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Abstract:
Purpose/Background: Pharmacokinetics may be of relevance for the
risk of clozapine discontinuation. We compared metabolite profiles, ac-
counting for smoking habits, in patients switching versus maintaining clo-
zapine treatment at therapeutic concentrations.
Methods/Procedures: Adult patients with clozapine serum levels above
1070 nmol/L (350 ng/mL) were retrospectively included from a Norwegian
therapeutic drug monitoring service during 2018–2020. Inclusion criteria
were (1) known smoking habits, (2) blood sample drawnwithin 10 to 30hours
after last clozapine intake, and (3) detectable levels of N-desmethylclozapine,
clozapine-N-oxide, clozapine-5N-glucuronide, or clozapine-N+-glucuronide.
Patients comedicated with cytochrome P450 enzyme inducers, inhibitors, or
valproic acidwere excluded. The high-resolutionmass spectrometry assay en-
abled detection of 21 clozapine metabolites. Metabolite profiles were com-
pared between patients switching treatment (switchers), measured as cloza-
pine being replaced by another antipsychotic drug in blood samples, versus
maintaining clozapine treatment (nonswitchers) during the study period.
Findings/Results: Of the 84 patients fulfilling the study criteria, 7 pa-
tients (8.3%) were identified as clozapine switchers. After correcting for
smoking habits, the clozapine-5N-glucuronide/clozapine ratio was 69%
lower (P < 0.001), while the clozapine-N+-glucuronide/clozapine-5N-glu-
curonide ratio was 143% higher (P = 0.026), respectively, in switchers ver-
sus nonswitchers. The other metabolite ratios did not significantly differ
between switchers and nonswitchers.
Implications/Conclusions: The present study found a significantly re-
duced 5N-glucuronidation phenotype in patients switching from clozapine at
therapeutic serum concentrations (>1070 nmol/L) to other antipsychotic drugs.
This may indicate that glucuronidation, as a potential detoxification mecha-
nism, is related to clozapine tolerability. However, the causality of this observa-
tion needs to be investigated in future studies with larger patient populations.
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S chizophrenia is a severe mental disorder with major impact on
the quality and length of life for approximately 0.7% of the

world's population.1 Antipsychotic medication is usually necessary
for symptom control, but approximately a third of the patients de-
velop treatment-resistant schizophrenia.2 Treatment-resistant schizo-
phrenia is defined as insufficient treatment response despite 2 ormore
antipsychotic trials of adequate duration, dosing, and adherence.2

Clozapine is the most effective drug in the treatment of
schizophrenia3,4 and is the only medication approved for treatment-
resistant schizophrenia.5 Still, clozapine remains underused because
of the risk of major adverse effects.6,7 Hematological monitoring is
mandatory because of the risk of severe neutropenia (agranulocy-
tosis), which occurs in approximately 1% of the patients.8 Current
clinical guidelines also recommendmonitoring of clozapine serum
levels to guide personalized dosing, optimize therapeutic response,
and limit the risk of adverse effects.5,9 There is a strong association
between serum concentration and clinical effect of clozapine, and a
concentration greater than 1070 nmol/L (350 ng/mL) is defined as
the lower level for achieving optimal treatment response.9,10

Approximately 20% of all patients discontinue clozapine
treatment.6,11 Adverse drug reactions represents 60% of these
cases, while nonadherence, the second most common reason for
discontinuation, represents 15% to 20% of the events.6,11 Only ap-
proximately 5% of the cases of clozapine discontinuation are
caused by insufficient clinical effect.6,11 There is a substantial risk
of symptom relapse and hospitalizations after a failed clozapine
trial.4,12 Increased knowledge on mechanisms underlying the tol-
erability issues of clozapine is therefore necessary.

Clozapine is extensively metabolized, primarily via oxidative
cytochrome P450 enzymes.9,13 The formation of the major metabo-
lite N-desmethylclozapine is mediated mainly by CYP1A2,9,13

while the formation of clozapine-N-oxide probably involves
CYP3A4 and flavin monooxygenase 3.14 Clozapine is additionally
glucuronidated by uridine 5'-diphospho glucuronosyltransferases
(UGTs) to clozapine-5N-glucuronide and clozapine-N+-glucuronide.15

Among the major clozapine metabolites, N-desmethylclozapine has
been linked to both favorable and unfavorable effects, for example,
on cognition and granulocyte counts.16,17

Clozapine, N-desmethylclozapine, and clozapine-N-oxide
are known to undergo bioactivation to highly reactive cytotoxic in-
termediates (ie, nitrenium ions) by myeloperoxidase 1 and CYP
enzymes,18,19 of which CYP3A4 and CYP2D6 are the most likely
candidates.14 These reactive metabolites are detoxified through
glutathione (GSH) conjugation by glutathione S-transferases,13 but
other enzymes may also be relevant for “trapping” of the reactive
nitrenium ions. Formation of nitrenium ions has been proposed as a
possiblemechanismunderlying several adverse effects of clozapine.18

There is a strong link between nitrenium ions and clozapine-induced
agranulocytosis,18 and clozapine-induced oxidative stress has also
been associated with hypersalivation,20 changes in lipid and glu-
cose metabolism,21 and to a lesser extent cardiotoxicity.22

Sex, age, drug-drug interactions, and pharmacogenetics are
all shown to affect the metabolism of clozapine, but tobacco
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smoking is probably the most important factor.23 The frequency of
smoking is 2 to 3 times higher in patients with schizophrenia than
the general population.24 Several enzymes, including CYP1A2,
flavin monooxygenase 3, and UGTs are induced by polycyclic ar-
omatic hydrocarbons formed by tobacco smoking.25–27 Conse-
quently, the serum concentrations of clozapine is decreased by ap-
proximately 30% in smokers.28

Recently, we reported that the absolute and dose-adjusted se-
rum concentrations of clozapine were reduced in patients where
clozapine was replaced by other antipsychotic drugs.29 The aim
of the present study is therefore to compare metabolite profiles
in clozapine patients switching versus maintaining treatment by
performing a comprehensive metabolite profiling of clozapine,
accounting for smoking habits, which is the major factor deter-
mining the rate of clozapine metabolism.
MATERIALS AND METHODS

Study Design and Patient Inclusion
Adult patients (18–64 years) with clozapine serum concen-

trations above the lower therapeutic target level (>1070 nmol/L
[350 ng/mL]) at the last TDM analysis were retrospectively in-
cluded from the therapeutic drug monitoring (TDM) service at
the Center for Psychopharmacology, Diakonhjemmet Hospital,
Oslo, Norway, during the period January 2018 to December
2020. Inclusion criteria were (1) known smoking habits, (2) blood
sample drawn within 10 to 30 hours after last intake of clozapine,
and (3) detectable levels of N-desmethylclozapine, clozapine-N-
oxide, clozapine-5N-glucuronide, and clozapine-N+-glucuronide.
Patients comedicated with the unselective CYP inducers carba-
mazepine, phenytoin, or phenobarbital, the CYP1A2 inhibitor
fluvoxamine, or valproic acid, which hasmultiple effects on cloza-
pine metabolism,30,31 were excluded. For the nonswitchers (refer-
ence group), a stable trial of clozapine for at least 90 days between
the first and last TDM analysis of clozapine in the database was
required for inclusion. To avoid cases of dose titrations during
treatment initiation or termination, TDM measurements at pre-
scribed clozapine doses less than 100 mg/d were excluded. Fur-
thermore, clozapine doses greater than 1000 mg/d were excluded
to ensure dose-versus-concentration linearity. All the hereinabove
information, as well as sex, age, and daily dosing, was retrieved
from the patients' TDM requisition forms. Considering that
smoking habits are of great importance for clozapine metabolism,
such information provided on the TDM requisition form was con-
firmed by determining the nicotine metabolite cotinine32 in the
TDM samples. Patients with discrepancies between cotinine levels
and reported smoking habits were excluded.

The study was approved by the Regional Committee for
Medical and Health Research Ethics (#2014/1185) and the Hospi-
tal Investigational Review Board.

Defining Lower Therapeutic Serum Concentration
and Discontinuation (Drug Switch) of Clozapine

Patients with clozapine serum concentrations greater than
1070 nmol/L at the last recorded TDM of clozapine were interpreted
to have a clinically relevant treatment effect regardless of switch to
other antipsychotic drugs. After reviewing the patients' longitudinal
TDM records, they were subsequently split into switchers and
nonswitchers. In this setting, switchers were defined as patients
where another antipsychotic drug replaced clozapine in the blood
samples after the last clozapine TDM. Clozapine-treated patients
without replacement of another antipsychotic drug in TDM sam-
ples during the study period were defined as nonswitchers.
© 2022 The Author(s). Published by Wolters Kluwer Health, Inc.
Assay for Analyzing Antipsychotic Drugs and
Clozapine Metabolites

The ultra-performance liquid chromatography high-resolution
mass spectrometry (HRMS) assay used for analyzing clozapine and
metabolites is described in the Supplementary file, http://links.lww.
com/JCP/A826. It includes analyses of all licensed antipsychotic
drugs in Norway and their primary metabolites, as described ear-
lier.16 The assay is validated and certified for routine TDM accord-
ing to the bioanalytical requirements.33 Measurements of clozapine
and N-desmethylclozapine were obtained directly from the TDM
database. The serum levels of clozapine-N-oxide, clozapine-
5N-glucuronide, and clozapine N+-glucuronide were quantified
by retrospective reprocessing of the HRMS data files, as de-
scribed elsewhere for other compounds,34 using the TraceFinder
4.1 software (Thermo Fisher Scientific, Waltham, Mass). Detec-
tion was confirmed using retention time and matched MS2 spec-
trum by analyzing reference standards purchased commercially
(TLC Pharmaceutical Standards, Newmarket, Toronto, Canada).
Supplementary Figure 1, http://links.lww.com/JCP/A826, shows
extracted ion chromatograms corresponding to (M + H)+ of cloza-
pine and the respective primary metabolites. In addition, retrospec-
tive reprocessing of the HRMS data files was used for identifica-
tion and semiquantitative measurements of clozapine metabolites
where reference standards were unavailable. Representative ion
chromatograms corresponding to (M + H)+ of the metabolites are
shown in Supplementary Figure 2, http://links.lww.com/JCP/A826.

Measures, Comparisons, and Statistics
As a measure of metabolism via different pathways, the

metabolite-to-parent ratio (MR) of the respective metabolites
was compared between clozapine switchers and nonswitchers.
In addition, prescribed daily doses (in milligrams per day), abso-
lute and dose-adjusted serum concentrations of clozapine, N-
desmethylclozapine, clozapine-5N-glucuronide, clozapine-N+-
glucuronide, and clozapine-N-oxide (in nanomoles per liter)
were compared between clozapine switchers and nonswitchers.
Comparison of the log-transformed C/D ratios and metabolite
ratios between switchers and nonswitchers were performed by
multiple linear regression analyses. Smoking, sex, age, and sam-
pling time within 10 to 30 hours after dose intake were included
as covariates (independent variables).23,25 Demographics were
compared using Student t test or the Wilcoxon rank-sum test
(continuous variables), whereas the Fisher exact test was used
for dichotomous variables. Statistical analyses were carried out
using STATA (v.16.1; StataCorp LP, College Station, Tex). The
2-sided statistical significance was set at a P value less than 0.05.

RESULTS
Of the 84 patients with registered TDM records of clozapine

fulfilling the study criteria, 7 patients (8.3%) were identified as
clozapine switchers. Among the remaining patients, defined as
nonswitchers (n = 77, 91.7%), TDMof clozapinewas not replaced
by TDM of another antipsychotic drug during the study period.
Patient characteristics are presented in Table 1. Age, sex, and
smoking habits were not significantly different between switchers
and nonswitchers (P > 0.2; Table 1). The observed mean daily dose
was lower among switchers (−26%) than nonswitchers, but the dif-
ference was not statistically significant (P = 0.091; Table 1). The
period between the first and last recorded TDM of clozapine in
the database was significantly shorter among switchers than
nonswitchers (9 vs 29 months, P = 0.011; Table 1).

Although there were no significant differences between
switchers and nonswitchers in absolute or dose-adjusted serum
concentrations of clozapine or any of the phase I metabolites
www.psychopharmacology.com 471
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TABLE 1. Patient Characteristics, Dosing, and Time Between
First and Last TDMMeasurement of Clozapine (TDM Period) in
Patients Defined asNonswitchers or Switchers, Where the Latter
Comprised Cases Where TDM of Clozapine Was Replaced by
TDM of Another Antipsychotic Drug

Variables
Nonswitchers

(n = 77)
Switchers
(n = 7)

%
Change P

Age, median (IQR), y 42 (32–50) 35 (29–40) 0.20
Women, % (n) 32% (25) 43% (3) 0.68
Sampling time,
mean (SD), h

13.3 (1.6) 12.8 (1.3) 0.46

Smokers, % (n) 71% (55) 57% (4) 0.42
Clozapine dose,
mean (SD), mg/d

474 (186) 350 (146) −26 0.091

TDM period,
median (IQR), mo

29 (17–33) 9 (2–26) 0.011

Smokers were identified from TDM requisition forms and cotinine
chromatographic peak areas.

Sampling time—time from ingested dose to blood drawn.

IQR, interquartile range; SD, standard deviation.
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(P > 0.2; Table 2), the absolute serum concentration of clozapine-
5N-glucuronide was 70% lower among switchers compared with
nonswitchers (P < 0.001; Table 2). After adjusting for covariates,
the C/D ratio of clozapine-5N-glucuronide was also significantly
lower among switchers than nonswitchers (−66%, P = 0.003;
TABLE 2. Absolute SerumConcentrations (in nanomoles per liter), Do
liter over milligrams per day), and Metabolite Ratios (“Metabolite-to-
Standards, in Patients Defined as Nonswitchers or Switchers,Where th
by TDM of Another Antipsychotic Drug

Variables Nonswitchers (n = 77)

Absolute concentrations, median (IQR)
Clozapine 1828 (1404–2245)
N-desmethylclozapine 1145 (893–1591)
Clozapine-5N-gluc 82 (50–136)
Clozapine-N+-gluc 79 (39–152)
Clozapine-N-oxide 149 (109–219)

C/D ratios, mean (95% CI)
Clozapine 4.2 (3.8–4.6)
N-desmethylclozapine 2.7 (2.5–3.0)
Clozapine-5N-gluc 0.18 (0.15–0.23)
Clozapine-N+-gluc 0.17 (0.14–0.21)
Clozapine-N-oxide 0.35 (0.31–0.38)

Metabolite ratios, mean (95% CI):
N-desmethylclozapine /clozapine 0.65 (0.61–0.70)
Clozapine-5N-gluc/clozapine 4.4 (3.7–5.2)*
Clozapine-N+-gluc /clozapine 4.0 (3.3–4.9)*
Clozapine-N-oxide/clozapine 8.2 (7.4–9.2)*
Clozapine-N+-gluc/clozapine-5N-gluc 0.91 (0.73–1.13)

Bold font indicate statistical significance.

Absolute serum concentration comparisons were carried out usingWilcoxon
yses were adjusted for age, sex, sampling time, and smoking status.

P values are nominal. Clozapine conversion factor from nanomoles per liter

*− �10−2.

CI, confidence interval; IQR, interquartile range; gluc, glucuronide.
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Table 2), showing altered formation of this metabolite in clozapine
switchers. Accordingly, and after adjusting for covariates, themetab-
olite ratio for clozapine-5N-glucuronide/clozapine was 69% lower
(P < 0.001; Table 2) in switchers compared with nonswitchers,
which also remained significant when tested against a Bonferroni-
adjusted α level of 0.0024 (0.05/21). Importantly, the parallel N-
desmethylclozapine-5N-glucuronide/N-desmethylclozapine metab-
olite ratio differed in a similar pattern by being 78% lower in
switchers versus nonswitchers (P = 0.001; Supplementary Table
1, http://links.lww.com/JCP/A826). Although there was no differ-
ence in the clozapine-N+-glucuronide/clozapine metabolite ratio
between the subgroups, the clozapine-N+-glucuronide/clozapine-
5N-glucuronide ratio was increased 2.4-fold in switchers
(P = 0.026; Table 2). The regression analyses did not reveal any
significant differences in the other metabolite ratios between
switchers and nonswitchers.
DISCUSSION
In the present study, we found a significantly reduced 5N-

glucuronidation phenotype of both clozapine and N-desmethylclozapine,
that is, −69% and −78%, respectively, in patients switching ver-
sus maintaining clozapine treatment at therapeutic serum levels
of clozapine (≥1070 nmol/L). In addition, the metabolite ratio of
clozapine-N+-glucuronide-to-clozapine-5N-glucuronide was increased
2.4-fold (ie, 143%) in switchers compared with nonswitchers.
These findings suggest that the reduced 5N-glucuronidation
phenotype might be an indicator of clozapine tolerability, al-
though it is important to point out we lacked information on the
se-Adjusted SerumConcentrations (C/D Ratios, in nanomoles per
Parent”) of Clozapine and Metabolites Determined by Reference
e Latter Comprised CasesWhere TDMof ClozapineWas Replaced

Switchers (n = 7) % Change P

1537 (1185–2128) −16 0.30
870 (497–1550) −24 0.19
25 (8–48) −70 <0.001
41 (37–94) −48 0.27
136 (70–162) −8.7 0.25

4.6 (3.3–6.3) 9.4 0.61
2.7 (2.0–3.8) 0.4 0.98
0.06 (0.03–0.12) −66 0.003
0.14 (0.07–0.28) −17 0.62
0.32 (0.22–0.45) −8.6 0.64

0.60 (0.47–0.76) −7.7 0.51
1.4 (0.8–2.5)* −69 <0.001
3.1 (1.6–6.0)* −24 0.45
6.9 (4.8–10)* −16 0.39
2.21 (1.05–4.64) 143 0.026

rank-sum test. Mean C/D ratios andMRs in multiple linear regression anal-

to nanograms per milliliter 0.33.

© 2022 The Author(s). Published by Wolters Kluwer Health, Inc.
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clinical basis for switching treatment. Thus, potential changes in
metabolite spectra of clozapine should be further investigated in
prospective studies in patients developing adverse effects versus
those who do not.

The observed 2.4-fold increase in the clozapine-N+-glucuronide-
to-clozapine-5N-glucuronide ratio implies a change in glucuronidation
phenotype being present among switchers. The impact of metabolic
phenotypes has previously been demonstrated in studies on
escitalopram and risperidone, where rapid and poor metabolizers
of CYP2C19 andCYP2D6, respectively, weremore likely to switch
to other alternative medications.35,36 Polymorphisms in different
UGTs have been proposed as contributors to the wide interindi-
vidual variability of clozapine serum levels,15 but there are no re-
ports of clozapine toxicity being directly linked to the rate of
glucuronidation. However, the fact that switchers and nonswitchers
had similar concentrations above the lower threshold for a clinically
relevant effect of clozapine may indicate that clozapine switch oc-
curred because of reduced tolerability, and not reduced efficacy. Al-
though the significantly reduced 5N-glucuronidation, without any
change in clozapine levels, may lead one to expect increased me-
tabolism via other pathways, we did not observe significantly in-
creased formation rates among switchers for any of the included
metabolites. Our data may thus indicate a shift among switchers,
toward formation of other clozapine metabolites than those ob-
served in the present study.

Oxidative metabolism produces highly reactive nitrenium
ions, which are strongly associated with adverse effects and cloza-
pine toxicity.19 These nitrenium intermediates are usually rapidly
trapped and neutralized through conjugation of GSH. However,
the observed reduction in 5N-glucuronidation capacity among
switchers may in effect have shifted metabolism toward oxidative
pathways with subsequent depletion of GSH, accumulation of
nitrenium-protein adducts, and adverse effects/intolerability. The
nitrenium ions have very short half-lives (<1 minutes) and are
therefore not detectable in vivo.19 Additional studies are needed
to clarify if the reduced 5N-glucuronidation phenotype in switchers
is indicating that reduced tolerability precedes a clozapine switch,
for example, by investigating levels of clozapine-GSH conjugates
as a surrogate measure of nitreniummetabolites in switchers versus
nonswitchers.
Methodological Considerations
The retrospective and naturalistic design of our study has

some weaknesses. The limited number of included patients may
have been insufficient to disclose differences with smaller effect
sizes between switchers and nonswitchers. However, the large
and significant difference in clozapine 5N-glucuronidation, de-
spite the limited population size, suggests that this metabolic path-
way is linked to clozapine tolerability. Because of the limited clin-
ical information, it was not possible to study the reasons or the
clinical assessments behind clozapine switch. However, all pa-
tients were above the established serum level for optimal treatment
response at the last TDM of clozapine and the clinical superiority
of clozapine renders intolerability a reasonable assumption for
switch. No information was available on organ function, somatic
diseases, infections, nutritional status, and body weight, which
all may have varied during the study period. Furthermore, bias
from potential interactions with glucuronidation inducing or
inhibiting drugs not listed on the TDM forms, for example, undis-
closed valproic acid use, could not be excluded.

There are several strengthswith themethodology applied in the
present study.When performing studies on clozapine metabolism,
it is essential to be able to control for tobacco smoking. In the
study described here, status as smoker or nonsmoker was re-
© 2022 The Author(s). Published by Wolters Kluwer Health, Inc.
trieved from the TDM requisition forms and confirmed by analy-
ses of cotinine in the serum samples. Overall, 70% of the patient
population were smokers, a typical prevalence for a population
of patients with schizophrenia.24 The proportion of smokers
among switchers and nonswitchers was not significantly different,
and smoking was also included as a covariate in the regression
analyses. Another methodological strength of the study was that
clozapine switch was measured exactly in blood samples by re-
placement of TDM with another antipsychotic drug. Nonadher-
ence, which may cause “pseudo” treatment failure and switch,
was controlled for by using TDM data providing exact information
on drug exposure. In addition, the study was restricted to patients
with clozapine serum concentrations greater than 1070 nmol/L.
Nonadherence was therefore not a substantial element in the risk
of clozapine switch in the study population.

In conclusion, the present study found a significantly re-
duced 5N-glucuronidation phenotype in patients switching cloza-
pine to other antipsychotic drugs at therapeutic serum concentra-
tions. However, the causality behind this observation and the risk
of clozapine intolerability is not clear and should be investigated
further in prospective studies on patients with access to clinical
data, where the formation of additional downstream metabolites
of clozapine are assessed in relation to treatment switch.
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