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ies suggest that the beneficial effect of fluvoxamine augmentation in raising serum clozapine concentrations also
occurs when serum concentrations are low due to smoking. Yet, little is known about the influence of
fluvoxamine augmentation on clozapine serum concentrations in smoking versus non-smoking patients.

Methods: A TDM database was analyzed. Serum concentrations of CLZ, NCLZ, dose-adjusted serum concentrations

ﬁi‘;‘;‘ggjﬁc drug monitoring (C/D) gnd metabolite—tq—parent ratios (MPR) were compared using non—parametric.al tests in four groups:
Clozapine clozapine-monotherapy in non-smokers (Vys, n = 28) and smokers (Vs, n = 43); combined treatment with clo-
Fluvoxamine zapine and fluvoxamine in non-smokers (Vys+r 1 = 11) and smokers (Vs r n = 43).

Smoking Results: The CLZ monotherapy smoking group showed lower values of C/D CLZ of —38.6% (p < 0.001), C/D NCLZ
Cytochrome P450 —35.6% (p < 0.001) and a higher MPR (p = 0.021) than in the non-smoking group. The combination of CLZ and
ICH;ETAC;OH fluvoxamine in non-smoking patients led to higher C/D values: C/D CLZ +117.9% (p < 0.001), C/D NCLZ +60.8%

(p = 0.029) while the MPR did not differ between groups (p = 0.089). Changes were comparable to fluvoxamine
augmentation in the smoking group with increased C/D CLZ of +120.1% (p < 0.001), C/D NCLZ of +85.8% (p <
0.001) and lower MPR (p = 0.006).

Conclusions: Smoking in clozapine monotherapy reduced median dose-adjusted serum concentrations more than
a third. Combined treatment with fluvoxamine and clozapine led to higher median C/D values in both, smokers
and non-smokers. The opposing effects of CYP1A2 induction by smoking and inhibition by fluvoxamine on clo-
zapine serum concentrations balanced out.

Pharmacokinetics

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Tobacco smoking is more prevalent in patients with severe mental
illnesses than in the general population and in particular in patients
with schizophrenia with a smoking prevalence of 62% (de Leon and
Diaz, 2012). Clinicians have to consider that smoking is a relevant factor
in dosing strategies due to an enhanced clearance of several hepatically
metabolized drugs (Augustin et al, 2018; Kroon, 2007). This
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consideration is necessary because smoking is known to induce distinct
CYP isoenzymes with a clinically relevant impact on drug pharmacoki-
netics. Especially polycyclic aromatic hydrocarbons, generated by to-
bacco smoking, seem to be responsible for the induction of
isoenzymes CYP1A1, CYP1A2 and CYP2E1 (Schrenk et al., 1998; Zevin
and Benowitz, 1999). The induction or inhibition of CYP isoenzymes
can have substantial effects on drug metabolism and the serum concen-
tration of a drug and its metabolites (Pelkonen et al., 1998). For clinical
efficacy and patients' safety, the drug concentration plays a crucial role
and especially for clozapine, a therapeutic reference range is well de-
fined and established to enhance the proportion of patients that show
response or remission (Hiemke et al.,, 2018). Clozapine's metabolism is
known to be influenced by smoking, however, data in a naturalistic
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setting is scarce. A recent meta-analysis included only four high quality
studies with a total number of 196 patients that studied the impact of
smoking on pharmacokinetics of clozapine (Tsuda et al.,, 2014).

Data suggest that a combined treatment of clozapine and
fluvoxamine, a potent CYP1A2 inhibitor, may have beneficial effects
on metabolic parameters and psychopathology (Kishi et al., 2013;
Polcwiartek and Nielsen, 2016). Concomitant treatment with
fluvoxamine has been linked to attenuated weight gain and reduced
metabolic side effects compared to clozapine monotherapy (Lu et al.,
2004) and it has been hypothesized that a combined treatment in-
creases efficacy and tolerability of clozapine even in patients with treat-
ment resistant schizophrenia (Legare et al., 2013).

Fluvoxamine significantly prolongs the elimination half-life of cloza-
pine and reduces the so called metabolite-to-parent ratio (IMPR, ratio of
N-desmethylclozapine, NCLZ/clozapine, CLZ, (Wang et al., 2004)). NCLZ
has been linked to metabolic side effects such as increased weight gain
and hyperlipidemia due to its antagonism at 5-HT,. receptors
(Procyshyn et al., 2007; Reynolds et al., 2005). While there is only one
study suggesting that high MPRs, i.e. relatively high NCLZ concentra-
tions, are favorable in terms of working memory performance (Rajji
et al,, 2015), the addition of fluvoxamine to an ongoing clozapine treat-
ment appears to be linked to a favorable clinical response and less side
effects driven by higher CLZ serum concentrations following
fluvoxamine's inhibition of CYP1A2.

To elucidate both, the impact of fluvoxamine and smoking on
clozapine's pharmacokinetics, we analyzed a therapeutic drug monitor-
ing (TDM) database consisting of CLZ and NCLZ serum concentrations in
smoking and non-smoking patients with schizophrenia. Patients were
treated with clozapine monotherapy or received a co-medication with
fluvoxamine. By analyzing TDM databases, clinically important issues
such as drug-drug interactions (Paulzen et al., 2018; Schoretsanitis
et al., 2016), the effect of smoking on drug concentrations (Augustin
et al, 2018; Paulzen et al., 2016a), adverse drug reactions
(Schoretsanitis et al., 2016), or treatment response in relation to phar-
macokinetic patterns of drug concentrations (Paulzen et al., 2016a;
Paulzen et al., 2016b; Spina et al., 2016) can be addressed.

Clozapine is a tricyclic atypical antipsychotic of the
dibenzodiazepine class indicated for treatment-resistant schizophrenia.
It is mainly metabolized by CYP1A2 with moderate influence of
CYP2C19 and CYP3A4 (Jaquenoud Sirot et al., 2009). Protein binding
of clozapine is high and mean elimination half-life under steady state
conditions is approximately 12 h. Clozapine is extensively metabolized
and the major metabolite N-desmethylclozapine is pharmacologically
active (Lameh et al., 2007; Mendoza and Lindenmayer, 2009). A thera-
peutic reference range of 350 to 600 ng/mL is proposed (Hiemke et al.,
2018). TDM of clozapine is of high clinical relevance to avoid side effects
such as sedation and concentration-dependent proconvulsive proper-
ties of clozapine (Mauri et al., 2014).

Fluvoxamine is a selective serotonin reuptake inhibitor and o;-
receptor agonist. In the US, it is only indicated for the treatment of
obsessive-compulsive disorder, although in other countries (e.g.
Germany) it is approved for the treatment of major depressive disorder.
Fluvoxamine has a mean elimination half-life of around 16 h and is
mainly metabolized by CYP2D6 and CYP1A2 (Miura and Ohkubo,
2007). Fluvoxamine shows nonlinear pharmacokinetics, most likely in
dosages above 50 mg (Hiemke and Hartter, 2000). In vitro studies
have shown that fluvoxamine inhibits cytochrome P450 isoenzymes
CYP1A2, 2C19, 2C9, 2D6 and 3A4 linked to the demethylation of CLZ
and formation of NCLZ (Olesen and Linnet, 2000).

Although the influence of fluvoxamine on clozapine serum concen-
trations is known for more than two decades, little is known about com-
bined interactions of fluvoxamine and smoking on clozapine
pharmacokinetics. Accordingly, aim of this study was to clarify the inter-
action of fluvoxamine and smoking on clozapine's pharmacokinetics to
better predict the influence of a combined treatment in smoking and
non-smoking patients with schizophrenia.

2. Materials and methods

The study was conducted at the Department of Psychiatry, Psycho-
therapy and Psychosomatics of RWTH Aachen University Hospital and
the Alexianer Hospital Aachen, Germany. A TDM database consists of
serum concentrations of clozapine (CLZ) and N-desmethylclozapine
(NCLZ) from inpatients with schizophrenia that were treated in both in-
stitutions between 01/2013 and 11/2018. In both hospitals patients
were allowed to smoke in special areas, therefore there was no institu-
tional restriction of smoking behavior. Data collection was performed as
part of the clinical routine at steady-state conditions (>5 half-life times,
trough level blood sampling). In cases of multiple available serum con-
centrations for one single patient, only the most recent value was in-
cluded in the analysis. Retrospective analysis of clinical data for this
study was in accordance with the local regulatory authority.

We considered four study groups; two groups of patients receiving
clozapine monotherapy consisting of non-smokers (Vys, n = 28) and
smokers (Vs n = 43) and two groups receiving clozapine with
fluvoxamine augmentation consisting of non-smokers (Vnsig, n = 11)
and smokers (Vs g, n = 43). No matching processes for age, sex, diag-
noses, severity, length or onset of illness were undertaken. All groups
consisted of patients without a co-medication with so far known or pre-
viously described CYP2D6 inhibitory or CYP1A2, CYP3A4, CYP2C9 or
CYP2C19 inhibitory or inducing properties according to established da-
tabases for cytochrome P450 influencing drugs (FDA, 2014; Hiemke
etal, 2018).

2.1. Quantification of clozapine

Blood samples were drawn just before drug administration (trough
levels) at steady state conditions (> 5 elimination half-lives under the
same drug dose). Serum concentrations of both, CLZ and NCLZ were
quantified using a validated liquid chromatography-tandem mass spec-
trometry (LC-MS/MS) as described elsewhere (Couchman et al., 2013;
Rao et al., 2009).

2.2. Statistical analysis

Serum concentrations of CLZ and NCLZ were compared between the
four groups; two groups on clozapine monotherapy consisting of non-
smokers (Vys) and smokers (Vs) and two groups treated with clozapine
and fluvoxamine consisting of non-smokers (Vys. ) and smokers (Vg
+r). Dose-adjusted plasma concentrations (ratio of the drug concentra-
tion C and the applied daily dose D, C/D, in [ng/mL]/[mg/day]) for cloza-
pine, N-desmethylclozapine as well as the metabolite-to-parent ratio
(MPR; NCLZ/CLZ) were calculated. Histograms yielded evidence of a
non-normal distribution of the analyzed serum concentrations. There-
fore, we performed a non-parametrical Kruskal-Wallis test with a signif-
icance level of 0.05 to compare the distributions of serum
concentrations of CLZ and NCLZ between the groups. To conduct
pairwise comparison of the serum concentrations between the groups,
a Mann Whitney U test (M-W U) with the same significance level was
applied. Statistical analysis was carried out using IBM SPSS Statistics
version 24.0 (SPSS Inc. Chicago, USA).

3. Results

125 of 139 patients from the TDM database were eligible for analysis
(14 patients had confounding co-medication according to the FDA clas-
sification of in vivo inhibitors or inducers of CYP enzymes (FDA, 2017))
and were excluded from analysis. Drug concentrations of 125 patients
were assigned to the four groups, Vs (n = 28), Vs (n = 43), Vns4r (n
= 11) and Vs, (n = 43). The demographic data is summarized in
Table 1.
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Table 1
Patients' demographic characteristics.

Group Number of patients Median age (years) Sex Clozapine (mg/day) Fluvoxamine (mg/day)
% female % male Median (range) Median (range)

Vs 28 47 (19-69) 60.7 393 262.5 (125-650) -

VNs+F 11 55 (28-73) 45.5 54.5 200 (50-275) 50 (12,5-100)

Vs 43 38 (19-69) 37.2 62.8 350 (100-750) -

Vs 43 40 (19-61) 30.2 69.8 250 (50-600) 50 (12,5-100)

Vns = non-smokers without comedication with fluvoxamine; Vs, = non-smokers co-medicated with fluvoxamine; Vs = smokers without comedication with fluvoxamine; Vs =

smokers co-medicated with fluvoxamine.

The median serum concentrations (ng/mL), median dose-adjusted
serum concentrations of clozapine, N-desmethylclozapine, and
metabolite-to-parent ratio (NCLZ/CLZ) are displayed in Table 2.

The Kruskal-Wallis test detected no differences regarding sex distri-
bution or age between the four groups (p = 0.077 and p = 0.051). How-
ever, the groups differed significantly in terms of daily dose of clozapine
(p = 0.002) but not fluvoxamine (p = 0.451). The comparison of the
distribution of the serum concentrations yielded significant differences
between the groups for CLZ (p < 0.001) and NCLZ (p = 0.003). Signifi-
cant differences were also detected for dose-adjusted serum concentra-
tions; groups differed significantly for both, C/D CLZ (p < 0.001) and C/D
NCLZ (p < 0.001). Significant differences were also found for MPRs (p =
0.002).

To further disentangle the differences between the groups, we con-
ducted pairwise comparisons between pairs of groups using a M-W U
test. We first analyzed the effect of smoking on clozapine metabolism
without fluvoxamine augmentation. The comparison of Vys vs. Vs re-
vealed significant distribution differences for CLZ and NCLZ (p =
0.002, p = 0.025). For CLZ, smokers showed significantly lower median
serum concentrations (—30.2%, 122,5 ng/mL lower) compared to non-
smokers. For NCLZ, median serum concentrations were — 23.7% or
56 ng/mL lower. Smokers showed a significantly higher metabolite-to-
parent ratio (p = 0.021; 0.647 compared to 0.514). The comparisons
of dose-adjusted serum concentrations between the groups revealed
similar results; C/D CLZ (p < 0.001) and C/D NCLZ (p < 0.001) were
—38.6% and —35.6% lower in smokers than in non-smokers. Important
to note, the two groups did not differ in terms of sex narrowly missing
the p-value of 0.05 (p = 0.054). There were no significant differences
regarding age and daily dose of clozapine between the two groups (p
= 0.104,p = 0.119).

We then focused on the effect of fluvoxamine in non-smoking and
smoking patients. In non-smokers, the comparison of Vs vs. Vns-r
did not reveal significant distribution differences for CLZ and NCLZ (p
= 0.914, p = 0.158). Comparisons of the MPR did not reach significance
(p = 0.089). The comparison of the dose-adjusted serum concentra-
tions showed significant differences between C/D CLZ (p < 0.001) and
C/D NCLZ (p = 0.029) with +117.9% and + 60.8% higher values in the
fluvoxamine group. The groups differed significantly in terms of the
daily dose of clozapine (p = 0.004) with lower doses in the fluvoxamine
group, but not in terms of age or sex (p = 0.301, p = 0.469).

Analyzing the effect of fluvoxamine in smoking patients, the com-
parison of Vg vs. Vs showed significant differences for CLZ (p <
0.001) and NCLZ (p = 0.001), as the group of smokers concomitantly
treated with fluvoxamine showed significantly higher serum values of
both, CLZ (+63.6%, 180 ng/mL higher) and NCLZ (442.2%, 76 ng/mL

higher). The metabolic ratio was —21.8% lower in the fluvoxamine
group (p = 0.006). Dose-adjusted comparisons revealed +120.1%
higher values in the fluvoxamine group for C/D CLZ (p < 0.001) and
+85.8% higher values for C/D NCLZ (p < 0.001). Both groups did not dif-
fer in terms of age, sex or daily clozapine dose (p = 0.928, p = 0.496, p
= 0.073).

By addressing the effect of smoking in patients that were under com-
bined treatment with clozapine and fluvoxamine, Vnsr Vs. Vs, we
found significant differences only for NCLZ (p = 0.032) but not for CLZ
(p = 0.361). Concentrations of NCLZ were +49.7% or 85 ng/mL higher
in the group of active smokers compared to non-smokers. Metabolic ra-
tios did not differ between groups (p = 0.1). There were significant dif-
ferences in dose adjusted comparisons for C/D CLZ (p = 0.034, —38%
lower in smokers compared to non-smokers) but not for C/D NCLZ (p
= 0.356). Groups differed significantly in terms of age (p = 0.024)
and daily dose of clozapine (p = 0.007) as smokers were younger and
received a higher median daily dose of clozapine. There were no differ-
ences concerning sex distribution between the groups (p = 0.344).

Finally, we investigated the combined effect of fluvoxamine aug-
mentation in non-smokers compared to smokers on clozapine mono-
therapy. Analysis of Vs vs. Vs ¢ did not yield significant differences
for serum concentrations of CLZ or NCLZ (p = 0.196, p = 0.244). The
MPR did not differ between groups (p = 0.605). Regarding dose-
adjusted-comparisons, there were no significant differences for C/D
CLZ (p = 0.151) and C/D NCLZ (p = 0.077). The groups differed signif-
icantly in terms of sex (p = 0.012) but not age (p = 0.075) as the pro-
portion of males was higher in the Vs_ ¢ group while the daily clozapine
dose did not differ between groups (p = 0.868).

Figs. 1 and 2 show box-plots of median dose-adjusted serum con-
centrations of CLZ and NCLZ between the four groups: patients receiving
clozapine monotherapy being non-smokers (Vys, 1 = 28) or smokers
(Vs, n = 43) and patients receiving clozapine with fluvoxamine aug-
mentation being non-smokers (Vys+g, n = 11) or smokers (Vs;g n =
43).

4. Discussion

Clinical evidence concerning the impact of smoking or concomi-
tantly administered fluvoxamine medication on the metabolism of clo-
zapine has been known for a long time. Clinicians know that both
factors affect the metabolism of clozapine. However, data regarding
changes of clozapine and N-desmethylclozapine serum concentrations
due to the influence of smoking and/or fluvoxamine, thereby quantify-
ing the extent of the impact of both factors, is lacking and has not
been published so far.

Table 2

Median serum concentrations (range), dose-adjusted serum concentrations (C/D) of clozapine, N-desmethylclozapine (NCLZ) and metabolite-to-parent ratios in the study groups.
Group CLz NCLZ NCLZ/CLZ C/D CLZ C/D NCLZ
Vns 405.5 (113-882) 236 (78-464) 0.514 (0.3-1.1) 1.434 (0.8-5.1) 0.807 (0.4-1.9)
VnNs+F 427 (192-909) 171 (106-357) 0.416 (0.2-0.6) 3.125 (2.0-4.8) 1.298 (0.5-2.3)
Vs 283 (51-747) 180 (33-504) 0.647 (0.3-1.1) 0.88 (0.3-3.7) 0.52 (0.2-1.5)
Vs r 463 (146-1590) 256 (39-557) 0.506 (0.3-1.1) 1.937 (0.6-5.9) 0.966 (0.3-3.4)
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Fig. 1. Box-plot of median dose-adjusted serum concentrations of clozapine. Note the
significantly higher C/D values in the non-smoking compared with the smoking-group
and the significant effect of fluvoxamine on the dose adjusted serum concentrations in
both groups.

Aim of the study was to assess the impact of both influencing factors
on clozapine serum concentrations and the concentration of its main
metabolite, N-desmethylclozapine, in a naturalistic setting by analyzing
a therapeutic drug monitoring database. Data was collected from inpa-
tients in the professional clinical setting of a university hospital and a re-
gional community hospital. The data quality is considered to be high as
all samples were collected at trough levels at steady-state conditions in
the morning, extensive information on concomitant medication was
available on electronic medical records, medication adherence was en-
sured and assessment of smoking status in the inpatient hospital setting
(yes/no; no extent of consumption) was performed.

We compared four groups that differed in terms of smoking status
and co-medication with fluvoxamine. Findings on the effect of smoking
in clozapine monotherapy are in-line with previous research in the field.
Tobacco smoking patients showed a reduction of —38% in dose-
adjusted clozapine concentrations and a reduction of —36% in the
dose-adjusted concentrations of N-desmethylclozapine. Decreases in
drug concentrations in our analysis were slightly lower than the pro-
posed 50% reduction in daily doses of clozapine in non-smokers com-
pared to smokers as suggested by Tsuda et al. (Tsuda et al., 2014).
However, in contrast to the meta-analysis by Tsuda and colleagues, we
were better able to ensure adherence because only inpatients were in-
cluded, electronic medical records registered whether medication was
taken by the patient or not and we excluded samples with concomitant
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Fig. 2. Box-plot of median dose-adjusted serum concentrations of N-desmethylclozapine.

medication known to influence CYP metabolism. Our data share the lim-
itation that the amount of cigarette consumption per day was not
assessed. This may be relevant as it has been reported that the extent
of smoking on CYP1A2 activity depends on the number of cigarettes
(Plowchalk and Rowland Yeo, 2012).

The impact of fluvoxamine augmentation on clozapine metabolism
was comparable between smokers and non-smokers. The increases in
comparative C/D ratios showed a beneficial effect of fluvoxamine addi-
tion. Non-smokers receiving fluvoxamine augmentation showed a
+117.9% and +60.8% increase in median dose-adjusted drug concen-
trations of CLZ and NCLZ compared to non-smoking patients without
fluvoxamine. However, the non-smoking group receiving fluvoxamine
was small (n = 11). The impact of fluvoxamine augmentation in
smokers was comparable to that in non-smokers, as smokers showed
+120.1% higher median dose-adjusted clozapine- and + 85.8% higher
dose-adjusted N-desmethylclozapine concentrations. This profound ef-
fect of a fluvoxamine augmentation on clozapine metabolism in
smokers is in-line with previous studies (Lu et al., 2000; Wetzel et al.,
1998). However, these studies were significantly smaller with a total
of thirty and eighteen patients in comparison to our data of 125 patients.
As our study did not assess side effects, the clinical impact of
fluvoxamine augmentation can only be evaluated in terms of the
serum concentrations but not if the addition was beneficial in terms of
side effects or treatment efficacy.

It is notable that although fluvoxamine changed the C/D ratio of
both, CLZ and NCLZ, in the groups of smokers and non-smokers, we
found significant changes in the MPR only by comparing the groups of
smokers with or without fluvoxamine. Median MPR was the lowest in
non-smokers with fluvoxamine augmentation (Vs r) and the highest
in smokers without fluvoxamine (Vs) as expected according to
CYP1A2 induction by smoking and inhibition by fluvoxamine. Yet,
these differences did not reach significance in the analysis of the groups
of non-smokers with clozapine monotherapy (Vys) compared to non-
smokers with fluvoxamine augmentation (Vys+r). We suppose that
the non-smoking group with fluvoxamine augmentation with 11 pa-
tients was too small for the effect to be detectable.

Interestingly, the analysis of non-smokers without fluvoxamine aug-
mentation compared to smokers with fluvoxamine augmentation
showed neither significant differences in serum concentrations of CLZ
and NCLZ nor for dose-adjusted serum concentrations of CLZ and
NCLZ. In our sample the inhibition of CYP1A2 by fluvoxamine
counterbalanced the induction of CYP1A2 by smoking. The inhibition
of fluvoxamine was not stronger than the impact of smoking on cloza-
pine metabolism at a moderate median daily dose of 50 mg
fluvoxamine.

In patients treated with clozapine and fluvoxamine, we strongly ad-
vise therapeutic drug monitoring. Therapeutic drug monitoring assists
the clinician to ensure adequate serum concentrations, treatment safety
and efficacy. A ‘level 1 recommendation’ for therapeutic drug monitor-
ing of clozapine is also supported by the update 2017 of the ‘Consensus
Guidelines for Therapeutic Drug Monitoring in
Neuropsychopharmacology’ by Hiemke et al. (Hiemke et al., 2018). A
level 1 recommendation means that clinical trials have shown beneficial
effects of therapeutic drug monitoring and drug concentrations within
the so called therapeutic reference range suggest the highest probability
of response or remission. Subtherapeutic drug concentrations may lead
to relapse or response at the level of placebo. Furthermore,
supratherapeutic drug concentrations hold an increased risk of adverse
drug reactions, seizures or toxicity.

Our study elucidates both, the single effect of smoking and
fluvoxamine augmentation alone and the combined impact of both cy-
tochrome CYP1A2 influencing factors on clozapine metabolism. In case
of fluvoxamine augmentation, the patients' smoking status should be
actively assessed. In our sample the induction of CYP1A2 by smoking
is offset by the inhibition of CYP1A2 by fluvoxamine or vice versa. Fur-
ther research on fluvoxamine augmentation should always include
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data on the patients' smoking status, preferably assessing the amount of
cigarettes consumed per day.

4.1. Limitations

The TDM database consists of a naturalistic sample and relies on ret-
rospective data which can be considered less reliable than data from a
prospective clinical study and more prone to bias. Important parameters
such as onset and duration of illness, clinical rating scales, and knowl-
edge about adverse effects, comorbidities and duration of prior cloza-
pine or fluvoxamine use were not available making further analyses
for confounding effects impossible. There was no quantification of
smoking status (e.g. number of cigarettes per day) and, therefore, an
analysis based on the amount of cigarettes smoked per day was not pos-
sible. The lack of clinical data limits the interpretation of the evidence.
Individual variations in sampling time were not assessed, yet, minor
variations are likely considering the clinical setting. The fact that genetic
polymorphisms were not assessed poses a considerable limitation to
the data. To minimize the patient bias, only the most recent value was
included in the analysis in the case of multiple available serum concen-
trations for one single patient.
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