CNV
deletion carriers showed significantly greater symptom
improvement after 8-week paroxetine treatment
compared to non-carriers. Despite potential heteroge-
neity introduced by assessing efficacy using various
scales for different diagnoses and pooling standardized
coefficients, our results showed minimal heterogeneity,
suggesting it did not significantly impact our findings.
Our findings enhance the understanding of the impact
of CYP2DG6-CNV on paroxetine efficacy. This extends
the previously studied effect of CYP2D6-CNV deletion,
which leads to higher paroxetine exposure.'
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Interestingly, the relationship between the CYP2D6
AS and ADRs exhibited a non-linear pattern. In patients
with lower AS (i.e., AS <1.63: including PMs, IMs, and
some EMs), AS was negatively correlated with ADRs.
However, in patients with higher AS (i.e., AS >1.63:
including UMs and some EMs), the association was not
significant and with wide confidence interval, which
indicated a large level of variation. These results were
consistent with a previous study that reported that
patients experiencing ADRs did not include UMs, but
included PMs.*

The paroxetine TRR in this study, determined using
dried blood spot measurements, enhanced improving
treatment outcome of paroxetine, as we considered both
paroxetine efficacy and ADR, and included subjects who
withdrew to provide more comprehensive and clinically
significant data. The TRR is similar to a previous
guideline that recommended 20-65 ng/ml for paroxe-
tine concentration based only on treatment efficacy
data.® Moreover, the TRR is supported by the pharma-
cological mechanism of paroxetine. When the blood
concentration of paroxetine reached 30 ng/ml, the
occupancy rate of the 5-HT transporter reached 85% and
could cause therapeutic effect. Furthermore, when the
concentration increases to 80 ng/ml, the occupancy rate
of the 5-HT transporter stabilized at around 90%.* For
future studies, a preferable design would be a double-
blind, randomized controlled trial, where patients are
treated with doses that result in the predefined TRR.*

Along with findings in the PMEDA study, our cross-
ethnic meta-analysis suggested that higher paroxetine
exposure among PMs or IMs than EMs consistent with
the previous meta-analysis,” and align with the associ-
ations catalogued by the U.S. Food and Drug Adminis-
tration (FDA), which indicated the CYP2D6 metabolizer
status may alter systemic concentration of paroxetine.
Furthermore, these findings support implementing
precision dosing based on CYP2D6 metabolic pheno-
type, as the CPIC guideline suggested.” Nevertheless,
our analysis of a large sample size challenges the
conclusion of the latest DPWG guideline, which was
based on studies with a small sample size and indicated
that the influence of CYP2D6 metabolizer status on
pharmacokinetic parameters may lack clinical signifi-
cance.”” Our discovery underscores the need for addi-
tional research and validation.

Notably, our meta-analysis suggested that ethnicity
influenced the comparison between IMs and EMs. In
particular, IMs had a significantly higher paroxetine Css
than EMs only among non-East-Asian populations.
Whereas significant differences in AUC and Cmax were
found between IMs and EMs only among East Asian
populations. These findings underscore the importance
of ethnicity in paroxetine metabolism and highlight the
risk of directly applying guidelines based on findings
from other ethnicities to East Asians. Consequently, we
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provided dose recommendations tailored to various
CYP2D6 metabolizer statuses and ethnicities.

While a previous systematic review suggested a 49%
and 19% reduction in paroxetine dose for PMs and IMs,
respectively, and a 69% increase for UMs,* our meta-
analytic data indicated a more nuanced approach. For
the non-East-Asian population, we recommend a 38%
and 32% reduction in paroxetine dose for PMs and IMs,
respectively, and a 59% increase for UMs. For East Asian
population, we propose a 65% reduction in the recom-
mended dose for PMs and a 60% reduction for IMs,
while suggesting an increase of 141% for UMs. This
approach emphasizes the necessity of careful monitoring
and individualized dosing of paroxetine for East Asian
population. Notably, we assumed a linear relationship
between relative adjustments and changes in pharmaco-
kinetic parameters across metabolizer statuses, which is
specific to the doses in the meta-analysis due to parox-
etine’s non-linear pharmacokinetics.”” Our recommen-
dations for UMs in the non-Chinese population were
extrapolated, and sex-specific dose recommendations
were not provided due to the lack of sex-subgroup results
in the included studies. Currently, paroxetine is available
in tablet form, and the range of dosages may not allow for
precise dose adjustment based on CYP2D6 metabolizer
status. This presents an exciting opportunity for future
pharmaceutical research and development. We anticipate
the creation of new formulations or dosage regimens that
can cater to the needs of patients with different CYP2D6
metabolizer statuses. Such advancements could signifi-
cantly enhance the efficacy and safety of paroxetine
pharmacotherapy.

Our study has several strengths and clinical impli-
cations. To our knowledge, this is the largest prospective
cohort study to develop precision dosing of paroxetine
for patients with depressive or anxiety disorders to date.
First, the PMEDA study had a rigorous scientific design
to avoid potential confounders. The enrolled patients
were either drug-naive or with a 2-week washout period
before enrollment. This increased the validity of our
findings. Second, we determined the TRR for
paroxetine-treated patients by considering efficacy and
ADRs, which could help clinicians monitor paroxetine
treatment. Third, we predicted the CYP2D6 metabolizer
status using the latest AS-inferred standard, influenced
by CYP2D6-CNV, and expected to be more accurate and
reliable than the traditional standard. We also found that
CYP2D6-CNV-deletion was associated with paroxetine
exposure and efficacy, suggesting that the CNV test
should be included in clinical CYP2D6 genotyping.
Fourth, we explored how ethnicity and sex modulate the
effect of CYP2D6 metabolizer status on paroxetine
exposure. This is important for precision medicine, as
different populations may respond differently to parox-
etine and require different doses. Finally, we performed
a meta-analysis of 12 studies with 1570 participants. The
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pooled analyses provided dose recommendations for
different CYP2D6 metabolizer statuses, which could
help clinicians optimize the paroxetine dosage for
appropriate drug exposure. Based on these strengths
and implications, our study provides valuable insights
into precision dosing of paroxetine.

Caveats and limitations

We acknowledge limitations of our study. Firstly, there
may be uncertainties in inferring the CYP2D6 metabolic
phenotype, as CYP2D6 gene has many rare variants*
and we did not detect all CYP2D6 variants. Enzyme
function may be overestimated in some patients who
have rare variants that would render them IMs or PMs.
Specially, without CYP2DG6*2 (AS = 1), *9 (AS = 0.5),
*29(AS = 0.5) detection, our testing had a slightly lower
capacity to detect known non-wild-type CYP2D6 varia-
tions than the Association of Molecular Pathology
(AMP) recommendation (Supplemental Method).
However, <0.1% of patients of East Asian ancestry carry
*9 and *29. Therefore, practically, due to the low prev-
alence of these variants or lack of functional impact on
CYP2D6 enzyme activity (*2), we still could reliably
predict phenotypes. We advise future studies to follow
the AMP recommendations. Secondly, despite our large
sample size, the limited numbers of UMs, PMs, and
studies included in the meta-analysis may have hin-
dered our ability to detect significant associations. Our
findings may not be fully generalizable as some patients
did not consent to measure paroxetine Css after expe-
riencing intolerable adverse reactions. Our secondary
findings are preliminary due to unadjusted multiple
testing, and may not extend to treatment-resistant
depression given our study’s relatively high response
rate. Future studies are needed to confirm our findings,
and they should be applied clinically with caution.
Finally, several factors can influence paroxetine
concentration. We have adjusted variables such as sex,
ethnicity, BMI, and daily dose. However, given the
variety of antidepressants and antipsychotics that un-
dergo metabolism by the CYP2D6 enzyme, further
research is necessary to explore the effects of drug—drug
interactions and gene—environment interactions.

Conclusion

In conclusion, this study provided a comprehensive
perspective on precision dosing of paroxetine. CYP2D6
metabolic phenotype and CYP2D6-CNV were associated
with paroxetine exposure and clinical outcomes, which
was influenced by sex. Ethnicity influenced the effect of
CYP2D6 metabolizer status on paroxetine exposure. The
paroxetine therapeutic reference range was found to be
31.95-79.65 ng/ml for depressive or anxiety disorders,
and 31.55-52.5 ng/ml for major depressive disorder.
We recommend greater dose adjustment for East Asians
based on CYP2D6 metabolizer status and cautious ad-
justments for Chinese Han male patients.
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