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Background: Clozapine (CLO) is a very effective antipsychotic, whose use is
associated with dose-dependent risk of complications. Due to high
interindividual variability in CLO metabolism, there is a need to identify factors
affecting the blood concentrations of CLO and its active metabolite,
norclozapine (NCLO).

Methods: A total of 446 blood samples (collected from 233 women and 213men,
aged from 18 to 77 years) were included in this study and analyzed for CLO and
NCLO concentrations. The patients were treated at a psychiatric hospital in
Warsaw in the years 2016–2021. Serum CLO and NCLO concentrations were
determined with high-performance liquid chromatography coupled to UV.

Results: The following factors were shown to increase serum CLO and NCLO
levels: higher CLO dose (p < 0.001), female sex (p < 0.001), nonsmoker status (p <
0.001), the use of more than two additional psychotropic drugs (only in the case
of CLO; p = 0.046), concomitant use of beta-blockers (for CLO p = 0.049; for
NCLO p < 0.001), and older age (for CLO p < 0.001; for NCLO p = 0.011). Despite
the use of CLO at daily doses within the recommended range (200–450mg), the
evaluated serumCLO and NCLO levels were within the therapeutic ranges in only
37% and 75% of cases, respectively, with 5.6% of cases exceeding the CLO
toxicity threshold.

Discussion: The use of CLO at recommended doses does not guarantee
achieving therapeutic concentrations of CLO or NCLO. Women and
nonsmokers were at the highest risk of having toxic CLO levels.
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1 Introduction

Clozapine (CLO) is an atypical antipsychotic, which is especially effective in controlling
positive symptoms in treatment-resistant schizophrenia, improving cognitive function, and
treating negative symptoms of schizophrenia (Remington et al., 2016). CLO is
recommended as the gold standard in the management of treatment-resistant
schizophrenia (Hasan et al., 2012). Meta-analyses revealed CLO to be the most effective
antipsychotic, particularly in reducing general, positive, and negative symptoms (Samara
et al., 2016; Siskind et al., 2016; Huhn et al., 2019). Apart from its excellent clinical
effectiveness, CLO reduces suicidal behaviors and the use of psychoactive substances in
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patients with schizophrenia (Khokhar et al., 2018). On the other
hand, the use of CLO is associated with the risk of developing serious
side effects that are considered as dose—independent which include:
agranulocytosis, myocarditis, cardyomiophaty, pulmonary
embolism. However many clozapine - induced side effects are
believed to be dose dependent. In this group most often are
mentioned: seizures (covulsions), hypersalvation, sedation, liver
damage (Abidi and Bhaskara, 2003; De Berardis et al., 2018;
Mauri et al., 2018; Haidary and Padhy, 2024). Despite over
3 decades of extensive research, the mechanisms responsible
for the unique clinical effects of CLO remain unknown. Some
authors suggest that the wide-spectrum effect of CLO, as well as
the risk of some undesirable effects of the drug, can be attributed
to its active metabolite, N-desmethylclozapine (norclozapine,
NCLO) (Costa-Dookhan et al., 2020). NCLO is formed via
CLO N-demethylation in the liver, a process that is regulated
mostly by CYP3A4 and CYP1A2 and, to a lesser extent, by
CYP2C9, CYP2C19, and CYP2D6. NCLO is the main
circulating metabolite of CLO, and is characterized by a
longer half-life than that of the mother compound. Plasma
NCLO levels range from 10% to 100% of the corresponding
CLO levels (Khokhar et al., 2018). Moreover, NCLO and CLO
have unique pharmacological profiles, with the former exhibiting
higher affinity for 5HT1C and 5HT2 receptors and a comparable
level of affinity for D2 receptors, in comparison with the latter
(Weiner et al., 2004). Moreover, the two compounds exert
opposite effects on the cholinergic system. CLO is a receptor
M1, M3, and M5 antagonist, whereas NCLO is a strong partial
agonist of those receptors (Molins et al., 2017).

Notably, CLO metabolism is subject to great individual
variability (Raedler et al., 2008; Piwowarska et al., 2016). The
rates of CLO metabolism may vary between up to 50-fold
between individual patients (Couchman et al., 2010). This is
caused by the fact that CLO is part of many metabolic pathways
and a substrate for many enzymes (including CYP1A2, CYP3A4,
CYP2C19, CYP2C8, FMO3, CYP2E1, CYP2C9, CYP2D6, andUDP-
glucuronosyltranferase), some of which (e.g., 2C19 and 2D6) is
characterized by considerable genetic polymorphism (Akamine
et al., 2017; Wishart et al., 2018). Apart from polymorphism of
the genes involved in CLO and NCLO pharmacokinetics and
pharmacodynamics, other factors, such as the dose, sex, age,
smoking, ethnicity, and other medications, may affect the serum
level variability (Haring et al., 1989; Bowskill et al., 2012; Suhas et al.,
2020; Zeng et al., 2022). Although a correlation between selected
factors and CLO levels has been identified in earlier studies, there
have also been repeated appeals to verify these findings (Wagner
et al., 2020; Flanagan et al., 2023b).

Therapeutic drug monitoring (TDM) is a tool that allows the
dosage of a drug to be adjusted to the individual patient by
quantifying the serum concentration of the drug. TDM relies on
analytical methods such as high-performance liquid
chromatography coupled to UV (HPLC-UV) or mass
spectrometry (LC-MS/MS), which have high accuracy and
precision. These instruments are usually available in the
laboratories of university hospitals or large medical centers.
Considering the limited availability of CLO Therapeutic Drug
Monitoring (TDM) in routine clinical practice, there is a need to
identify predictive factors that may help optimize treatment.

Therefore, the aim of our study was to assess the factors affecting
CLO and NCLO levels.

2 Materials

We analyzed serum CLO levels in 446 patients, 233 (52.2%) of
whom were females and 213 (47.8%) of whom were males, aged
from 18 to 77 years (mean age 47.4 ± 14 years). The patients were
treated at the Nowowiejski Psychiatric Hospital in Warsaw in the
years 2016–2021. TDM is standard procedure during clozapine
treatment at the center where the study was conducted.

A vast majority of the tested blood samples (n = 428, 96.0%)
were from patients diagnosed with schizophrenia (F20). The
remaining samples were from patients diagnosed with
schizoaffective disorders (F25) (n = 9, 2.0%), mental disorders
due to brain damage and dysfunction (F06) (n = 6, 1.3%), or
acute and transient psychotic disorders (F23) (n = 3, 0.7%).

Most of the evaluated patients (n = 241, 54.0%) were declared
smokers, whereas 155 (34.8%) were nonsmokers, and the remaining
50 patients (11.2%) had an unknown smoking status.

3 Methods

This study had been approved by the local ethics committee at
the Medical University of Warsaw (approval No. AKBE/83/2021).

The diagnoses were established based on the World Health
Organization’s International statistical Classification of Diseases and
related health problems, 10th revision (ICD-10) (WHO, 1993).

The evaluated concentrations of both CLO and NCLO were
based on analyzing blood samples collected from patients referred
for TDM as part of their hospitalization at the study center in
Warsaw. We included only patients hospitalized in an inpatient
ward, so we excluded active use of psychoactive substances. The
blood tests were conducted after each patient had been on a stable
dose of the medication for at least on week (stabilization phase). The
patients whose blood samples were analyzed were receiving CLO at a
daily dose appropriate for their clinical condition. The data
regarding the daily dose of CLO, smoking status, and
concomitant treatment with other medications at the time of the
study were obtained from the TDM referral form completed by the
referring psychiatrist. Later, hospital records of these patients were
analyzed, and yielded demographic data.

The therapeutic ranges for CLO and NCLO used in this study
were adopted based on Arbeitsgemeinschaft für
Neuropsychopharmakologie und Pharmakopsychiatrie (AGNP)
guidelines, and were 350–600 ng/mL for CLO and 100–600 ng/
mL for NCLO (Hiemke et al., 2011; Patteet et al., 2014; Hiemke
et al., 2018; de Leon et al., 2022). Serum CLO levels of ≥1,000 ng/mL
were considered to increase the risk of toxicity and obligating the
testing laboratory to immediately notify the prescribing physician
(Hiemke et al., 2018).

Serum CLO and NCLO levels were tested 12 (±2) hours after the
last dose of the drug (trough concentration). Venous blood samples
were collected into BD Vacutainer® tubes with coagulation activator.
The serum obtained from centrifuged whole blood samples was used
for the study analysis. All analyses were performed immediately after
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collection. The serumCLO andNCLO levels were determined with a
validated high-performance liquid chromatography (HPLC)
method. The Shimadzu chromatographic system used in the
study comprised a SPD-M10Avp diode array detector, two LC-
10ADvp pumps, DGU-14A degasser, an SCL-10ADvp controller, an
SIL-10ADvp autosampler, and a CTO-10ASvp column oven. Once
internal standard (clobazam) was added to all serum aliquots of
250 μL, liquid–liquid extraction with chloroform and hexane
mixture was used. After blowing off the solvents, the dry residue
was dissolved in 250 µL mobile phase. Chromatographic analyses
were carried out using isocratic conditions. Separations of the drug
tested was performed on a column hypersil GOLD Phenyl (5 µm ×
150 mm x 4.6 mm) by Thermo Scientific. The mobile phase
consisted of 0.01 M monopotassium orthophosphate and
acetonitrile, mixed in a ratio of 62:38 at pH 4.3. Chromatography
system parameters were as follows: mobile phase velocity 1 mL/min;
column oven temperature 30°C; injection volume 30 μL; and the
fixed wavelength detector operating at 254 nm. The range of the
calibration curve for both analytes was 25–2000 ng/mL. The limit of
detection was 13.9 ng/mL for CLO and 13.5 ng/mL for NCLO. The
inter- and intra-batch variation were <5% for CLO and <7% for
NCLO. The laboratory where the blood tests were conducted
participates in LGC Standards’ Therapeutic Drug
Monitoring Scheme.

The statistical analysis of quantitative variables was conducted
with the use of descriptive statistics, such as means, standard
deviations, medians, and ranges. The Shapiro–Wilk test was used
to test whether the distribution of the analyzed quantitative variables
deviated from a normal distribution. If the analyzed distribution was
normal, we used the t-test to verify the hypothesis of equality of the
means for two groups; if the distribution was not normal, we used
the nonparametric tests to compare independent groups, the
Wilcoxon Rank Sum test for two and the Kruskal–Wallis test for
more groups. Spearman correlations were used to measure the
association between pairs of variables.

Relationships between categorical variables were evaluated with
the use of contingency tables and the chi-square test or Fisher’s exact
test for small sample sizes.

The logistic regression generalized linear model (GLM) was
employed in multivariate analysis. The optimal model was selected
based on the Akaike information criterion (AIC) statistic. Type III
tests were used to calculate the significance of each of the effects
specified in the model.

p-values of less than 0.05 were considered statistically
significant.

Statistical analysis calculations were conducted with the use of
SAS/STAT v.15.2.

4 Results

Table 1 presents the mean daily CLO dose and serum CLO and
NCLO levels.

Determination of serum CLO and NCLO levels was
conducted after the patient had been on a stable dose for at
least 1 week. There was no significant effect of the duration of
stable-dose treatment on serum CLO (p = 0.518) or NCLO (p =
0.813) levels.

Therapeutic CLO levels of 350–600 ng/mL were detected in 161
(36.1%) of the evaluated cases. In the case of therapeutic NCLO
levels, 339 (76.0%) of the evaluated samples yielded therapeutic
levels of 100–600 ng/mL. In 158 tests (35.4%) the therapeutic levels
of both evaluated compounds were optimal (Table 2).

Daily doses of CLO showed a significant correlation with serum
CLO (r = 0.31, p < 0.001) and NCLO (r = 0.37, p < 0.001) levels.

Out of the 446 analyzed blood samples, 284 (63.7%) came from
patients receiving the recommended by European Medicines
Agency (EMA) (EMEA, 2002) daily CLO doses of 200–450 mg,
46 (10.3%) from patients receiving doses less than 200 mg, and 116
(26.0%) from patients receiving over 450 mg CLO daily.

Table 3 presents the distribution of serum CLO and NCLO level
ranges stratified by daily CLO doses.

Out of the 284 blood samples from patients receiving the
recommended daily CLO dose, only 105 (37.0%) revealed
therapeutic levels of CLO, whereas 118 (46.6%) showed serum
CLO levels to be below, and 61 (21.5%) above, the therapeutic range.

Out of the evaluated samples that came from patients receiving
CLO at 200–450 mg/day, therapeutic levels of NCLO were observed
in 213 cases (75.0%). The remaining tests showed NCLO levels to be
either below (n = 68, 23.9%) or above (n = 3, 1.1%) the
therapeutic range.

There was a significant correlation between patient age and
serum CLO (r = 0.16, p < 0.001) and NCLO (r = 0.12, p =
0.012) levels.

Serum CLO and NCLO levels were also affected by patient sex
and smoking status. Detailed data have been presented in Table 4. In
female subgroup, the serum levels of both assessed compounds were
higher than those in the male subgroup (p < 0.001). Conversely, in
the subgroup of smokers the serum levels of both compounds were
lower than those in nonsmokers (p < 0.001).

In 184 cases (41.3%), the analyzed blood samples came from
patients who were receiving CLO only; the remaining 262 cases
(58.7%) were patients who were additionally on other drugs,
including other psychotropic agents (n = 251, 56.3%), beta-
blockers (n = 44, 9.9%), angiotensin-converting enzyme (ACE)
inhibitors (n = 7, 1.6%), or antidiabetic drugs (n = 15, 3.4%).

TABLE 1 Daily CLO doses and serum CLO and NCLO levels.

N Mean SD Median Min Max

Serum CLO
levels [ng/mL]

446 508.9 319.4 453.5 42.0 1,753.0

Serum NCLO levels [ng/mL] 446 220.0 154.2 176.5 31.0 1,161.0

Daily CLO
dose [mg]

446 378.3 151.8 375.0 100.0 900.0
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Serum CLO levels were significantly higher in patients receiving
additionally beta-blockers (median 521.0 ng/mL; range
65.0–1,753.0 ng/mL) in comparison with those in patients who were

not receiving drugs from this class (median 441.5 ng/mL; range
42.0–1,712.0 ng/mL) (p = 0.038). No such differences were observed
for either ACE inhibitors (p = 0.935) or antidiabetic drugs (p = 0.508).

TABLE 2 Serum levels of CLO and NCLO.

Serum CLO levels [ng/mL] Serum NCLO levels [ng/mL]

<100 100–600 >600 Total

<350 90 (20.2%) 70 (15.7%) 0 (0%) 160 (35.9%)

350–600 3 (0.7%) 158 (35.4%) 0 (0%) 161 (36.1%)

>600 1 (0.2%) 111 (24.9%) 13 (2.9%) 125 (28.0%)

Total 94 (21.1%) 339 (76.0%) 13 (2.9%) 446 (100%)

TABLE 3 Ranges of serum CLO and NCLO levels stratified by daily CLO doses.

Daily CLO dose (mg) Serum CLO levels [ng/mL] Serum NCLO levels [ng/mL] Total

<350 350–600 >600 <100 100–600 >600

<200 27 11 8 22 23 1 46

58.7% 23.9% 17.4% 47.8% 50.0% 2.2%

200–450 118 105 61 68 213 3 284

41.6% 37.0% 21.5% 23.9% 75.0% 1.1%

>450 15 45 56 4 103 9 116

12.9% 38.8% 48.3% 3.5% 88.8% 7.8%

Total 160 161 125 94 339 13 446

TABLE 4 Serum CLO and NCLO levels stratified by sex and smoking status.

Serum CLO levels [ng/mL] Serum NCLO levels [ng/mL]

N Mean SD Median Min Max p-value Mean SD Median Min Max p-value

Females 233 571.2 321.1 501.0 99.0 1,753.0 <0.001 251.6 173.8 217.0 31.0 1,161.0 <0.001

Males 213 440.7 304.0 374.0 42.0 1,712.0 185.5 120.8 154.0 33.0 632.0

Non-smokers 155 629.0 356.4 560.0 71.0 1,753.0 <0.001 277.2 194.0 230.0 33.0 1,161.0 <0.001

Smokers 241 469.7 285.4 426.0 42.0 1,712.0 198.2 118.4 170.0 31.0 625.0

TABLE 5 Serum CLO and NCLO levels stratified by the number of psychotropic drugs taken.

Serum CLO levels [ng/mL] Serum NCLO levels [ng/mL]

N Mean SD Median Min Max p-value Mean SD Median Min Max p-value

Clozapine with no other
psychotropic drugs

195 478.4 305.7 422.0 63.0 1,712.0 209.4 125.4 176.0 31.0 658.0

One additional psychotropic
drug

153 493.6 300.0 428.0 65.0 1,605.0 0.546 213.8 158.1 169.0 33.0 900.0 0.478

Two additional psychotropic
drugs

74 555.6 357.5 478.5 42.0 1,753.0 0.118 243.1 205.7 182.0 50.0 1,161.0 0.598

Three or more additional
psychotropic drugs

24 709.8 356.7 589.0 77.0 1,485.0 0.002 275.3 148.0 227.0 33.0 618.0 0.025

Frontiers in Pharmacology frontiersin.org04

Mach et al. 10.3389/fphar.2024.1356813

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1356813


The analyzed blood samples were subdivided into four groups in
terms of the number of psychotropic agents the patients were
receiving at the time. In our study there were 195 (43.7%) blood
samples from patients who received no other psychotropic agent
apart from CLO. Other patients received additionally one, two, and
three or more other psychotropic agents (n = 153, 34.3%; n = 74,
(16.6%); and n = 24, (5.4%), respectively).

The details on the serum CLO and NCLO levels stratified by the
number of psychotropic drugs have been presented in Table 5.

Regimens with one additional psychotropic drug had no
significant effect on serum CLO levels (p = 0.546); two additional
psychotropic drugs had, likewise, no significant effect (p = 0.118).
However, the serum CLO levels in the subgroup of patients who
were receiving more than two additional psychotropic drugs showed
a significant difference in comparison with those in those receiving
no additional psychotropic drugs (p = 0.002). This is illustrated
in Figure 1.

The regimens with one or two additional psychotropic agents
produced no significant increase in serum NCLO levels (p =
0.478 and p = 0.598, respectively). However, the subgroup of
patients who received more than two additional psychotropic
drugs had significantly higher serum NCLO levels than patients
receiving no concomitant psychotropic agents (p = 0.025). This is
illustrated in Figure 2.

Out of the total 446 evaluated blood samples, 38 (8.5%) showed
serum CLO levels equal to or greater than 1,000 ng/mL and 408
(91.5%) less than 1,000 ng/mL.

Toxic CLO levels were detected in 16 blood samples (5.6%)
collected from patients receiving the recommended dose of the drug.
In the subgroup of patients receiving CLO at doses above 450 mg/
day, 22 persons (19.0%) had serum CLO levels indicating toxicity.
Finally, there were no cases of toxicity-range serumCLO levels in the
group receiving CLO at doses less than 200 mg/day (Table 6). There
was a statistically significant relationship between the daily CLO
range and drug levels indicating toxicity (p < 0.001).

There was no statistically significant difference between the ages
of those patients whose blood samples showed toxic CLO levels and
the ages of those whose serum CLO levels were below the toxicity
threshold (p = 0.127).

The serum CLO levels of less than 1,000 ng/mL were detected in
206 blood samples (50.5%) collected from women and in
202 samples (49.5%) from men. Out of the blood samples with
CLO levels of 1,000 ng/mL or higher, which indicates toxicity, 27
(71.1%) came from women and 11 (28.9%) came from men. These
data show that toxic serum CLO levels were significantly more
common in women (p = 0.015).

Out of the blood samples with serum CLO levels below the
toxicity threshold, 132 (36.9%) came from nonsmokers and 226
(63.1%) came from smokers. Out of the blood samples whose CLO
levels exceeded the toxicity threshold 23 (60.5%) were from
nonsmokers and 15 (39.5%) came from smokers. Thus, CLO
toxicity-range levels were significantly more common in
nonsmokers (p = 0.008).

Statistical analysis showed no significant relationship between
toxic serum CLO levels and the number of additional psychotropic
agents (p = 0.316).

A multivariate analysis conducted to assess the factors affecting
serum CLO levels included the following variables: the dose; sex;
smoking status; one, two, or more additional psychotropic drugs;
concomitant use of beta-blockers; and patient age (Table 7).

The presented model demonstrated the following variables to
affect serum CLO concentration:

• CLO dose—the linear dose-concentration relationship was
statistically significant (p < 0.001)

• sex—the blood samples collected from women showed
significantly higher serum CLO levels (p < 0.001)

• smoking—the blood samples collected from smokers showed
significantly lower serum CLO levels (p < 0.001)

• the number of concomitant psychotropic drugs—the patients
receiving more than two additional psychotropic agents had
significantly higher serum CLO levels (p = 0.046)

• beta-blocker use—the blood samples from patients who were
using these medications showed significantly higher serum
CLO levels (p = 0.049)

• patient age—CLO concentrations showed a positive
correlation with age, with the age–concentration
relationship exhibiting statistical significance (p < 0.001).

A multivariate analysis conducted to assess the factors affecting
serum NCLO levels included the following variables: CLO dose; sex;
smoking status; the use of one, two, or more additional psychotropic
drugs; concomitant use of beta-blockers; and patient age (Table 8).

The presented model demonstrated the following variables to
affect serum NCLO concentration:

• CLO dose—the linear dose-concentration relationship was
statistically significant (p < 0.001)

• sex—the blood samples collected from women showed
significantly higher serum NCLO levels (p < 0.001)

• smoking—the blood samples collected from smokers showed
significantly lower serum NCLO levels (p < 0.001)

• the number of concomitant psychotropic drugs (the
differences in concentrations between the subgroups were
not statistically significant (p = 0.339); this variable was
included into the optimal model based on the Akaike
information criterion

TABLE 6 Toxic levels of CLO in subgroups receiving different daily
clozapine doses.

Daily CLO dose (mg) Serum CLO levels [ng/mL]

<1,000 ≥1,000 Total

<200 46 0 46

100.0% 0.0%

200–450 268 16 284

94.4% 5.6%

>450 94 22 116

81.0% 19.0%

Total 408 38 446

91.5% 8.5%
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• beta-blocker use—the blood samples from patients who were
using these medications showed significantly higher serum
NCLO levels (p < 0.001)

• patient age—NCLO concentrations showed a positive
correlation with age, with the age–concentration
relationship exhibiting statistical significance (p = 0.011).

5 Discussion

In this study we evaluated the following factors affecting serum
CLO andNCLO levels: the dose of CLO, sex, age, smoking status, the
use of additional psychotropic drugs, and concomitant use of beta-
blockers, ACE inhibitors, or antidiabetic drugs.

Daily CLO dosages showed a significant correlation with serum
CLO and NCLO levels. The mean daily dose of CLO was 378.3 ±
151.8 mg, which falls within the therapeutic range (200–450 mg)
recommended in the summary of product characteristics in
Poland. This result was similar to those reported in other
patients from Europe and Maori, but differed from the results
obtained in Asian countries, where the mean daily dose of the drug
is less than 300 mg/day (Menkes et al., 2018; de Leon et al., 2020).
Caucasian patients required higher doses of the drug than Asian
patients or patients from Mexico to ensure clinical effectiveness
(Ng et al., 2005; González-Esquivel et al., 2011; Schoretsanitis et al.,
2021). These differences support the effect of ethnicity on CLO
pharmacokinetics.

CLO levels were within the therapeutic range in only 36.1% of
cases, whereas NCLO levels fell within the therapeutic range in 76%
of cases. Notably, only 35.4% of blood samples showed the
concentrations of both compounds to be within the therapeutic
ranges. The recommended concentrations were not reached in
20.2% of cases, which may contribute to a weaker clinical
response. Conversely, in 2.9% of cases the recommended
therapeutic ranges were exceeded, which increased the risk of
toxicity. Similarly imperfect achievement of therapeutic
concentration ranges has been also reported by other authors.
Patteet et al. achieved the therapeutic range of CLO
concentrations in only 22.3% of evaluated cases, with the
remaining 67.9% of cases falling outside the desired range
(Patteet et al., 2014). Such distribution of concentrations was also
reported by British authors based on many-year-long monitored
therapy; with 42.5% of samples showing drug concentrations below
and 28.4% above the therapeutic range (Couchman et al., 2010).

In our study, we particularly focused on the samples collected
from patients receiving CLO at a recommended daily dose. In this
subgroup, only 37% and 75% of samples showed drug
concentrations within the therapeutic ranges for CLO and
NCLO, respectively, with 41.6% and 23.9% of samples failing to
reach the therapeutic ranges for CLO and NCLO, respectively.
Moreover, 21.5% and 1.1% of the analyzed blood samples
exceeded the recommended therapeutic range for CLO and
NCLO concentrations, respectively, with 5.6% of samples
demonstrating CLO concentrations above the threshold for

TABLE 7 Type III significance tests for the variables included in the model for CLO concentration.

Type III tests of effects

Effect Num DF Den DF F Value p-value

CLO dose 1 387 59.92 <0.001

Sex 1 387 12.45 <0.001

Smoking 1 387 29.04 <0.001

Psychotropic drugs 3 387 2.69 0.046

Beta-blockers 1 387 3.87 0.049

Age 1 387 12.43 <0.001

Num DF, Den DF, the numerator and the denominator degree of freedom, F-Value—F, statistic.

TABLE 8 Type III significance tests for the variables included in the model for NORCLO concentration.

Type III tests of effects

Effect Num DF Den DF F Value p-value

CLO dose 1 387 59.81 <0.001

Sex 1 387 16.47 <0.001

Smoking 1 387 32.12 <0.001

Psychotropic drugs 3 387 1.12 0.339

Beta-blockers 1 387 12.07 <0.001

Age 1 387 6.50 0.011

Num DF, Den DF, the numerator and the denominator degree of freedom, F-Value—F, statistic.
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toxicity. These data unequivocally demonstrate the need to monitor
blood CLO concentrations in each patient, to determine an effective
and safe dose (de Leon et al., 2022).

In our study, patient age proved to be an important factor
modulating serumCLO andNCLO levels, showing that the older the
age, the higher the drug concentration. Serum levels of both
compounds increased along with the age of patients who
provided the analyzed blood samples. This phenomenon of drug
concentrations increasing in older patients may be due to the age-
related decreases in both the levels of CYP 450 isoenzymes
(particularly CYP1A2 and CYP3A4 (Doki et al., 2009) and the
clearance rates of CLO and NCLO (Ismail et al., 2012). Castberg
et al. observed an increase in serum CLO levels by 108% at 80 years
and by 197% at 90 years, in comparison with those in 40-year-olds
(Castberg et al., 2017). These findings emphasize the clinical
significance of CLO treatment monitoring in the eldest patients.
This age group should be treated with increased caution due to the
higher risk of achieving toxic drug concentrations.

Moreover, statistical analysis showed female patients to have
higher concentrations of both compounds. This finding is

consistent with those reported by other authors (Rostami-
Hodjegan et al., 2004; Mayerova et al., 2018; Liu et al., 2023).
The difference in drug concentrations between the sexes may be a
result of lower CYT1A2 levels in women (Pollock, 1997; Scandlyn
et al., 2008). Some authors suggested a possible inhibitory effect
of both estrogens and oral contraceptives on CYP1A2 (Bigos
et al., 2009). Other contributory factors may include a lesser
blood perfusion through the liver, slower emptying of the
stomach, or greater proportion of adipose tissue in women
(Bigos et al., 2009; Smith, 2010; Mayerova et al., 2018; Liu
et al., 2023). Due to CLO accumulation in adipose tissue,
women have lower CLO clearance (Diaz et al., 2018). These
data definitively demonstrate that sex is an important factor
modulating blood concentrations of CLO and NCLO. The
results of our study showed that the samples exceeding the
toxicity threshold of CLO were statistically significantly more
likely to have come from women than from men.

Another important factor affecting the evaluated drug levels
was smoking. The samples collected from smokers yielded lower
serum concentrations of both CLO and NCLO. Our findings are
consistent with those observed in most of the previous studies on
the effects of smoking on serum CLO levels (Wagner et al., 2020;
Flanagan et al., 2023a), although there are also reports of the
absence of such effects (Tang et al., 2007). The decreased serum
CLO levels in smokers are associated with cytochrome
CYP1A2 activation by multiring aromatic hydrocarbons present
in tobacco smoke (Özdemir et al., 2001). CYP1A2 activation
increases CLO clearance, which automatically reduces serum
CLO and NCLO levels. In our study, the samples with toxic
CLO levels were significantly more likely to have come from
nonsmokers. Similar findings were reported by Flanagan et al.,
who observed the median CLO and NCLO concentrations to be by
36% higher in nonsmokers than in smokers (Flanagan et al.,
2023a). Considering the fact that the proportion of smokers
among people with schizophrenia is higher than that in the
general population, smoking is one of the factors that may
increase the risk of a relapse or inadequate repose to treatment
(Rajkumar et al., 2013). On the other hand, smoking cessation or
switching to electronic cigarettes may increase the risk of CLO
toxicity (Cormac et al., 2010).

Evaluating the effect of additional psychotropic drugs on
blood concentrations of CLO and NCLO, we compared the
test results of those patients who received CLO alone with the
test results of patients receiving one, two, or more additional
psychotropic drugs. Receiving one or two additional
psychotropic drugs had no significant effect on the serum
concentrations of those two compounds. However, the
patients receiving more than two additional psychotropic
drugs had significantly higher CLO and NCLO levels than
those of patients receiving CLO only. As mentioned above,
CLO undergoes intensive hepatic metabolism with multiple
CYP 450 enzymes. An addition of drugs that inhibit any of
the enzymes, results in increased serum CLO and NCLO levels
(Spina et al., 2016). Polypharmacy may produce a cumulative
effect on various metabolic pathways and lead to multiple drugs
competing for the same isoenzymes (Schoretsanitis et al., 2020).
In such situations, TDM seems particularly reasonable as a
potential tool in personalized treatment.

FIGURE 1
Serum CLO levels in subgroups receiving different numbers of
concomitant psychotropic drugs.

FIGURE 2
Serum NCLO levels in subgroups receiving different numbers of
concomitant psychotropic drugs.
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An estimated 10% of patients with schizophrenia also receive
treatment with beta-blockers, such as metoprolol, propranolol,
carvedilol, or nebivolol (Silva Gracia et al., 2017). Therefore, we
assessed whether beta-blockers may affect serum CLO and NCLO
levels. Both univariate and multivariate analyses showed that the use
of beta-blockers increases blood concentrations of CLO and NCLO.
This effect may be due to pharmacokinetic interactions. Both CLO
and beta-blockers make use of the same CYP P450 isoenzymes in
their metabolism (Perrild et al., 1989; Shin et al., 1999). One
important example is the CYP2D6 isoenzyme, which becomes
inactivated by both CLO and propranolol. Metoprolol may exert
a similar effect; however, the data on its inhibitory effect on
CYP2D6 are inconsistent (Polasek et al., 2011; Hefner et al.,
2015). On the other hand, there have been reports of serious
undesirable effects following combination treatment with CLO
and metoprolol, which may be explained as a result of drug
interactions at the level of CYP2D6 (Siwek et al., 2020).
Moreover, since all evaluated medications are substrates for
CYP2D6, the inhibitory effect of CLO, propranolol, or
metoprolol may slow the metabolism of those drugs (Silva Gracia
et al., 2017). This inhibitory effect should be less pronounced in the
case of carvedilol, which is primarily metabolized by CYP1A2, and
only to a lesser extent by CYP2D6 and CYP3A4 (Iwaki et al., 2016).
Genetic polymorphism in CYP 450 genes may also play a role;
however, they were not evaluated of this study.

Although CLO is mainly used in monotherapy, it is sometimes
also used in combination with other drugs. In this year’s cross-
sectional South-Eastern European study 70.5% of patients received
CLO in polytherapy (Russo et al., 2023). The findings of our study
suggest that, based on the pharmacokinetic and pharmacodynamic
properties and the potential interactions of CLO, the use of one or
two additional psychotropic drugs does not have to be associated
with a high risk of toxicity. Moreover, we observed no significant
relationship between toxic concentrations and the number of
additional psychotropic drugs. Nonetheless the use of CLO in
combination therapy may require particular caution
and close TDM.

One of the strengths of our study is the fact that we evaluated the
effects of concomitant psychotropic drug and beta-blocker use. This
aspect was not evaluated in earlier studies, which was listed among
those studies’ limitations (Liu et al., 2023). Available literature
contains reports of known interactions with individual drugs or a
group of drugs (Siwek, 2015). However, in medical treatment
involving the use of CLO to manage treatment-resistant
conditions, there is sometimes a need to use polypharmacotherapy.
Another strength of our study is that it has increased the body of data
on the active metabolite NCLO. Previous studies focused primarily on
assessing the concentrations of the mother compound, CLO, itself
and—occasionally—the CLO-to-NCLO ratio.

It may be advisable to conduct future studies based on more
study groups to assess the additive effect of the factors mentioned
above. Elderly female nonsmokers who receive combination medical
treatment may be expected to be at a higher risk of CLO toxicity than
young male smokers. Despite the fact that the analysis of our study
data presented in this paper unequivocally indicates the greatest
benefits in optimizing CLO treatment can be achieved via TDM, the
factors listed in our paper may prove beneficial in everyday
clinical practice.

It should be emphasized that TDM is an excellent tool of
precision medicine for optimizing clozapine pharmacotherapy in
terms of treatment efficacy and tolerability. Therefore AGNP
guidelines highly recommend TDM in CLO treatment. The
benefits of monitoring drug levels, especially in patients with
insufficient treatment response to clozapine, far outweigh the
costs associated with TDM.

6 Conclusion

1) The following evaluated parameters affected serumCLO levels:
the dose; patient’s sex; smoking status; the use of one, two, or
more than two additional psychotropic drugs; concomitant use
of beta-blockers; and patient’s age.

2) The following factors affected serum NCLO levels: the dose of
CLO; patient’s sex; smoking status; the use of one, two, or more
than two additional psychotropic drugs; concomitant use of
beta-blockers; and patient’s age.

3) The use of CLO at recommended doses does not guarantee
achieving therapeutic concentrations of CLO or NCLO, and
thus treatment effectiveness or safety.

4) In some cases, serum CLO levels exceeded the toxicity
threshold despite the drug being used at recommended
daily doses.

5) Serum CLO levels exceeded the toxicity threshold more
commonly in women than in men and in nonsmokers than
in smokers.
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