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ABCB1 Gene Variants and Antidepressant
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The P-glycoprotein efflux pump, encoded by the ABCB1 gene, has been shown to alter concentrations of various
antidepressants in the brain. In this study, we conducted a systematic review and meta-analysis to investigate the
association between six ABCB1 single-nucleotide polymorphisms (SNPs; rs1045642, rs2032582, rs1128503, rs2032583,
rs2235015, and rs2235040) and antidepressant treatment outcomes in individuals with major depressive disorder (MDD),
including new data from the Canadian Biomarker and Integration Network for Depression (CAN-BIND-1) cohort. For the
CAN-BIND-1 sample, we applied regression models to investigate the association between ABCB1 SNPs and antidepressant
treatment response, remission, tolerability, and antidepressant serum levels. For the meta-analysis, we systematically
summarized pharmacogenetic evidence of the association between ABCB1 SNPs and antidepressant treatment outcomes.
Studies were included in the meta-analysis if they investigated at least one ABCB1 SNP in individuals with MDD treated with
at least one antidepressant. We did not find a significant association between ABCB1 SNPs and antidepressant treatment
outcomes in the CAN-BIND-1 sample. A total of 39 studies were included in the systematic review. In the meta-analysis,

we observed a significant association between rs1128503 and treatment response (T vs. C-allele, odds ratio = 1.30,

95% confidence interval = 1.15-1.48, P value (adjusted) = 0.024, n = 2,526). We did not find associations among the six
SNPs and treatment remission nor tolerability. Our findings provide limited evidence for an association between common
ABCB1 SNPs and antidepressant outcomes, which do not support the implementation of ABCB1 genotyping to inform
antidepressant treatment at this time. Future research, especially on rs1128503, is recommended.

Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THIS
TOPIC:?

4] P-glycoprotein is encoded by the A4BCBI gene and regulates the
active transport of some antidepressants across the blood brain barrier.
ABCBI single nucleotide polymorphisms (SNPs) affect the expression
and/or function of the p-glycoprotein butassociations between ABCBI
SNPs and antidepressant treatment outcomes have been mixed.
WHAT QUESTION DID THIS STUDY ADDRESS?

M Are six commonly examined ABCBI SNPs (rs1045642,
rs1128503, rs2032582, rs2032583, rs2235015, and rs2235040)
associated with antidepressant treatment response, remission,
or tolerability?

WHAT DOES THIS STUDY ADD TO OUR
KNOWLEDGE?

V] We conducted a systematic review and meta-analysis examin-
ing the association among six /BCBI SNPs and antidepressant

treatment outcomes including a new sample from the Canadian
Biomarker Integration Network in Depression (CAN-
BIND-1). Although our meta-analysis revealed that carriers
of the rs1128503 T allele had 30% greater odds of achieving
antidepressant treatment response relative to C allele carriers,
we found no evidence of an association between the exam-
ined ABCBI SNPs and antidepressant treatment remission or
tolerability.

HOW MIGHT THIS CHANGE CLINICAL
PHARMACOLOGY ORTRANSLATIONAL SCIENCE?
M Our findings do not support the use of 4BCBI genotyping

to inform antidepressant treatment at this time.
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Major depressive disorder (MDD) is a common, yet complex, mood
disorder that stems from a combination of biological, environmental,
and sociological factors. Although antidepressant medications are
a first line treatment for depression, only 40-60% of patients with
MDD respond to an initial antidepressant treatment, and <40%
achieve symptom remission." A recent meta-analysis on the efficacy
of antidepressant compared with placebo indicated that a clinically
relevant treatment heterogeneity across randomized clinical trials
(RCTs) is very small.> However, one possible factor contributing to
the inadequate treatment efficacy could be the interindividual vari-
ability with respect to the serum levels of antidepressants. Notably,
pharmacogenetic studies showed that gene polymorphisms in drug
metabolizing enzymes (e.g., CYP2C19 and CYP2D6) result in
variability in enzyme function and contribute to interindividual dif-
ferences in antidepressant serum concentration and treatment out-
come.” Although drug concentrations in the serum have been used as
a proxy for estimating drug concentrations in the brain, there are yet
significant differences between these two compartments due to the
blood-brain barrier (BBB).4’S Therefore, genetic factors influencing
BBB mechanisms might significantly influence therapeutic drug con-
centrations reaching the brain. In this context, the active transport of
antidepressants from the brain by the p-glycoprotein (P—gép), a BBB
efflux transporter, has received much attention in the past.

P-gp is part of the ATP binding cassette (ABC) superfamily and
is encoded by the ABCBI gene, which is located on the chromo-
somal region 7q21 and includes 28 exons.” P-gp at the BBB acts
as a protective mechanism against toxins and foreign substances
and enhances the active excretion of substrates from the brain.®
Antidepressants of various classes are P-gp substrates, with various
affinities for the transporter as shown in preclinical models using
abeb I knockout (KO) mice.® Antidepressants with high P-gp affin-
ity include citalopram, escitalopram (ESC), fluvoxamine, paroxe-
tine, and venlafaxine, whereas mirtazapine is not substrate of the
P—gp.6 As for fluoxetine and sertraline, the P-gp substrate status is
not entirely clear, with some studies reporting higher drug concen-
trations in the brain of KO mice compared with wild-type mice,

9,10

whereas others did not observe such a significant difference.””” In

addition, aripiprazole (ARI), which is an atypical antipsychotic
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commonly used for antidepressant treatment augmentation, has
also been reported to be a substrate of the P—gp.11

Single nucleotide polymorphisms (SNPs) in the ABCBI gene
have been shown to affect the expression and/or function of the
P-gp in in vitro, in vivo, and in silico models.'>"® Carriers of the
TT genotype of the exonic ABCBI1 SNP rs1045642, which leads
to lower P-gp expression and reduced substrate f:fﬂux,14 required
lower ESC doses to achieve remission, compared with noncarri-
ers.”” This indicates that changes in P-gp expression or function
could alter therapeutic brain concentrations of relevant substrates,
leading to variations in antidepressant treatment outcomes.>1¢
However, the association between ABCBI SNPs and antide-
pressant treatment outcomes (i.c., efficacy and tolerability) have
been mixed. Although several studies that examined exonic SNPs
(i.e., 151045642, rs2032582, and rs1128503) showed no associa-
tions, 78 a4 2013 mf:tal—analysis19 demonstrated a weak associa-
tion between the SNP 152032582 and antidepressant response.
Furthermore, Uhr et al>° reported an association among three
intronic SNPs (rs2235040, rs2032583, and rs2235015) with re-
mission to antidepressant treatment.”’ Nonetheless, a number of
subsequent studies failed to replicate these findings.m’22 The most
recent meta-analysis, conducted in 2015, showed a significant as-
sociation between two intronic SNPs (rs2032583 and rs2235015)
and treatment outcomes in inpatient samples only.23 These find-
ings indicate that existing ABCBI studies are methodologically
heterogenous, leading to unclear conclusions of the association be-
tween ABCBI SNPs and antidepressant treatment outcomes.

As numerous studies have been published since the last meta-
analysis, we conducted an updated systematic review and meta-
analysis of the association among six ABCBI SNPs (rs1045642,
152032582, rs1128503, rs2235040, rs2032583, and rs2235015) and
antidepressant treatment outcomes (i.e., response, remission, and
tolerability) among individuals with MDD, including results from
the well-characterized Canadian Biomarker Integration Network for
Depression Study-1 (CAN-BIND-1). We focused on controlling het-
erogeneity among included studies through incorporating subgroup
stratification by study design, admission status (i.c., inpatient vs. outpa-
tient), type of antidepressant used, and ancestry in our meta-analyses.
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Based on previous literature, we had two main hypotheses: (1)
carriers of alleles in each of the six AZBCB1 SNPs that lead to lower
P-gp expression or function will be predominant among respond-
ers/remitters and would show higher treatment-related side effects
in the CAN-BIND-1 sample and in the meta-analysis, and (2) this
association between ABCBI SNPs and treatment outcomes would
be stronger in inpatient samples, and in studies were antidepressants
with high-affinity P-gp substrates was used in the meta-analysis.

METHODS
CAN-BIND-1 association study

Clinical sample and treatment protocol. The CAN-BIND-1 is a
multicenter discovery study designed to identify predictors of treat-
ment response in MDD participants (ClinicalTrials.gov identifier:
NCTO01655706). A detailed description of the CAN-BIND-1 proto-
col, study design, inclusion, and exclusion criteria are available else-
where, 24726 Briefly, the sample consisted of 211 participants (18—61 years
old) recruited at 6 clinical centers across Canada. Participants were
diagnosed with MDD in a current major depressive episode accord-
ing to the Diagnostic and Statistical Manual for Mental Disorders IV
(DSM-IV-TR; American Psychiatric Association, 2000) using the Mini
International Neuropsychiatric Interview (MINTI). In addition, all par-
ticipants were: (1) free of psychotropic medications for at least 5 half-lives
prior to the start of the study, (2) experiencinga current major depressive
episode of >3 months, and (3) had a Montgomery-Asberg Depression
Rating Scale (MADRS) score >24 at the time of screening. Written
informed consent was obtained from all participants and all study pro-
cedures were approved by the ethical review board at each of the partic-
ipating sites.

The study involved a 16-week (phase I and IT) protocol. During phase
I (weeks 0 to 8), participants were treated with open-label escitalopram
(ESC) (10-20 mg/day, flexible dosage) for 8 weeks. At week 8, partici-
pants were classified as “responders” if they achieved 50% or greater re-
duction on the MADRS from baseline. During phase II (weeks 8-16),
responders continued ESC, whereas nonresponders had ESC treatment
augmented with aripiprazole (ARI)(2-10 mg/d, flexible dosage) for the
second 8 weeks, see Figure S1.

Using the CAN-BIND-1, we aim to test whether these six ABCBI
SNPs (rs1045642, rs2032582, rs1128503, rs2032583, rs2235015, and
1s2235040) are associated with antidepressant (1) response and remis-
sion, (2) treatment-related side effects, and (3) serum levels.

Genotyping. Genomic DNA was extracted from venous blood sam-
ples collected at week 4 and was genotyped at the Centre for Addiction
and Mental Health Biobank and Molecular Core Facility (Toronto,
Canada). The following 6 SNPs were genotyped in the ABCBI gene
using assays listed in Table S1: rs1045642 (C3435T), rs2032582
(G2677T/A), 152032583, and rs2235015. For SNPs rs2235040 and
rs1128503 (C1236T), genotypes were extracted from available CAN-
BIND-1 genomewide association study data. SNPs were chosen based on
previously reported associations between 4BCBI substrates and treat-
ment outcomes. Genotyping results were reviewed by two laboratory
staff who were blinded to clinical data. All /BCBI SNPs were checked
for deviation from Hardy—Weinberg equilibrium in participants with
self-reported European ethnicity, as they comprise the largest ancestral
group. Haploview version 4.2 was used to calculate P values for Hardy-
Weinberg equilibrium deviation and to calculate linkage disequilibrium
(D) and correlation (%) between SNPs.

Outcome measures. The following planned outcomes were assessed:
1. Treatment response, remission, and change in symptom severity
over time

90

Response was defined as a MADRS score reduction of > 50% from
baseline. Remission was defined as a score of <10 on the MADRS.
Both response and remission status as dichotomous measures of
outcome (responders vs. nonresponders, and remitters vs. nonremit-
ters) were assessed on the last visit of phases I (week 8) and II (week
16), refer to the Supplementary Material for a detailed descrip-
tion. Change in symptom severity was defined as the percent mean
MADRS change across phases I and II using the formula presented in
the Supplementary Material.

2. Treatment-related side effects

Antidepressant side effects was assessed with the Toronto Side Effects
Scale (TSES), which was administered on weeks 2, 4, 10, 12, and 16.
TSES is a clinical instrument which assesses the intensity of treatment-
related side effects by measuring its frequency and severity on a 5-point
Likert scale.”” The items assessed were broadly categorized into four cat-
egories: (1) central nervous system (CNS) side effects, (2) gastrointestinal
(GI) side effects, (3) sexual side effects, and (4) weight gain (Table S2).
Side effects was measured 2 ways: (1) absence or presence of side effects
within the 4 categories at week 8 (end of phase I) and week 16 (end of
phase IT), and (2) the intensity (range = 1-25) of each side effect category
across visits during each phase.

3. Antidepressant serum exposure

Drug exposure of ESC was assessed using dose-adjusted serum con-
centrations of ESC, its primary metabolite S-didemethylcitalopram
(S-DCT) and the S-DCT/ESC ratio at weeks 2, 10, and 16. For those
receiving ESC and ARI during phase II, an assessment of ARI exposure
was also conducted using dose-adjusted serum concentrations of ARI,
its metabolite dehydroaripiprazole (DHA) and the DHA/ARI ratio at
weeks 10 and 16.

Statistical analysis. Logistic regression models were used to simultane-
ously assess the association among each of the six ABCBI SNPs and di-
chotomous outcome measures (responder vs. nonresponder, remitter vs.
nonremitter, and present vs. absent side effects) at the end of phase I (week
8) and phase II (weck 16). Given the availability of biweckly MADRS
scores and multiple timepoints for TSES, continuous measures of re-
sponse (change in symptom severity over time) and side effects (intensity
of each category of side effects) were assessed using linear mixed-effects
models. Linear mixed-effects models were tested for effects of individual
ABCBI SNPs and effect of SNP-by-time interaction, with recruitment
site and participant as random effects variables. For drug exposure, lin-
car regression models were used to assess the association between ABCBI
SNPs and dose-adjusted serum concentration of the drug, its corre-
sponding metabolite, and the metabolite/drug ratio at weeks 2, 10, and
16. Common covariates in all models included age, sex, and ancestry. We
also investigated the interaction between ABCBI SNPs and CYP2CI9
and CYP2D6 metabolizer status on dichotomous outcome measures at
the end of phases I and II. Considering that ARI dose at week 16 dif-
fered among participants (Table 1), we included dose as a covariate in the
dichotomous outcome measures, response and remission status, and the
presence and absence of side effects. For all analyses, genotypes of these 4
SNPs: 12032582, 152235015, 52235040, and 152032583, were grouped
together when one genotype group contained 8 or less participants to
enable sufficient sample sizes for meaningful statistical comparisons (see
Table 1).

All analyses were conducted using R version 4.1.3. (R Foundation for
Statistical Computing Platform, 2021) and RStudio version 2021.09.01
(RStudio Inc, 2021). The normality of variables was tested using the
Shapiro-Wilk test. Descriptive statistics for demographic and clin-
ical characteristics by each genotype of the six ABCBI SNPs were
generated using the chi-squared test for categorical variables and the
Kruskal-Wallis’s rank sum test for continuous variables. Given the dif-
ferent treatments in phase I and different metabolizing enzymes of the
administered drugs (i.e., ESC mainly metabolized by CYP2C19, and
ARI mainly metabolized by CYP2D6°), treatment arms were analyzed
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separately for phase II (ESC-only arm and ESC + ARI arm). The false
discovery rate approach®® was used to control for multiple comparisons
in the analysis of each subsample (i.c., total sample for phase I, and by
treatment arms for phase II) with a significance threshold of q<0.05.
For post hoc comparisons, P <0.05 was considered significant. Our sam-
ple size was powered to achieve at least 82% power to detect the effect for
the 6 SN of interest at P <0.05.”

Systematic review and meta-analyses

Identification of data through public databases and registers. A
systematic literature search of published articles was conducted using
PubMed, Clinicaltrials.gov, and Web of Science from January 2000
to May 2022 by two reviewers (authors L.M. and M.C.). The search
strategy was: ((ABCBI or P-gp or P-glycoprotein or MDR1) AND
(Antidepressant OR *NameOf TheDrug*) AND (Pharmacogenetics OR
variants OR SNPs)). Bibliographies of included rescarch articles were
hand-searched for additional references not identified in our primary
searches. This systematic review followed the 2020 Preferred Reporting
Items for Systematic Reviews and Meta-Analyses (PRISMA) reporting
recommendations.

Identification of data through author collaboration. Three data-
sets included in the systematic review and meta-analyses which were
obtained through author collaborations are: STAR*D (Peters ez al'’),
IRL-GREY,?® and Scherf-Clavel ez 2L.>' The STAR*D (Sequenced
Treatment Alternatives to Relieve Depression: NCT00021528) is a
multisite clinical study which included participants diagnosed with
MDD and received prospective treatment with citalopram for at
least 6weeks. The IRL-GREY (Incomplete Response in Late-Life
Depression: Getting to Remission; NCT00892047) sample consisted
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of adults = 60years. We included IRL-GREY participants who re-
ceived open-label venlafaxine for 12 weeks.*® The cohort study by
Scherf-Clavel e# al.?" investigated the association between antidepres-
sant treatment outcomes (response and remission) and three ABCBI
SNPs (rs1045642, rs2032582, and rs1128503) in individuals with
MDD treated for a duration of 7 weeks. For this study, we included
individuals who were treated with mirtazapine, amitriptyline, or ven-
lafaxine. For CAN-BIND-1, we used response and remission status
from weck 8 of treatment (phase I end point) before individuals re-
ceived augmentation therapy with ARIL.

Data selection. Articles were included if they were: (1) RCTs, cohort
studies, or case reports, (2) published in English between January 2000
and May 2022, (3) investigated the association of A/ BCBI SNPs with an-
tidepressants’ treatment outcomes (response, remission, tolerability, and
serum levels), (4) included individuals diagnosed primarily with MDD,
(5) included individuals treated with at least one antidepressant, and (6)
genotyping of 4BCBI SNPs were conducted and results were reported.

Data extraction. All articles identified by the search strategy were as-
sessed for eligibility independently by both reviewers (authors L.M. and
M.C.). Articles for which a consensus between the two reviewers was not
obtained were evaluated by a third reviewer (author C.H.). Information
extracted from each eligible article included: (1) author names, study
design, and publication year; (2) sample size; (3) patients’ characteristics
(i.c., age, sex, and ethnicity/ancestry); (4) type of antidepressant investi-
gated; (5) diagnosis; (6) phenotype assessed (response, remission, tolera-
bility, or serum levels); (7) SNPs assessed; and (8) main findings of the
study. When information was missing or incomplete for an eligible study,
a request for additional information was made to the corresponding au-

thor of the eligible study.
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Figure 1 HaploView plot composed of selected SNPs using the CAN-BIND-1 sample of European ancestry showing LD indicated by D’
in (a) and correlation indicated by 2 in (b) SNPs rs2032583, rs2032582, rs2235040, and rs1128503 were in strong LD (D' =0.94-1,
= 0.84-1). CAN-BIND-1, Canadian Biomarker and Integration Network for Depression-1; LD, linkage disequilibrium; SNPs, single-nucleotide

polymorphisms.
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Table 2 Position, allelic distribution, and role of ABCB1 single-nucleotide polymorphisms

Minor allele

dbSNP ID Position® (Maijor allele) MAF Hardy-Weinberg pb Role

rs1045642 87,509,329 Cc(T) 0.49 1.000 Exon 27
rs1128503 87,550,285 T(C) 0.45 0.596 Exon 13
rs2032582 87,531,302 T/A(G) 0.44/ 0.05 0.381 Exon 22
rs2032583 87,531,245 C(T) 0.11 0.482 Intron 22
rs2235015 87,570,248 T(G) 0.19 0.815 Intron 5
rs2235040 87,536,434 AG) 0.11 0.717 Intron 21

MAF, minor allele frequency.

®Relative position on chromosome 7 are taken from the National Center for Biotechnology Information, genome build 38. °No deviation from Hardy-Weinberg

equilibrium in the European subsample.

[ Identification of studies via databases and registers ] [ Identification of studies via other methods ]
_S Records identified from*: Records removed before
® PubMed ® (n=1019), screening: Records identified from:
2 Clinicaltrials.gov (n=3) L e Duplicate records "Author Collaboration (n=3)
= Web of Science (n= 216) removed (n = 228) 2In-house sample (n=1)
s
A 4 Records excluded (n=963)
Reviews (n=215)
Re_cords screened | Non-relevant (n=327)
(n=1010) In-vivo (n= 152)
In-vitro (n=155)
Not English (n=9)
Post-mortem (n=18) v
o Other disorders (n=39)
E Reports sought for retrieval No antidepressants (n=22) Reports sought for retrieval
§ (n=47) Not the same outcome (n=26) (n=4)
@
I ,
- Reports excluded:
Reports assessed for eligibility pCase reports (n=7) Reports assessed for eligibility
(n=47) — > - (n=4)
Abstracts only (n=2)
No Genotype only
phenotype (n=3)
3 A4
° Studies included in systematic
=] .
S review (n=39)
(<

Figure 2 PRISMA flow diagram of article selection including searches of databases, registers, and other sources. (1) Records identified
through author collaboration include IRL-GREY,%° STAR*D,'” and the sample provided by Scherf-Clavel et al.3t; (2) In house sample: CAN-
BIND-1. CAN-BIND-1, Canadian Biomarker and Integration Network for Depression-1; PRISMA, Preferred Reporting Items for Systematic
Reviews and Meta-Analyses; STAR*D, Sequenced Treatment Alternatives to Relieve Depression.

Quality assessment. An assessment of study quality was conducted in-
dependently by two reviewers (authors L.M. and C.H.). Six domains were
assessed using the standardized Risk of Bias in Non-Randomized Studies
of Interventions (ROBINS-I)* tool after the initial selection. These six do-
mains assessed bias due to confounding, participant selection, intervention
classification, missing data, measurement of outcomes, and selection of re-
ported results. An overall risk of bias (low, moderate, severe, or critical) across
all domains was reported for each study, see Supplementary Material.

CLINICAL PHARMACOLOGY & THERAPEUTICS | VOLUME 114 NUMBER 1 | July 2023

Data analysis. Mcta-analyses were performed using the “meta” pack-
age in R version 4.1.3. Meta-analyses for ABCBI SNPs and a specific
phenotype were performed and represented graphically if three or
more studies met the inclusion criteria. The odds ratio (OR) was used
as the primary effect size estimator for response and remission by con-
trasting the number of individuals who were classified as responders/
nonresponders or remitters/nonremitters (defined by each included
study as exceeding a specific threshold decrease in symptom severity)
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or tolerability (defined as the presence of one or more assessed side ef-
fects) within each of the ABCBI SNPs genotype groups. Additionally,
standard mean difference (Hedges’ g) of percent change in rating scale
scores at study end point from baseline between each ABCBI genotype
was also used as a secondary effect size estimator (sce Supplementary
Material for additional explanation). Percent change measured
with standard depression rating scales (Hamilton Rating Scale for
Depression (HAMD), MADRS, or Ql.lick Inventory of Depressive
Symptomatology-Self Report (QIDS-SR)) from all studies was used.
Three genetic models were examined, which included the allelic model
(A vs. B), dominant model (AA vs. AB/BB), and the recessive model
(AA/AB vs.BB). Genotype counts from each study were reported sep-
arately based on the antidepressant subgroup used: selective serotonin
reuptake inhibitors (SSRIs), serotonin and norepinephrine reuptake
inhibitors (SNRIs), tricyclic antidepressants (TCA’s), and atypical an-
tidepressants or mixed.

The pooled ORs were calculated using a random-effects model for di-
chotomous data, using the Mantel-Haenszel method. Heterogeneity in
effect sizes between studies was tested using the Cochran Q test (with
P<0.10 indicating significant heterogencity), and its magnitude was
quantified using the I-squared statistic, which is an index that describes
the percentage of variability in effect size due to heterogeneity and is in-
dependent of the number of studies included in the meta-analysis and the
metric of the effect size. Analyses were repeated using the fixed-effects
model when no significant heterogeneity was detected. Influential case
analysis was performed to determine studies which had the largest in-
fluence on direction or magnitude of effect size. Finally, publication bias
was evaluated using funnel plots, Peter’s regression for binary outcomes
and Egger’s regression test for continuous outcomes. Following the rec-
ommendations of Dalton ez 2/.% a test for funnel plot asymmetry was
only conducted if the number of studies was 10 or greater. These prac-
tices are in line with the guidelines for conducting a meta-analysis out-
lined in the Cochrane Handbook.**

For all SNPs, subgroup analysis by ancestry, study design, setting, and
type of antidepressant used was performed. In addition, moderator anal-
ysis for age of participant, proportion of female participants, and year of
publication were conducted using meta-regression with the restricted
maximum likelihood estimator (REML) mixed-effects model. Subgroup
and moderator analyses were only performed when the total number of
included studies were > 10 for each SNP, according to Bornstein and col-
leagues, 201 1.5

RESULTS
CAN-BIND-1 results

Sample characteristics. Participant flow is detailed in Figure
S1. We excluded 31 participants who dropped out prior to
week 8 and therefore lacked MADRS scores for phases I and I1.
Dropouts were not over-represented in any of the genotypes for
the six ABCBI SNPs (sce Table $3). For the dropouts for whom
MADRS scores at week 2 were available, there were no significant
differences in change in symptom severity between genotypes of
cach of the six ABCBI SNPs (see Figure S2). Two additional
participants were also excluded as genotype data for all SNPs was
not available.

A total of 178 participants were included in the study out of 211
recruited participants. All participants were considered adherent
to treatment during phase I based on serum drug concentrations at
week 2. During phase IT, seven participants were suspected of treat-
ment nonadherence based on undetectable serum drug concentra-
tions at both weeks 10 and 16, therefore they were not included in
phase IT analyses.

96

Table 3 Summary characteristics of the included studies in
the systematic review

Overall (N = 39 studies)

Age, mean (SD) 42.0 (10.8)
Sample size, mean (SD) 161 (144)
Proportion female, mean (SD) 64.3 (13.6)

71.8%
Response, n (%) 66.7%

Outpatients, n (%) 28 ( )
26 ( )
Remission, n (%) 19 (48.7%)
18 ( )
10 ( )

Tolerability, n (%) 46.2%
Serum levels, n (%) 25.6%
Ancestry
European 24 (61.5%)
East Asian 6 (15.4%)
American 1 (2.6%)
Mixed 8 (20.5%)
ABCB1 SNPs
rs1045642 30 (76.9%)
rs2032582 25 (64.1%)
rs1128503 15 (38.5%)
rs2235040 11 (28.2%)
rs2235015 14 (35.9%)
rs2032583 15 (38.5%)

Phenotype measure

HAMD-17 14 (35.9%)
HAMD-21/24 13 (33.3%)
MADRS 5 (12.8%)
QIDS-SR 2 (5.1%)

Study medication

Citalopram 30 (76.9%)
25 (64.1%)
14 (35.9%)
10 (25.6%)

14 (35.9%)

Escitalopram

Fluoxetine

Paroxetine

Desvenlafaxine

Duloxetine 15 (38.5%)
Amitriptyline 3(7.7%)
Mirtazapine 14 (35.9%)

Nortriptyline 12 (30.8%)
1 (2.6%)
4 (10.3%)

15 (38.5%)

HAMD, Quick Inventory of Depressive Symptomatology-Self Report; MADRS,
Montgomery—Asberg Depression Rating Scale; QIDS-SR, Quick Inventory

of Depressive Symptomatology-Self Report; SNPs, single-nucleotide
polymorphisms.

Clomipramine

Desipramine

Venlafaxine

Analyses were conducted on the included participants (2 = 178)
following exclusions with a mean age of 35.4years (SD = 12.8,
range of 18-61years) of which 110 (62%) were women. Overall,
42% of participants were treated with an antidepressant at least
once previously (range 1-5), whereas 58% were treatment naive
for their current major depressive episode (see Table 1). For the
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use of concomitant medicines, ~71.3% (n = 127) of participants
reported taking ongoing comedications up until study comple-
tion (week 16), 18.6% discontinued comedications prior to week
8 completion, whereas 10.1% (% = 18) reported no concomitant
medication use, including herbal and multivitamins during all
phases of the study period, see Table S4 for a complete list of par-
ticipant comedications.

Linkage disequilibrium (LD) plots composed of the selected
SNPs are shown below in Figure 1. The genotype distributions
in the European sample (7 = 129) were in Hardy—Weinberg equi-
librium for all SNPs (see Table 2). SNPs 152032582, rs1128503,
rs2032583, and rs2235040, were in strong LD (D' =0.94-1,
> =0.84-1).

Association of ABCB1 SNPs with antidepressant response and
remission. The frequency of genotypes in the six SNPs among
responders and remitters during phases I and II are presented
in Tables S5 and S6. The analyses of the association of each
ABCBI SNP and response, remission, and percent change in
MADRS scores are presented in Tables $7-S12 and Figures S3-
SS. The overall response and remission rates were, respectively,
47% (83/178) and 30% (54/178) at the end of phase I, and 74.5%
(123/165) and 59.4% (98/165) at the end of phase II. None of the
investigated 4BCBI SNPs were significantly associated in the
discrete outcome analysis (response vs. nonresponse and remission
vs. nonremission) or in the percent change in MADRS scores from
baseline (change in symptom severity) during phase I and phase II.

Association of ABCB1 SNPs with antidepressant tolerability.
The frequency of at least one CNS, GI, sexual functioning, or
treatment-related weight-gain side effect was 77.8%, 65.0%,
37.8%, and 12.2% at the end of phase I, and 64.2%, 45.1%, 27.7%,
and 23.1% at the end of phase I, respectively. The most frequent
CNS, GI, and sexual functioning specific side effects at the end of
phase I were drowsiness, decreased appetite, and decreased libido,
respectively. The most frequent CNS, GI, and sexual functioning
specific side effects at the end of phase II were weakness and
fatigue, increased appetite, and anorgasmia, respectively. Analyses
of the associations of each ABCBI SNP with the absence or
presence of each side effect category are presented in Tables
$13-S15. No associations between the presence or absence of side
effects with 4/BCBI SNPs remained significant after multiple
testing corrections were applied (see also Figures $6-S9).

Analyses of the associations of each ABCBI SNP with the inten-
sity of CNS, GI, sexual side effects, and treatment-related weight
gain during phases I and II are presented in Tables $16-S19. No
associations between the intensity of side effects across timepoints
with ABCBI SNPs were observed.

Association of ABCB1 SNPs with drug exposure. For the dose-
adjusted serum levels of ESC, S-DCT, and S-DCT/ESC ratio,
there were no significant associations between these serum levels
and any of the investigated ABCBI SNPs at weeks 2, 10, and 16,
see Tables $20-S22.

As for the dose-adjusted serum levels of ARI, DHA, and DHA/
ARLI ratio, we observed a trend between the SNP rs1128503 and
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the DHA/ARI ratio at week 16 (£ (2,55) =9.26, P value = 0.0008,
g value = 0.07), see Table $23. Participants with the TT genotype
showed higher mean ARI/DHA ratios compared with the CT
genotype (B =0.12, 95% confidence interval (CI) = 0.04, —0.19;
see Figure S10).

Interaction with CYP2C19 and CYP2D6 metabolizer status.
The interaction between each ABCBI SNP and CYP2D6 and
CYP2C19 metabolizer status on dichotomous outcome measures
(response and remission status, and presence or absence of side
effects) at the end of phases I and II were also nonsignificant, see

Tables S24-S27.

Systematic review and meta-analyses

The systematic search produced a total of 1,238 articles. A summary
of the article selection process is presented in the PRISM A flow dia-
gram (Figure 2). Aftertitle, abstract, and full text screening, a tota] of
39 articles were eligible for inclusion in this systematic review. Four
of these included articles were studies that were identified through
author collaborations: CAN-BIND-1, STAR*D,"” IRL-GREY,”’
and Scherf-Clavel® e# 4/. Characteristics of available reported data
from each article are presented in Table 3, and a detailed summary
of each study are presented in Tables 4 and 5 and Table S30.

For meta-analyses, 17 (43.6%) studies were included for re-
sponse, 11 (28.2%) studies for remission, 12 (30.8%) studies for
percent mean change in rating scale scores, and 9 (23.1%) studies
for tolerability. Excluded studies (7 = 12) in meta-analyses were ei-
ther due to insufficient data'®2%3*~% or investigated other ABCBI
SNPs (7 = 2) than those listed in Table 2.%%” Data were deemed in-
sufficient if the number of patients within each outcome of interest
according to each genotype of each ABCBI SNP was not obtained.

Treatment response/remission Exonic SNPs: rs1045642,
rs2032582, and rs1128503. Most of the studies (7 = 27, 2,635-
3,453 participants, range: 15-333) investigated the genetic
association between 2 SNPs rs2032582 and rs1045642 and
antidepressant response and/or remission in individuals with
depression. Twelve studies (1,833 participants, range: 68-333)
investigated rs1128503. The majority of studies for all SNPs
(>50%) included individuals of European ancestry. Symptom
severity scales used were mainly HAMD-17/21/24. For detailed
information on studies included in this systematic review and
meta-analysis, see Table 4.

For rs1045642 and rs2032582, a total of 24 and 17 subgroups,
respectively, were used to calculate the pooled ORs using the ran-
dom effects model for the three genetic models (allelic, dominant,
and recessive), see Figures S11-S18. The pooled OR showed no
significant association between either of the two SNPs and antide-
pressant response, remission, or percent change in outcome scores
from baseline under any of the three genetic models. Similar results
were obtained when stratifying analyses by type of antidepressant,
ancestry, setting, and study design or when performing meta-
regressions, sce Tables S31 and $32. For SNP rs2032582, one
study was detected to be an outlier and had the greatest influence
on effect size for treatment response (Vancova ez al.48), but removal
of this study did not change the direction of the overall result
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(OR = 0.93, 95% CI = 0.80; 1.09, P value = 0.362; sce Figure
$38). No significant publication bias was detected using Peter’s re-
gression test for treatment response for both SNPs, rs1045642 (P
value = 0.785), and rs2032582 (P value = 0.143), sce Figures $43,
S44 for funnel plots. Similar results were obtained using the fixed-
effects model (Figures $53, $54).

For rs1128503, a total of 11 subgroups were used to calculate
the pooled ORs using the random effects model for the three ge-
netic models (allelic, dominant, and recessive). The pooled ORs
showed a significant association between the SNP rs1128503
using the allelic model only and antidepressant response, with T
allele carriers having greater odds of response compared with C-
allele carriers (OR = 1.30,95% CI = 1.15-1.48, P value = 0.001, ¢
value = 0.024; see Figure 3). All studies using SSRIs (OR=1.27,
95% CI = 1.09-1.48) or SNRIs (OR = 1.58, 95% CI = 1.25-
2.00) as antidepressants favored the T-allele for better treatment
response. The TCA subgroup was not significant (OR=0.85,95%
CI = 0.42-1.72), sce Figures $19-S21. This effect was also more
robust in clinical trial studies (OR = 1.36, 95% CI = 1.12-1.64),
and among outpatients (OR = 1.31,95% CI = 1.12-1.54). In con-
trast, no significant association between this SNP and antidepres-
sant remission was observed (see Figure 3). The CAN-BIND-1
study was detected to be most influential on pooled effect size
(Figure $39). The adjusted OR after removing this influential
study increased modestly (OR = 1.34, 95% CI = 1.17-1.54). No
significant publication bias was detected using Peter’s regression
test for treatment response (P value = 0.822; Figure $45). Similar
results were obtained using the fixed-effects model (Figure $55).

Intronic SNPs: rs2235040, rs2235015, and rs2032583. Fewer
studies (7 = 10 to 13) comprising 1850-2,901 (range: 58-333)
participants investigated the genetic association among the
SNPs 152235040, rs2235015, and rs2032583 and antidepressant
response and/or remission, respectively. A majority of those
studies included individuals of European ancestry (Table 4).

A rtotal of six subgroups were used to calculate the pooled ORs
using the random effects model for the three genetic models (allelic,
dominant, and recessive) for the three SNPs (Figures $25-S36).
The pooled ORs showed no significant association among the three
SNPs and antideprcssant response, remission, or percent changc in
outcome scores from baseline. When stratifying analysis by type of
antidepressant used, no robust findings were detected (Table S31).
Not enough subgroups were available to perform meta-regression
analysis (7 = 6). No significant publication bias was detected visu-
ally in the funnel plots (Figures $46, $47). Not enough studies were
available to test for publication bias using Peter’s regression method
regarding treatment response or remission. Similar results were ob-

tained using the fixed-effects model (Figures $56-S58).

Treatment tolerability. Among the 18 included studies that
investigated the 6 4BCBI SNPs and treatment-related side effects,
only 9 were included in the meta-analyses, as data were not readily
available from the excluded studies (72 = 9). The majority of studies
(n=17/18) included individuals of European ancestry. For detailed
information on those included studies (Tables 4, 5). None of the
investigated SNPs (rs1045642, 152032582, rs1128503, rs2235040,
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T-allele C-allele
(a) Study or Subgroup  Responder Total Responder Total Odds Ratio OR [95%-Cl]  Design Setting  Ancestry Pgp_substrate Drug Group
Scherf-Clavel et al.(2022) 29 52 49 82 i 0.85[0.42;1.72]  Cohort Inpatient  European Yes TCA
Simoons et al.(2020) 23 74 27 88 —— 1.02[0.52;1.99] Cohort  Outpatients Admixed Yes SSRI
Shan et al.(2019) 167 205 71 89 — 1.11 [0.60; 2.08] Case-Control Outpatients East Asian Yes SSRI
CAN-BIND1(2016) 72 145 84 179 —— 1.12[0.72; 1.73] Clinical Trial Outpatients Admixed Yes SSRI
Kato et al.(2008) 72 83 44 53 —_— 1.34[0.51; 3.49] Clinical Trial Inpatient East Asian Yes SSRI
Scherf-Clavel et al.(2022) 53 64 65 84 —_—T 1.41[0.62;3.22] Cohort Inpatient  European No Atypical
Singh et al.(2012) 45 56 43 58 b 1.43[0.59; 3.45] Clinical Trial Outpatients Admixed Yes SSRI
STAR*D(2008) 163 294 169 364 —- 1.44[1.05; 1.96] Clinical Trial Outpatients European Yes SSRI
Scherf-Clavel et al.(2022) 79 109 97 153 - 1.52[0.89;2.59]  Cohort Inpatient  European Yes SNRI
Shan et al.(2019) 100 127 60 85 | 1.54 [0.82; 2.90] Case-Control Outpatients East Asian Yes SNRI
Singh et al.(2012) 38 50 20 32 — 1.90[0.72; 4.99] Clinical Trial Outpatients Admixed Yes SNRI
Random effects model 1259 1267 L 4 1.30 [1.15; 1.48]
Prediction interval = [1.14; 1.49]
Heterogeneity: /2 = 0%, 1> =0, p = 0.93
Test for overall effect: t4, = 4.58 (p < 0.01) 05 1 2
Favours C-allele Favours T-allele
T-allele C-allele
(b) Study or Subgroup  Remitter Total Remitter Total Odds Ratio OR [95%-Cl]  Design Setting  Ancestry Pgp_substrate Drug Group
Scherf-Clavel et al.(2022) 14 52 28 84 —~—,—— 0.74 [0.34,; 1.58] Cohort Inpatient  European Yes TCA
Scherf-Clavel et al.(2022) 35 64 47 86 T 1.00 [0.52; 1.92] Cohort Inpatient  European No Atypical
CAN-BIND1(2016) 48 145 56 179 —_— 1.09 [0.68; 1.74] Clinical Trial Outpatients Admixed Yes SSRI
STAR*D(2008) 122 294 134 364 - 1.22 [0.89; 1.67] Clinical Trial Outpatients European Yes SSRI
Singh et al.(2012) 36 56 34 58 —_—— 1.27 [0.60; 2.71] Clinical Trial Outpatients Admixed Yes SSRI
Scherf-Clavel et al.(2022) 51 109 65 159 —— 1.27[0.78; 2.08]  Cohort Inpatient  European Yes SNRI
Singh et al.(2012) 30 50 14 32 —f——————1.93 (0.79; 4.74] Clinical Trial Outpatients Admixed Yes SNRI
Lin et al.(2011) 66 90 30 58 = 2.57 [1.28; 5.14] Clinical Trial Outpatients East Asian Yes SSRI
Random effects model 860 1020 g 1.25[0.97; 1.61)
Prediction interval —— [0.85; 1.82]
Heterogeneity: I = 9%, t° = 0.0124, p = 0.36 f L !
Test for overall effect: t; = 2.04 (p = 0.08) 0.2 0.5 1 2 5

Favours C-allele Favours T-allele

Figure 3 Forest plot of rs1128503 SNP using the allelic model (C vs. T) and (a) response, and (b) remission, as dichotomous measures. *For
response status, adjusted P value = 0.024. Cl, confidence interval; OR, odds ratio; SNPs, single-nucleotide polymorphisms; SNRI, serotonin-
norepinephrine reuptake inhibitors; SSRI, selective serotonin reuptake inhibitors; TCA, tricyclic antidepressants.

152235015, and rs2032583) showed significant association with
treatment tolerability, measured by the presence of at least one
treatment-related side effects (Figures $48-S52).

Drug exposure. There were 10 studies that examined the influence
of ABCBI SNPs on antidepressant serum levels, measured by the
steady-state concentration of the drug and its respective active
metabolite, see Table 4. The majority of those studies reported
nonsignificant findings.*"****=! There were insufficient studies
for each antidepressant medication type to conduct a meta-analysis.

DISCUSSION

This updated and, so far, largest meta-analysis systematically re-
viewed existing literature, including new and unpublished data
from the CAN-BIND-1 sample, summarized and evaluated the
pharmacogenetic evidence of the association between 4BCBI
polymorphisms and antidepressant treatment outcomes.

Results revealed that rs1045642 (C3435T), 152032582
(G2677T/A), 151128503 (C1236T), rs2032583, 12235015, and
152235040 were the most frequently investigated 4ABCBI vari-
ants. The first three are exonic SNPs (rs1045642, 152032582, and
rs1128503; i.e., located in the protein-coding region of the gene),
and have been previously associated with variations in P-gp expres-
sion and activity.m’52 In contrast, the last three SNPs (152032583,
152235015, and rs2235040) are intronic, although it is unclear
whether these variants modulate P-gp expression or function, Uhr
et al™® was the first to report a strong association between these
variants and antidepressant treatment outcomes in a large inpatient
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sample. Based on these findings, subsequent studies aimed to rep-
licate the findings by Uhr ez 4/*° and incorporated these three in-
tronic SNPs in their investigations.

No significant associations were detected with either treatment
remission or tolerability with any of the six SNPs in cither in- or out-
patients treated with antidepressant medications. Nonetheless, our
meta-analysis showed a significant association between the exonic
SNP rs1128503 (C1236T) and response, with the T-allele associ-
ated with 30% greater odds of achieving response compared with
the C-allele for both, in- or outpatients. Given the heterogeneity of
studies, we also performed subgroup analyses. We noted our associ-
ation was more robust for those patients treated with either SSRIs
or SNRIs, as opposed to TCAs. The increased robustness among
SSRI and SNRI studies would be supported by previous work
that showed SSRIs and SNRIs are stronger P-gp substrates than
TCAs.® The SNP rs1128503 is a synonymous polymorphism, lo-
cated on exon 12 and encodes the transmembrane-6 (TM6) region
of the P-gp which is important for substrate binding.® Although
the SNP rs1128503 does not involve an amino-acid change, it has
been shown to affect P-glycoprotein mRNA stability' and protein
folding.%’SS The frequency of the T-allele, which is the minor al-
lele in most ancestral populations, ranges from 14% in Africans to
~40% in Europeans and Americans (www.cnsembl.org). The fre-
quency of the T-allele in the CAN-BIND-1 European subsample
was found to be 45%, which is consistent with previous published
reports. However, our significant finding of rs1128503 with an-
tidepressant response is inconsistent with the finding in the most
recent meta-analysis conducted in 2015 by Breitenstein ez aL.>
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which found no significant association between this SNP and
antidepressant treatment response. This discrepancy could possi-
bly be due to differences in the study selection. In addition to the
studies that were included by the 2015 meta-analysis, except for
Uhr e 2/*° and Dong et al®” we added new data from the CAN-
BIND-1 and IRL-GREY;*® and from 3 other studies published
after 2016315657

Our analyses of the other five ABCBI SNPs (rs1045642,
152032582, 152032583, 152235015, and rs2235040) did not re-
veal significant associations with any of the examined antidepres-
sant treatment outcome variables in outpatients. These negative
findings in outpatients remain consistent with meta-analysis by
Breitenstein ef a/.>> who reported a significant association between
152032583 and rs2235015 and antidepressant treatment outcomes
in inpatients only. Inpatient status typically represents more severe
forms and/or treatment resistant forms of clepression,58 where the
ABCBI gene variants might have stronger effects on treatment out-
comes. However, for these two SNPs (rs2032583 and rs2235015),
we were unable to analyze inpatients and outpatients separately as
we had no detailed information available from those respective
studies. Our inclusion criteria required data from articles to be in
a format where allele or genotype counts were available for effect
size (OR) calculations. If the data were not available in this explicit
format, corresponding authors were contacted for detailed infor-
mation. Although this was successful for most articles, we were not
able to obtain data from selected studies which were included in
Breitenstein ez 2. 2015.122%%¢ As such, our meta-analysis for intronic
SNPs (152032583 and 1s2235015) included outpatient samples only.

One factor contributing to the potential effects of ABCBI
SNPs on antidepressant response and tolerability is likely varia-
tion in serum concentrations of antidepressants. This was shown
in a prospective clinical trial of 73 inpatients with a diagnosis
of depression randomized to standard- or high-dose treatment
with antidepressants that are P-gp substrates.'® These findings
indicated a significant interaction between plasma levels of an-
tidepressants and ABCBI genotypes, where minor alleles car-
riers (C-allele carriers at SNP rs2032583 or T-allele carriers at
SNP 152235015) showing better treatment outcomes at study
end point in the normal plasma group, compared with the high
plasma group. Interestingly, among noncarriers of the minor allele
(TT homozygous at SNP 52032583 or GG homozygous at SNP
r52235015), there was no improvement in clinical outcomes,
cither with normal or high plasma levels groups.lé In the CAN-
BIND-1 study, we did not find significant differences among
the six ABCBI SNPs and dose-adjusted serum concentrations of
both ESC and its corresponding metabolite. Furthermore, no sig-
nificant interactions between the A4BCBI genotypes and serum
concentrations on antidepressant response, remission, and tolera-
bility were found. The results of our systematic review show that
only alimited number of studies have investigated the association
of ABCBI gene variants and antidepressant serum concentrations
and a meta-analysis could not be conducted. As such, we cannot
rule out the potential role of drug serum concentrations in our
study outcomes. Therefore, we strongly recommend including
serum levels in future pharmacogenomic assessing antidepressant
treatment outcomes.
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There are several limitations in our meta-analysis that should be
kept in mind. First, we used a random-effects model, as well as sub-
group and meta regression analyses to control for ancestry, study de-
sign, clinical setting, and proportion of women included to reduce
heterogeneity. However, we were unable to adjust for treatment du-
ration, presence of comedications and comorbidities, which could
have affected the results. Second, our meta-analysis on antidepressant
treatment tolerability was limited by the number of studies available
and our negative findings may represent a type II error due to in-
sufficient power. Nonetheless, our studies do not suggest that any of
the examined SNPs would have large effect sizes individually. Finally,
whereas we have differentiated the type of medications with respect
to three classes SSRI, SNRI, and TCA, we and others'*?? could not
distinguish between single medications and their individual affinity

for the ABCBI gene, which should be addressed in future studies.

CONCLUSION, CLINICAL APPLICATION, AND FUTURE
DIRECTIONS

Our systematic review and meta-analysis identified only one
modest association with SNP rs1128503 and response, which
would not justify clinical implementation of 4BCBI genotyping
to inform antidepressant treatment. Nonetheless, we believe that
our study is important because neither the expert groups (e.g.,
Clinical Pharmacogenctic Implementation Consortium) nor
drugregulatory agencies (e.g., US Food and Drug Administration
(FDA)) have published ABCBI genotype-guided prescribing
guidelines for antidepressants to date. However, 4BCBI genetic
variants are currently included on several commercial pharmaco-
genetic laboratories’ testingpanels,59 on which some show clinical
utility in smaller randomized controlled trials, 166061 Therefore,
our findings are informative as they do not support the use of
those ABCBI gene variants for broader clinical use across anti-
depressants at the present time. Future studies should focus on
increasing sample size, broader examination of the ABCBI gene,
accounting for P-gp substrate affinity, using population strati-
fication, controlling for confounders such as dose, serum levels,
comedications, and comorbidity, and finally examining a well-
defined disease phenotype with validated outcome measures.

SUPPORTING INFORMATION
Supplementary information accompanies this paper on the Clinical
Pharmacology & Therapeutics website (www.cpt-journal.com).
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