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Background: Clozapine is an effective antipsychotic medication for patients
with treatment-resistant schizophrenia. Previous studies revealed that
smoking, alcohol intake, and coffee consumption altered the metabolism
of clozapine. However, causal associations between substance use and
clozapine levels were not sufficiently established.

Methods: Several genome-wide association studies provided genetic tools
for six measures of substance use, including age of smoking, cigarettes per
day, smoking cessation, smoking initiation, coffee consumption, and alcohol
consumption (GWASs). Utilizing the CLOZUK consortium’s dataset, their
associations with clozapine and its metabolite concentrations were evaluated.
All GWAS data were collected from the European population. Mendelian
randomization (MR) estimations from each genetic test were combined
using inverse variance weighted (IVW) meta-analysis in combination with
complementing techniques (such as weighted median and MR Egger).
We also analyze horizontal pleiotropy and heterogeneity using various
sensitivity analyses.

Results: Genetically predicted higher level of smoking initiation was
significantly associated with reduced clozapine (B = -0.14, P = 4.53E-04)
concentrations and norclozapine concentrations (8 = —0.14, P = 3.33E-04),
and increased coffee consumption was significantly associated with lower
level of clozapine concentrations (B = —-0.42, P = 1.70E-14), norclozapine
concentrations (f = —0.27, P = 1.51E-07), and the metabolic ratio of clozapine
to norclozapine (B = -0.15, P = 5.35E-07), survived after the Bonferroni
correction (P = 0.05/6 = 0.008). In sensitivity analyses, the weighted median
and MR Egger methods demonstrated directionally consistent effects. In
addition, our sensitive test indicated no significant horizontal pleiotropy and
heterogeneity (P > 0.05). However, other measures of substance use (age of
initiation smoking, cigarettes per day, smoking cessation, and drinks per week)
were not associated with clozapine metabolism.

Conclusion: Our investigation revealed a correlation between greater
smoking initiation and coffee consumption and reduced blood levels of
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clozapine and norclozapine. Providing clinicians with guidance on how to
adjust clozapine levels for clozapine-treated patients.

Mendelian randomization, nicotine consumption, alcohol consumption, coffee
consumption, clozapine concentration

Introduction

Schizophrenia, which affects around 1% of the world’s
population (1), is characterized by positive symptoms, negative
symptoms, cognitive impairment and severe functional
impairment. A third of patients suffer from treatment-resistant
schizophrenia, which is characterized by substantial functional
impairment and symptoms that do not respond sufficiently
to at least two antipsychotics of first-line treatment (2).
Clozapine is the sole antipsychotic indicated for treatment-
resistant schizophrenia, and it is more successful than other
antipsychotics at alleviating psychotic symptoms (3). Clozapine
is only licensed as a third-line medication in the majority of
developed nations due to its negative effects (4). Severe adverse
medication events, such as seizures, tachycardia, sedation,
weight gain, and hypersalivation, have been related with either
clozapine dose or plasma concentration and are a major factor
limiting clozapine’s usage (5). Conventionally, clinicians use
clozapine concentration to alter dose for both therapeutic
response and adverse medication responses (6). This is a crucial
approach, as adverse effects are the leading cause of clozapine
discontinuation (7). The variables that influence clozapine
metabolism are not fully understood.

Previous research revealed that genetic and lifestyle
variables may influence the metabolism of clozapine (5, 8-10).
Genetic variations of the cytochrome P450 (CYP) and uridine
diphosphate glycosyltransferase (UGT) families altered the
metabolism of clozapine or its metabolites, according to a
pharmacogenomic research (8). Patients with schizophrenia
have elevated rates of drug abuse compared to the general
population (7, 11). There is accumulating evidence that
addicitive substances abuse plays a significant role in regulating
clozapine metabolism (10). Several studies have indicated
that smoking decreases blood clozapine concentrations
(9, 10). Coffee containing caffeine raised the mean blood
concentration of clozapine by 20-26% and lowered the ratio of
N-desmethylclozapine/clozapine by 9-13% (9). Alcohol intake
may influence the therapeutic effectiveness of clozapine by
altering its absorption and metabolism (12, 13). Consequently,
it is essential to determine if addicitive substances abuse has a
clinically relevant impact on clozapine metabolism.

Although multiple studies have identified a correlation
between drug usage and clozapine levels, their causal
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relationship is unclear due to confounding variables.
A randomized controlled trial study is the best method for
verifying causality, but it is lengthy, expensive, and fraught
with problems, so a successful approach is to use genetic
variants as exposure indicators that are not subject to the
influences that compromise conventional study designs, an
approach known as Mendelian randomization (MR) (14, 15).
The benefit of MR investigations is based on three assumptions,
utilizes the random assignment of alleles during meiotic
cell division and conception as the foundation of a natural
experiment (14, 16). Using data from existing databases,
the MR analysis avoided the impact of reverse causality
confounders. The data utilized for smoking, coffee, and alcohol
came from a verifitd GWAS database. These advantages
possessed by Mendelian randomization above prompted the
continuation of our study.

Herein, we employed the two-sample MR method to assess
the effect of smoking, coffee drinking, or alcohol consumption
on clozapine metabolism in order to determine if substance use
in typically ingested quantities effects clozapine concentrations

in individuals with schizophrenia.

Materials and methods

Study design

To determine the causal relationship between substance
abuse and clozapine metabolite plasma concentrations, we
utilized an MR research design. It uses genetic variation
as a tool variable to derive the causality of outcome and
exposure, and is an effective method used to conduct causal
inference, and can effectively avoid the confounding bias
in traditional epidemiological studies. We selected nicotine
consumption-related (include age of smoking, cigarettes per
day, smoking cessation, smoking initiation), genetic variation
related to coffee consumption and alcohol consumption as
instrumental variables related to exposure factors, clozapine
concentration, norclozapine and the ratio of the two as
outcome variables. Based on this basis, we proposed the
following three hypotheses (Figure 1): (1) The SNPs that
were used as instrumental variables (IVs) for substance
use measures were linked to exposure factors; (2) the IVs
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were not confounded by confounding variables; and (3) the
IVs are only linked with the clozapine metabolism via the
substance use measures but not through any other causal
pathway. The expected connections between substance use
indicators and clozapine metabolism are linear, not statistical
interactions. To obtain a comprehensive and conclusive
causal relationship between nicotine, coffee consumption, and
alcohol consumption with clozapine and its metabolites, we
selected the most extensive GWAS database available to
date.

Data source

Exposures: Smoking, alcohol consumption,
and coffee consumption

Age of initiation smoking, cigarettes per day, smoking
cessation, initiation, coffee consumption, and
drinks per the
variables of substance use relevant to this study (5, 17,
18). A large-scale meta-analysis of 33 GWAS datasets
extract data the
associated SNPs and

and alcohol consumption. For smoking, we focused on

smoking

week were selected as six exposure

was utilized to about association

between genome-wide smoking
four phenotypes: age of initiation of regular smoking
(age of smoking, N = 341,427), cigarettes per day (CPD,
N =
had ever smoked regularly, N = 1,232,091), and smoking

337,334), smoking initiation (showing an individual
cessation (N = 547,475). For alcohol consumption, the
941,280)
91,462)
yielded SNPs that were related with coffee consumption

number of drinks per week phenotype (N =
was utilized. A genome-wide meta-analysis (N =

across the genome.

Outcomes: Clozapine metabolite plasma
concentrations

Summary data for the associations between the selected
of
clozapine metabolite were extracted from the GWAS meta-
analysis published by CLOZUK study, consisting of 2,989
individuals of European ancestry (8). Summary statistics
from the CLOZUK GWASs are available for download
the
we used three metabolic outcome variables as outcomes,

instrumental variables and plasma concentrations

at http://walters.psycm.cf.ac.uk/. In present study,
including the plasma concentrations of clozapine and
norclozapine and the ratio of clozapine to norclozapine
(metabolic ratio). The CLOZUK study conducted GWAS
through GCTA

Analysis) software (19), which could control for family and

analysis (Genome-wide Complex Trait
population structure, and sex. Table 1 summarizes the basic
features of the GWAS samples. More information about
the GWAS samples was provided in the original papers

(5,8, 17, 18).

Frontiers in Psychiatry

03

10.3389/fpsyt.2022.1002235

Selection of instrumental variables

We used linkage disequilibrium (LD) independent SNPs
linked with the drug use indicator at P < 5 x 1078 as IVs
in our MR analysis. When the SNPs were significantly linked,
we chose the SNP that had the lowest P-value in connection
to substance use. Totally, 9 SNPs were identified for smoking
age, 72 for cigarettes per day, 15 for smoking start, 200 for
smoking cessation, 72 for drinks per week, and 8 for coffee
intake (Supplementary Tables 1-6). In order to measure the
efficacy of the chosen IVs, we also calculated the F-statistics,
which are normally suggested for MR analysis. The differences
present in each genetic instrument used in this study are listed
in Supplementary Tables 1-6.

Mendelian randomization analyses

To harmonize the exposure factors and outcome summary
statistics from the GWAS, we matched the summary statistics
on the reference allele and excluded palindromic variants with
uncertain allele frequency from the MR analysis (20). Using
the inverse-variance weighted (IVW) method, we combined
SNP-specific causal estimates for clozapine metabolism (21).
The significant threshold for multiple tests was P < 0.003
(0.05/18 = 0.003) when the Bonferroni method was applied,
since we conducted MR analyses of six addictive substances
use indices and three clozapine metabolism indicators. Genetic
instruments were examined for heterogeneity and directional
pleiotropy using a weighted median function and MR-Egger
regression (22, 23). To evaluate the validity of statistically
significant results, the Cochran Q statistic test was used to
identify heterogeneous results (23). We switched from the
inverse variance-weighted fixed model to the random-effects
model if Cochran’s Q indicated heterogeneity and pleiotropy
(P < 0.05) (24). We carried out a leave-one-out study in which
one SNP was eliminated at a time in order to evaluate the
influence of marginal and/or pleiotropic SNPs (25). We used
the MR-Pleiotropy RESidual Sum and Outlier (MR-PRESSO)
program to identify SNP outliers (26). In order to decrease any
pleiotropic effects, we excluded these outliers and reanalyzed
the associations without them. Genetically predicted increases in
substance use are shown as effect estimates with 95% confidence
intervals (CIs). R (version 3.4.0) and the TwoSampleMR
package were used to conduct all statistical analyses (27).

Results

The number of IVs involved in this study varied from 8
to 200. In the selection phase of the instrumental variables,
we removed some outliers and calculated the F statistics and
variance for all SNP. The minimum F statistic in the last selected
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Assumption1
Genetic variants are associated with exposure
factors(Cigarette smoking,coffee
consumption,alcohol intake)

SNP1, SNP2..SNPn

Assumption3
Genetic variants is not

Assumption2
Genetic variants are
independent of the

Cigarette smoking,coffee consumption,alcohol intake
(age of smoking,cigarettes per day,smoking cessation,smoking
initiation,coffee consumption,alcohol consumption)

directly related to
outcome,and its effect on
outcome can only be

confunders reflected by exposure
Y factors
Clozapine
=== Confounders > Norclozapine ¢ ---
Clozapine:Norclozapine
FIGURE 1

Mendelian randomization (MR) model. We conducted MR analysis based on three hypotheses: (1) the instrumental variables for each measure of
substance use are associated with exposure factors; (2) the instrumental variables are not associated with any confounders; and (3) the

instrumental variables are only related with clozapine metabolism through substance use and not through any other causal pathway. According
to MR assumptions, solid lines are hypothesized to exist whereas dashed lines are theorized to be insignificant.

TABLE 1 Description of GWAS summary statistics used for each phenotype.

Phenotype References Consortium Sample size Population
Clozapine Pardinas et al. (8) CLOZUK2 2,989 participants European
Norclozapine Pardinas et al. (8) CLOZUK2 2,989 participants European
Metabolic ratio Pardinas et al. (8) CLOZUK2 2,989 participants European
Age of smoking Liu et al. (5) GSCAN 341,427 participants European
Cigarettes per day Liuetal. (5) GSCAN 337,334 participants European
Smoking cessation Liu et al. (5) GSCAN 547,475 participants European
Smoking initiation Liu et al. (5) GSCAN 1,232,091 participants European
Coffee consumption Coffee and Caffeine 91,462participants European, African
Genetics Consortium American
etal. (17)
Alcohol consumption Liuetal. (5) GSCAN 941,280 participants European

We searched PubMed for GWASs of 6 exposures and identified genetic variants with genome-wide significant (P < 5 x 10~ %) associations for reference levels of age of smoking Liu et al.

(5), cigarettes per day, smoking cessation, smoking initiation, alcohol consumption Liu et al. (5), and coffee consumption Coffee and Caffeine Genetics Consortium et al. (17). Then, we

extracted the associations between genetic instrument and clozapine, Pardifas et al. (8), norclozapine, metabolic ratio, from the GWAS data of Psychiatric Genomics Consortium (PGC,

http://www.med.unc.edu/pgc/).

SNP is 9, indicating that there is no weak tool variable in this MR
analysis, and the overall association of the IVW test is shown in
Figure 2.

Associations of cigarette smoking,
coffee consumption, alcohol intake
with clozapine concentration

Using MR-PRESSO method, we detected and removed two

SNP outliers (rs17177078 and rs2472297) for the phenotype
of drinking per week. After removing the outliers, we found

Frontiers in Psychiatry

significant casual association for smoking initiation (f = -0.14,
P = 4.53E-04) and coffee consumption (f = -0.42, P = 1.70E-
14) with the concentration of clozapine (Figure 2A and
Supplementary Table 8), surviving after Bonferroni correction.
The results of sensitivity analysis using weighted median and
MR Egger analysis for the effects of smoking initiation and
coffee consumption on the concentration of clozapine were
comparable (Supplementary Table 8). Modified Q statistics
indicated that instrument SNP effects were not significantly
heterogeneous (P > 0.05; Supplementary Table 7). It was also
shown that there was no horizontal pleiotropy by the MR-
Egger intercept test (intercept = -0.01; SE, 0.01; P = 0.12;
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FIGURE 2

Mendelian randomization analysis showing the effects of cigarette smoking, coffee consumption, alcohol intake, and clozapine metabolism.
(A) MR analyses of the measures of substance use and clozapine concentrations. (B) MR analyses of the measures of substance use and
norclozapine concentrations. (C) MR analyses of the measures of substance use and the ratio of clozapine to norclozapine.

Supplementary Table 8). No one SNP was significantly linked
to smoking initiation and coffee consumption as a result of our
leaving-one-out analysis (Supplementary Figures 1, 2).

Moreover, cigarettes per day showed suggestive association
with the concentration of clozapine (f = -0.19, P = 8.52E-03;
Figure 2A). However, no significant results were found for age
of smoking (B = -0.27, P = 0.23), smoking cessation ( = -0.08,
P = 0.35), and alcohol consumption (f = -0.06, P = 0.57) with
clozapine concentration (Supplementary Table 8).

Associations of cigarette smoking,
coffee consumption, alcohol intake
with norclozapine concentration

Using MR-PRESSO method, we detected and removed one
SNP outliers (rs2472297) for the phenotype of drinking per
week. Then, we detected the significantly causal relationship
of smoking initiation (8 = -0.14, P = 3.33E-04) and coffee
-0.27, P = 1.51E-07; Figure2B) with
norclozapine concentration. Sensitivity analysis yielded similar

consumption (B =

results for causal effects of smoking initiation (Weighted
median: B = -0.12, P = 0.05 MR Egger: f§ = -0.28,
P =0.09) and coffee consumption (Weighted median: = -0.29,
P = 6.27E-05; MR Egger: p = -0.46, P = 7.70E-03) on the
concentration of norclozapine. No horizontal pleiotropy was
observed (Supplementary Table 8). Additionally, no horizontal
pleiotropy was detected by the MR-Egger intercept test
(intercept = -0.01; SE, 0.01; P = 0.12; Supplementary Table 8).
No one SNP was significantly linked to smoking initiation and
coffee consumption as a result of our leaving-one-out analysis
(Supplementary Figures 3, 4). No significant results were found
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for age of smoking (f = -0.09, P = 0.69), cigarettes per day
(B = -0.11, P = 0.11), smoking cessation (f = -0.15, P = 0.06),
and alcohol consumption (B = 0.03, P = 0.79) with clozapine
concentration (Supplementary Table 8).

Associations of cigarette smoking,
coffee consumption, alcohol intake
with metabolic ratio

We find no SNP outliers for the metabolic ratio of
clozapine and norclozapine concentrations using the MR-
PRESSO test. Our results showed that coffee consumption had
a causal relationship with metabolic ratio of clozapine and
norclozapine concentration (B = -0.15, P = 5.35E-07). Further,
similar patterns of effects were observed when sensitivity
analyses were conducted using weighted median and MR
Egger analyses (Figure 2C). However, we found significant
heterogeneity (P < 0.05), and changed from the inverse
variance-weighted fixed model to the random-effects model.
The coffee consumption was still significantly associated with
metabolic ratio of clozapine and norclozapine concentration
(B =-0.15, P = 2.65E-04), surviving after Bonferroni correction.
Additionally, results from MR-Egger intercept tests showed no
evidence of horizontal pleiotropy (intercept = -0.01; SE, 0.01;
P = 0.12; Supplementary Table 8). Our leaving-one-out study
revealed that no single SNP significantly affected the amount of
coffee consumption (Supplementary Figure 5).

Moreover, age of smoking (8 = -0.16, P = 0.21), cigarettes
per day (B = -0.08, P = 0.05), smoking cessation (§ = 0.06,
P = 0.18), smoking initiation (8 = -0.01, P = 0.61), and

alcohol consumption (B = -0.08, P = 0.20) indicated no
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significant association with the metabolic ratio of clozapine and
norclozapine concentration (Supplementary Table 8).

Discussion

We sought to reliably quantify the effect of substance use
on the concentrations of clozapine and its metabolite. To do
this, we used the MR approach and found additional evidence
that smoking initiation and coffee consumption were likely to
reduce the concentration of clozapine or its metabolites. These
findings corroborate many previous prospective observational
studies that identified smoking and coffee intake to be at
reduced concentration of clozapine and its metabolites. Given
each SNP is allocated randomly at the time of conception,
the MR results should be unconfounded by other factors for
clozapine concentration, and therefore they can be thought of
as approximately analogous to a series of natural randomized
trials evaluating the effect of substance use on the concentration
of clozapine. In contrast, we found little evidence that other
factors, such as age of smoking, cigarettes per day, smoking
cessation, and alcohol consumption were associated with
clozapine metabolism. Our discovery is timely in that it raises
awareness of the possible negative effects of smoking and coffee
intake on focus while also offering more reliable scientific
support for the treatment.

Smoking behavior and coffee consumption have been
shown to play a key role in clozapine metabolism in previous
studies (10, 28-30). Although a considerable number of
studies have examined the influence of smoking behavior
and coffee intake on clozapine concentration, but previous
studies yielded conflicting results. For example, a recent meta-
analysis comprising of 7,125 individuals found that clozapine
blood levels are significantly lower in smokers compared
with non-smokers (10). However, a prospective observational
study indicated that the plasma concentrations of clozapine or
norclozapine did not change significantly after the smoking ban
for patients taking clozapine at inpatient hospital sites (28).
According to a number of studies, coffee consumption slows
down the metabolism of clozapine and raises clozapine levels in
the body (29, 30). However, a clinical trial found that the effect
of instant coffee drinking on serum clozapine concentrations is
of minor clinical relevance in most of the patients (9).

In our MR study, we observed significant genetic evidence
that smoking initiation and coffee consumption were associated
with decreased concentration of clozapine and norclozapine,
which enhances the evidence to establish a negative association
between smoking and coffee with clozapine metabolism.
Previously, it has been difficult to ascertain if there is a
causal association between addictive substance usage and
clozapine concentration. In observational studies, residual
confounding may affect the results even after adjusting for
confounding factors. As a result, determining causation has
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always been difficult, since randomized controlled studies
could expose participants to adverse conditions. Notably, an
MR study can provide important data on causation, which
is essential to the publics health and offers information
for recommendations. Our study had a larger sample
size and more statistical power than earlier observational
studies. These noteworthy results from MR studies and
conventional observational research demonstrate the causative
relationships between smoking and coffee consumption and
clozapine levels.

Mechanisms of association

Our findings on the effects of smoking and coffee intake on
clozapine levels are compatible with known biology. Clozapine
is metabolized by CYP1A2 and CYP3A4 and partially also by
CYP2C19. Inductors of these enzymes reduce while inhibitors
raise clozapine levels. Clozapine and caffeine are metabolized
largely by CYP1A2 enzyme. Polycyclic aromatic hydrocarbons
in cigarettes are inductors of CYP1A2. Therefore, individuals
treated with clozapine need to be more strictly watched if they
discontinue smoking or coffee intake, since their plasma levels
might quickly rise as the CYP1A2 induction declines. Therefore,
individuals treated with clozapine need to be more strictly
watched if they discontinue smoking or coffee intake, since
their plasma levels can rapidly rise when the CYP1A2 induction
declines. Because the smokers who were treated with clozapine
were reported to suffer from substantial central nervous side
effects after smoking cessation (31), it is vital to manage the
clozapine dosage carefully when smokers cease smoking or
lower the amount of smoking. In addition to studying the role
of drug-metabolizing enzymes in antipsychotic therapy, more
and more researchers have recently improved the safety and
efficacy of drug therapy by combining new pharmacogenomic
findings and therapeutic drug monitoring (TDM) (32). The
role of TDM of plasma concentrations and pharmacogenetic
testing is highlighted in the latest version of the GMT
panel consensus guidelines in guiding drug therapy in clinical
practice (33, 34). There is growing evidence that it is expected
to adjust patient antipsychotic medication dosage through
the measurement and interpretation of drug concentrations
and when combined with a detailed understanding of
the genetic patient background (35, 36). Evidence-based
guidelines for selective serotonin reuptake inhibitor (SSRI)
vs. tricyclic antidepressive agents (TCA) published by the
Clinical Pharmacogenetics Implementation Consortium also
give us some implications that pharmacogenetic testing and
interpreting genotyping results can be used to optimize drug
therapy. Our findings offer the basis for possible clinical uses of
as a therapeutic monitoring for the management of individuals
with treatment-resistant schizophrenia.
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Pharmacogenomics study shown that genetic variants
in UGT enzymes, which were responsible for nicotine
glucuronidation, were also involved in clozapine metabolism
(8). Previous caffeine clearance tests, an index of CYP1A2
activity, indicated that caffeine metabolism was correlated with
clozapine clearance (37).

Limitations

The present study’s strengths were the MR design and the
utilization of summary-level data from the biggest GWASs
to date. Under MR assumptions, this approach minimized
bias owing to reverse causality and confounding. Moreover,
the consistency of results from other sensitivity studies, such
as the use of weighted mean, weighted median, and MR-
egger techniques, indicates the robustness of our findings.
However, there are numerous constraints to consider. Although
our work utilized MR techniques to simplify the research
process and eliminate the impact of confounding variables
and reverse causality, it has limitations. First, the MR analysis
instrument is incapable of completely avoiding horizontal
pleiotropic effects, such as confounding variables. Second, based
on two-sample data statistics, the causal association between
coffee, smoking, and clozapine is ambiguous and requires
more clinical research. This study can only examine causation,
which is not clear enough regarding coffee consumption
and smoking to provide a reliable reference, such as the
amount of coffee or smoke that does not alter clozapine
concentration. Due to a degree of chromosomal variances
between ethnicities, it is questionable if these findings can be
applied merely internationally to our European and African
American participants. Using a combination of MR and
case-control research, we may be able to comprehensively
gather genome-wide comparison analyses between various
ethnic groups, therefore resolving our existing uncertainties.
The discovery of new genetic loci governing the connection
between coffee consumption and clozapine concentration may
give direction for future clinical marketing. Third, for the
equally popular drink, tea, but we did not include the
tea or benzodiazepine in the study, based on some of the
following considerations. For example, but the chemicals of
tea are too complex. Although many people are studying tea
polyphenols now, we cannot guarantee that the amount of
various chemicals and tea polyphenols are equal in each tea
sample. Moreover, there are many kinds of teas, and since
the chemical components they contain are not completely
clear, less information exists on the pharmacokinetic effects
of the chemical components of antipsychotic drugs, and
there is no clear evidence on which biological mechanism is
involved in the metabolism of antipsychotic drugs. Therefore,
in order to ensure the reliability of the research results,
tea was not included in the selection scope. But tea is
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always worth careful exploration in the study of psychiatric
pharmacogenomics.

the
the
substances

first
potentially

this is
investigate

To our knowledge, study using
MR

relationship

approach to causal
of

In

addictive on clozapine

metabolism. summary, findings  supported

between
coffee consumption and

our

potential ~associations smoking initiation and
clozapine metabolism. Further
investigations in understanding the underlying mechanisms
of smoking and coffee intake in the metabolism of

clozapine are required.

Data availability statement

The original contributions presented in this study are
included in the article/Supplementary material, further
inquiries can be directed to the corresponding author.

Author contributions

LZ and HY designed the study, contributed to analysis
and interpretation of data, and wrote the first draft of the
manuscript. LZ, HL, JL, XL, RX, CZ, and HY did the statistical
analyses and prepared the table and figures. HY provided further
data interpretation. All authors contributed to drafting the
work and revising it critically for important intellectual content
and made substantial contributions to the concept and design
of the study and acquisition, analysis, and interpretation of
data.

Funding

This study was funded by the National Natural Science
Foundation of China (81901358), Natural Science Foundation
of Shandong Province (ZR2019BHO001 and ZR2021YQ55),
Medical and Health Science and Technology Development
Plan of Shandong Province (202003061210, 202103090742,
and 202103090692), Jining Key Research and Development
Program (2020YXNS047, 2021YXNS024, and 2021YXNS077),
and Young Taishan Scholars of Shandong Province
(tsqn201909146). The funders had no role in the design
and conduction of this study.

Acknowledgments

We gratefully acknowledge all the studies and databases that
made GWAS summary data available.

frontiersin.org


https://doi.org/10.3389/fpsyt.2022.1002235
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org/

Zeng et al.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated

References

1. Saha S, Chant D, Welham J, McGrath J. A systematic review of the prevalence
of schizophrenia. PLoS Med. (2005) 2:e141. doi: 10.1371/journal.pmed.0020141

2. Howes OD, McCutcheon R, Agid O, de Bartolomeis A, van Beveren NJ,
Birnbaum ML, et al. Treatment-resistant schizophrenia: treatment response and
resistance in psychosis (TRRIP) working group consensus guidelines on diagnosis
and terminology. Am ] Psychiatr. (2017) 174:216-29. doi: 10.1176/appi.ajp.2016.
16050503

3. Essali A, Al-Haj Haasan N, Li C, Rathbone J. Clozapine versus typical
neuroleptic medication for schizophrenia. Cochrane Database Syst Rev. (2009)
2009:Cd000059. doi: 10.1002/14651858.CD000059.pub2

4. Warnez S, Alessi-Severini S. Clozapine: a review of clinical practice guidelines
and prescribing trends. BMC Psychiatr. (2014) 14:102. doi: 10.1186/1471-244X-14-
102

5. Liu M, Jiang Y, Wedow R, Li Y, Brazel DM, Chen E, et al. Association studies of
up to 1.2 million individuals yield new insights into the genetic etiology of tobacco
and alcohol use. Nat Genet. (2019) 51:237-44.

6. Best-Shaw L, Gudbrandsen M, Nagar J, Rose D, David AS, Patel MX.
Psychiatrists’ perspectives on antipsychotic dose and the role of plasma
concentration therapeutic drug monitoring. Ther Drug Monit. (2014) 36:486-93.
doi: 10.1097/FTD.000000000000004 1

7. Archibald L, Brunette ME Wallin DJ, Green Al. Alcohol use disorder and
schizophrenia or schizoaffective disorder. Alcohol Res. (2019) 40:arcr.v40.1.06. doi:
10.35946/arcr.v40.1.06

8. Pardifias AF, Nalmpanti M, Pocklington AJ, Legge SE, Medway C, King A, et al.
Pharmacogenomic variants and drug interactions identified through the genetic
analysis of clozapine metabolism. Am J Psychiatr. (2019) 176:477-86. doi: 10.1176/
appi.ajp.2019.18050589

9. Raaska K, Raitasuo V, Laitila J, Neuvonen PJ. Effect of caffeine-containing
versus decaffeinated coffee on serum clozapine concentrations in hospitalised
patients. Basic Clin Pharmacol Toxicol. (2004) 94:13-8. doi: 10.1111/j.1742-7843.
2004.pt0940104.x

10. Wagner E, McMahon L, Falkai P, Hasan A, Siskind D. Impact of smoking
behavior on clozapine blood levels - a systematic review and meta-analysis. Acta
Psychiatr Scand. (2020) 142:456-66. doi: 10.1111/acps.13228

11. Hartz SM, Pato CN, Medeiros H, Cavazos-Rehg P, Sobell JL, Knowles JA, et al.
Comorbidity of severe psychotic disorders with measures of substance use. JAMA
Psychiatr. (2014) 71:248-54. doi: 10.1001/jamapsychiatry.2013.3726

12. Weathermon R, Crabb DW. Alcohol and medication interactions. Alcohol
Res Health. (1999) 23:40-54.

13. Monroy-Jaramillo N, Martinez-Magana JJ, Pérez- Aldana BE, Ortega-Vézquez
A, Montalvo-Ortiz ], Lopez-Lopez M. The role of alcohol intake in the
pharmacogenetics of treatment with clozapine. Pharmacogenomics. (2022) 23:371-
92. doi: 10.2217/pgs-2022-0006

14. Smith GD, Ebrahim S. ’Mendelian randomization’: can genetic epidemiology
contribute to understanding environmental determinants of disease? Int J
Epidemiol. (2003) 32:1-22. doi: 10.1093/ije/dyg070

15. Timpson NJ, Wade KH, Smith GD. Mendelian randomization: application to
cardiovascular disease. Curr Hypertens Rep. (2012) 14:29-37. doi: 10.1007/s11906-
011-0242-7

Frontiers in Psychiatry

08

10.3389/fpsyt.2022.1002235

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be
found online at: https://www.frontiersin.org/articles/10.3389/
fpsyt.2022.1002235/full#supplementary- material

16. Smith GD, Ebrahim S. Mendelian randomization: prospects, potentials, and
limitations. Int ] Epidemiol. (2004) 33:30-42. doi: 10.1093/ije/dyh132

17. Coffee and Caffeine Genetics Consortium, Cornelis MC, Byrne EM, Esko
T, Nalls MA, Ganna A, et al. Genome-wide meta-analysis identifies six novel loci
associated with habitual coffee consumption. Mol Psychiatr. (2015) 20:647-56.

18. Zhong VW, Kuang A, Danning RD, Kraft P, van Dam RM, Chasman DI, et al.
A genome-wide association study of bitter and sweet beverage consumption. Hum
Mol Genet. (2019) 28:2449-57. doi: 10.1093/hmg/ddz061

19. Yang J, Lee SH, Goddard ME, Visscher PM. GCTA: a tool for genome-wide
complex trait analysis. Am ] Hum Genet. (2011) 88:76-82. doi: 10.1016/j.ajhg.2010.
11.011

20. Bowden J, Davey Smith G, Burgess S. Mendelian randomization with invalid
instruments: effect estimation and bias detection through Egger regression. Int J
Epidemiol. (2015) 44:512-25. doi: 10.1093/ije/dyv080

21. Stephen B, Adam B, Thompson SG. Mendelian randomization analysis
with multiple genetic variants using summarized data. Genet Epidemiol. (2013)
37:658-65. doi: 10.1002/gepi.21758

22. Bowden ], Davey SG, Haycock PC, Burgess S. Consistent estimation in
Mendelian randomization with some invalid instruments using a weighted median
estimator. Genet Epidemiol. (2016) 40:304-14. doi: 10.1002/gepi.21965

23.Jack B, George DS, Stephen B. Mendelian randomization with invalid
instruments: effect estimation and bias detection through Egger regression. Int J
Epidemiol. (2015) 44:512-25.

24. Bowden J, Del Greco ME, Minelli C, Davey Smith G, Sheehan N, Thompson
J. A framework for the investigation of pleiotropy in two-sample summary data
Mendelian randomization. Stat Med. (2017) 36:1783-802. doi: 10.1002/sim.7221

25. Burgess S, Thompson SG. Interpreting findings from Mendelian
randomization using the MR-Egger method. Eur ] Epidemiol. (2017) 32:377-89.
doi: 10.1007/s10654-017-0255-x

26. Verbanck M, Chen CY, Neale B, Do R. Detection of widespread horizontal
pleiotropy in causal relationships inferred from Mendelian randomization between
complex traits and diseases. Nat Genet. (2018) 50:1196. doi: 10.1038/s41588-018-
0164-2

27. Hemani G, Zheng J, Elsworth B, Wade KH, Haberland V, Baird D, et al.
The MR-Base platform supports systematic causal inference across the human
phenome. Elife. (2018) 7:¢34408. doi: 10.7554/eLife.34408

28. Gee SH, Taylor DM, Shergill SS, Flanagan R, MacCabe JH. Effects of a
smoking ban on clozapine plasma concentrations in a nonsecure psychiatric unit.
Ther Adv Psychopharmacol. (2017) 7:79-83. doi: 10.1177/2045125316677027

29. Higg S, Spigset O, Mjorndal T, Dahlqvist R. Effect of caffeine on clozapine
pharmacokinetics in healthy volunteers. Br J Clin Pharmacol. (2000) 49:59-63.
doi: 10.1046/j.1365-2125.2000.00111.x

30. Odom-White A, de Leon J. Clozapine levels and caffeine. J Clin Psychiatr.
(1996) 57:175-6.

31. Brownlowe K, Sola C. Clozapine toxicity in smoking cessation and with
ciprofloxacin. Psychosomatics. (2008) 49:176. doi: 10.1176/appi.psy.49.2.176

32. Hiemke C, Bergemann N, Clement HW, Conca A, Deckert ],
Domschke K, et al. Consensus guidelines for therapeutic drug monitoring in

frontiersin.org


https://doi.org/10.3389/fpsyt.2022.1002235
https://www.frontiersin.org/articles/10.3389/fpsyt.2022.1002235/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpsyt.2022.1002235/full#supplementary-material
https://doi.org/10.1371/journal.pmed.0020141
https://doi.org/10.1176/appi.ajp.2016.16050503
https://doi.org/10.1176/appi.ajp.2016.16050503
https://doi.org/10.1002/14651858.CD000059.pub2
https://doi.org/10.1186/1471-244X-14-102
https://doi.org/10.1186/1471-244X-14-102
https://doi.org/10.1097/FTD.0000000000000041
https://doi.org/10.35946/arcr.v40.1.06
https://doi.org/10.35946/arcr.v40.1.06
https://doi.org/10.1176/appi.ajp.2019.18050589
https://doi.org/10.1176/appi.ajp.2019.18050589
https://doi.org/10.1111/j.1742-7843.2004.pto940104.x
https://doi.org/10.1111/j.1742-7843.2004.pto940104.x
https://doi.org/10.1111/acps.13228
https://doi.org/10.1001/jamapsychiatry.2013.3726
https://doi.org/10.2217/pgs-2022-0006
https://doi.org/10.1093/ije/dyg070
https://doi.org/10.1007/s11906-011-0242-7
https://doi.org/10.1007/s11906-011-0242-7
https://doi.org/10.1093/ije/dyh132
https://doi.org/10.1093/hmg/ddz061
https://doi.org/10.1016/j.ajhg.2010.11.011
https://doi.org/10.1016/j.ajhg.2010.11.011
https://doi.org/10.1093/ije/dyv080
https://doi.org/10.1002/gepi.21758
https://doi.org/10.1002/gepi.21965
https://doi.org/10.1002/sim.7221
https://doi.org/10.1007/s10654-017-0255-x
https://doi.org/10.1038/s41588-018-0164-2
https://doi.org/10.1038/s41588-018-0164-2
https://doi.org/10.7554/eLife.34408
https://doi.org/10.1177/2045125316677027
https://doi.org/10.1046/j.1365-2125.2000.00111.x
https://doi.org/10.1176/appi.psy.49.2.176
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org/

Zeng et al.

neuropsychopharmacology: update 2017. Pharmacopsychiatry. (2018) 51:9-62.
doi: 10.1055/s-0043-116492

33. de Leon J. Personalizing dosing of risperidone, paliperidone and clozapine
using therapeutic drug monitoring and pharmacogenetics. Neuropharmacology.
(2020) 168:107656. doi: 10.1016/j.neuropharm.2019.05.033

34. Crettol S, de Leon J, Hiemke C, Eap CB. Pharmacogenomics in psychiatry:
from therapeutic drug monitoring to genomic medicine. Clin Pharmacol Ther.
(2014) 95:254-7. doi: 10.1038/clpt.2013.221

35. Hicks JK, Sangkuhl K, Swen JJ, Ellingrod VL, Muller DJ, Shimoda K,
et al. Clinical pharmacogenetics implementation consortium guideline (CPIC) for

Frontiers in Psychiatry

09

10.3389/fpsyt.2022.1002235

CYP2D6 and CYP2C19 genotypes and dosing of tricyclic antidepressants: 2016
update. Clin Pharmacol Ther. (2017) 102:37-44. doi: 10.1002/cpt.597

36. Baldelli S, Cheli S, Montrasio C, Cattaneo D, Clementi E. Therapeutic drug
monitoring and pharmacogenetics of antipsychotics and antidepressants in real life
settings: a 5-year single centre experience. World J Biol Psychiatr. (2021) 22:34-45.
doi: 10.1080/15622975.2020.1747112

37. Bertilsson L, Carrillo JA, Dahl ML, Llerena A, Alm C, Bondesson U, et al.
Clozapine disposition covaries with CYP1A2 activity determined by a caffeine
test. Br J Clin Pharmacol. (1994) 38:471-3. doi: 10.1111/j.1365-2125.1994.tb04
385.x

frontiersin.org


https://doi.org/10.3389/fpsyt.2022.1002235
https://doi.org/10.1055/s-0043-116492
https://doi.org/10.1016/j.neuropharm.2019.05.033
https://doi.org/10.1038/clpt.2013.221
https://doi.org/10.1002/cpt.597
https://doi.org/10.1080/15622975.2020.1747112
https://doi.org/10.1111/j.1365-2125.1994.tb04385.x
https://doi.org/10.1111/j.1365-2125.1994.tb04385.x
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org/

	Cigarette smoking, coffee consumption, alcohol intake, and clozapine metabolism: A Mendelian randomization study
	Introduction
	Materials and methods
	Study design
	Data source
	Exposures: Smoking, alcohol consumption, and coffee consumption
	Outcomes: Clozapine metabolite plasma concentrations

	Selection of instrumental variables
	Mendelian randomization analyses

	Results
	Associations of cigarette smoking, coffee consumption, alcohol intake with clozapine concentration
	Associations of cigarette smoking, coffee consumption, alcohol intake with norclozapine concentration
	Associations of cigarette smoking, coffee consumption, alcohol intake with metabolic ratio

	Discussion
	Mechanisms of association
	Limitations

	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	Supplementary material
	References


