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good as or even better than that of both classical and other
atypical antipsychotics, and clozapine is often used in the
treatment of patients with psychosis who are unrespon-
sive to classical or other atypical agents.1–4 However, ad-
verse metabolic effects such as excessive weight gain,
lipid abnormalities, and diabetes mellitus have increas-
ingly been recognized with the use of clozapine.5–7 Re-
sults from clinical studies also show that clozapine treat-
ment is associated with elevated levels of insulin, leptin,
and lipids and insulin resistance.8–10 Interestingly, we
recently found that levels of insulin and triglycerides
increased by increasing serum clozapine concentration
in clozapine-treated patients.9,11 Consequently, as these
insulin and triglyceride elevations probably are drug
concentration–dependent, they would also be expected to
be drug metabolism–related. Thus, exploring whether a
genetically impaired drug metabolic capacity is related to
insulin and triglyceride elevations and even to insulin re-
sistance in patients receiving clozapine would be worth-
while.

Clozapine is metabolized in the liver, predominantly
to N-desmethylclozapine and clozapine-N-oxide. In vitro,
the cytochrome P450 (CYP) 1A2 enzyme and, to a lesser
extent, CYP2D6, CYP2C19, and CYP3A4 have been
demonstrated to mediate the N-demethylation of cloza-
pine, and CYP3A4 and the flavin-containing monooxy-
genase enzyme FMO3, the N-oxidation.12,13 Additionally,
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concentration-to-dose (C/D) ratios were signifi-
cantly higher in patients carrying 2 CYP1A2
single nucleotide polymorphisms (SNPs), previ-
ously suggested to cause low enzyme activity,
compared to those with no such SNPs (p < .05).
In contrast, clozapine and N-desmethylclozapine
C/D ratios were not related to the CYP2D6 geno-
type. Furthermore, patients with elevated insulin
levels more frequently carried CYP1A2*1C
and/or *1D alleles, had higher clozapine and
N-desmethylclozapine C/D ratios, and had higher
lipid levels and HOMA-IR, compared to patients
with normal insulin levels (p < .05).

Conclusion: CYP1A2 variants *1C and *1D
seem to be associated with higher serum cloza-
pine concentrations and an increased risk of de-
veloping insulin and lipid elevations and insulin
resistance on a given dose of clozapine.
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he atypical antipsychotic drug clozapine has been
shown to have an antipsychotic effect that is as
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glucuronidation, catalyzed by the UDP-glucuronosyl-
transferase 1A4 enzyme, is reported to be an important
metabolic pathway for clozapine.14

CYP1A2 activity, measured by a caffeine test, has
been found to make an important contribution to steady-
state serum concentrations of clozapine.15,16 CYP1A2 ac-
tivity is influenced by genetic as well as environmental
factors and shows large interindividual variation.17 Po-
tent inhibitors of CYP1A2, such as fluvoxamine and
ciprofloxacin, have been reported to cause a significant
increase in clozapine steady-state level, sometimes with
parallel development of side effects.18 On the other hand,
inducers of CYP1A2, such as tobacco smoke, carba-
mazepine, phenytoin, and rifampicin may accelerate the
metabolism of clozapine, resulting in lower serum con-
centrations and impaired antipsychotic effect.18 The role
of CYP2D6 in the clinical pharmacokinetics of clozapine
in vivo has been suggested by some studies,19,20 but ques-
tioned by others.21,22

The CYP1A2 gene, located on chromosome 15, con-
tains 7 exons and 6 introns and has possible tran-
scriptional regulatory regions in its 5′-flanking region
and intron 1.23 A number of single nucleotide polymor-
phisms (SNPs) in the CYP1A2 gene have been reported
(www.cypalleles.ki.se). However, the impact of these
mutations on the enzyme activity is still largely un-
known. The –3860G→A exchange (CYP1A2*1C) in
the 5′-flanking region has been associated with de-
creased, and the –163C→A (CYP1A2*1F) in intron 1,
with increased inducibility of the enzyme, while the
–2467T→delT (CYP1A2*1D) in the 5′-flanking region
and the –739T→G (CYP1A2*1E) in intron 1 have not yet
been functionally characterized.24–27 In some recent case
reports, treatment resistance to clozapine has been sug-
gested to be associated with the CYP1A2 –163 A/A geno-
type that may confer high inducibility of the CYP1A2
enzyme in smoking patients.28,29 However, 2 clinical
studies showed no association between this polymor-
phism and clozapine clearance in schizophrenic patients,
neither in smoking nor nonsmoking patients.27,30 Two
additional variants were recently described, CYP1A2*1J
(characterized by the combination of –163A and –739G)
and CYP1A2*1K (i.e., –163A in combination with –739G
and –729T).31 CYP1A2 enzyme activity was reported
to be significantly reduced in nonsmokers with the
CYP1A2*1K haplotype, as compared with those carrying
CYP1A2*1A, CYP1A2*1F, or CYP1A2*1J.31

The large interindividual variation in CYP2D6 ac-
tivity, from complete lack of enzyme activity to
ultrarapid activity, is largely genetically determined
with little environmental influence.13 The CYP2D6 gene
is located on chromosome 22, and to date, more
than 70 allelic variants of the gene have been reported
(www.cypalleles.ki.se). The most common alleles as-
sociated with complete lack of CYP2D6 activity in

so-called poor metabolizers are CYP2D6*3, CYP2D6*4,
CYP2D6*5, and CYP2D6*6. In the other extreme, alleles
with duplication or multiduplication of a functional
CYP2D6 gene cause extremely high CYP2D6 activity
(ultrarapid metabolizer).13,32 In contrast to CYP1A2,
CYP2D6 in the liver is not inducible.33

The aim of this study was to evaluate the impact of
CYP1A2 and CYP2D6 genetic polymorphisms on serum
drug concentrations and on levels of insulin and lipids
and insulin resistance in patients treated with clozapine.

METHOD

Patients
Consecutive outpatients on therapy with clozapine

were asked to participate in this study. The study was
approved by the Ethics Committee of the Karolinska In-
stitute, Stockholm, Sweden, and all patients gave their in-
formed consent. Patients who had a substance-related dis-
order, known diabetes mellitus, other physical illness, or
drugs that could influence the glucose and lipid metabo-
lism were excluded. In addition, all patients in this study
were Caucasian individuals. Taken together, 17 patients,
12 men and 5 women, diagnosed with either schizophre-
nia (N = 16) or schizoaffective disorder (N = 1) accord-
ing to the DSM-IV criteria,34 were included.

The median age of the patients was 41 years (range,
29–63 years), and their median body mass index was 29
kg/m2 (range, 21–47 kg/m2). The duration of disease
ranged from 8 to 42 years (median = 20 years). Six (35%)
of the patients were smokers (of whom 2 patients smoked
1–10 cigarettes/day, 3 patients 11–20 cigarettes/day, and
1 patient > 20 cigarettes/day).

At assessment, the patients had been on treatment with
clozapine for at least 0.7 years, with a median treatment
time of 6.9 years (range, 0.7–16.3 years). The median
daily dose of clozapine was 400 mg (range, 100–600 mg),
and the only concomitant medications used were benzo-
diazepines (in 4 patients) and/or levomepromazine 25–50
mg daily (in 3 patients) and/or lithium 84 mg daily (in 1
patient).

Collection of Blood Samples
Fasting blood samples were collected in the morning,

12–14 hours after drug intake. Serum and whole blood
samples were stored at –20°C until analysis.

Genotyping Methods
DNA was isolated from peripheral leukocytes by

QIAamp DNA Blood Mini Kit (Qiagen, Hilden,
Germany) according to the guidelines of the manufac-
turer. CYP1A2 genotyping was performed by allele-
specific polymerase chain reaction (PCR) followed by
digestion with restriction enzymes. The –3860G→A
(CYP1A2*1C) and the –2467T→delT (CYP1A2*1D)
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SNPs were analyzed according to Chida et al.24 The
–163C→A (CYP1A2*1F) SNP was identified with the
method described by Sachse et al.,35 while the –739T→G
(CYP1A2*1E) and –729C→T SNPs were investigated ac-
cording to Aklillu et al.31 Regarding CYP2D6 genotypes,
the CYP2D6*3 and CYP2D6*4 alleles were identified by
allele-specific PCR followed by digestion with restriction
enzymes.36 The CYP2D6*5 allele, with deletion of the en-
tire CYP2D6 gene, was investigated by long-PCR analy-
sis, and the CYP2D6*6 allele by tetra-primer PCR, as
described by Hersberger et al.37 Alleles with neither
CYP2D6*3, *4, nor *6 specific mutations or identified
as CYP2D6*5 were classified as functional alleles. All
samples were further analyzed by long-PCR for the
duplicated/multiduplicated CYP2D6 gene.38,39 The pa-
tients were classified as those carrying 0, 1, 2, or more
than 2 functional CYP2D6 alleles.

Analysis of Serum Clozapine and
N-Desmethylclozapine Concentrations

Serum concentrations of clozapine and its N-desmethyl
metabolite were analyzed using an unpublished high-
performance liquid chromatography (HPLC) method (U.
Bondesson, Ph.D., personal communication). In brief, se-
rum was alkalized and clozapine and its metabolite were
extracted with hexan-dichlor-methan. Propyl clozapine
was used as internal standard. The organic layer was
evaporated to dryness, and the residue was dissolved in
50% methanol solution. The sample was then injected into
an HPLC system (column LiChrospher 60 RP-Select B,
75 × 4.6 mm [5 µm], Merck, Darmstadt, Germany) with a
UV detector set to 240 nm. The limit of quantification was
150 nmol/L for both clozapine and N-desmethylclozapine.
To get indirect measures of the metabolic rate of cloza-
pine, the concentration-to-dose (C/D) ratios of clozapine
and N-desmethylclozapine were also calculated.

Analysis of B-Glucose, Hormones, and Lipids
B-glucose levels were determined by a glucose-oxidase

method using the 950 Immunologic-Rate-Colorimetric
system (Johnson & Johnson Clinical Diagnostics, Inc.,
Rochester, N.Y.). Insulin and C-peptide were measured

using commercial kits consisting of fluoroimmunometric
assays (Delfia insulin and Delfia C-peptide, Wallac, Inc.,
Turku, Finland). Triglyceride concentrations were deter-
mined by an enzymatic method as described by Spayd et
al.,40 and cholesterol by an enzymatic method similar to
that proposed by Allain et al.41

Determination of HOMA Index for Insulin Resistance
The Homeostasis Model Assessment index for insulin

resistance (HOMA-IR) was calculated according to the
formula: fasting insulin concentration (µU/mL) × fasting
glucose concentration (mmol/L)/22.5.42,43

Statistics
As the different variables were assumed not to be

normally distributed, nonparametric statistical methods
were used. Data are described as median and range. The
Kruskal-Wallis analysis of variance on ranks was used to
evaluate differences when 3 groups were compared. When
a significant difference among 3 groups was detected,
pair-wise comparisons were performed by means of
Dunn’s test. To evaluate differences between 2 groups, the
Mann-Whitney test was employed, and to compare fre-
quencies of variables between groups, the Fisher exact
test was used. In addition, the strength of the linear rela-
tionship between 2 parameters was calculated using the
Spearman rank correlation coefficient (rs). A p value of
less than .05 was considered statistically significant.
All calculations were made with the statistical program
GraphPad Prism 4 (GraphPad Software, Inc., San Diego,
Calif.).

RESULTS

CYP1A2 and CYP2D6 Genetic Polymorphisms
The frequencies of the CYP1A2 SNPs analyzed in the

study, and grouped according to expected influence on en-
zyme activity, are given in Table 1. Among the 17 patients,
4 carried 2 CYP1A2 SNPs related to expectedly reduced
enzyme activity, 7 carried 1, and 6 carried no such SNPs.

Concerning CYP2D6, 1 patient (5.9%) carried 2 det-
rimental CYP2D6 alleles, 5 (29.4%) carried 1, and the

Table 1. Frequencies of CYP1A2 Single Nucleotide Polymorphisms (SNPs) in the 17 Patients Investigated, Grouped According to
Expected Influence on Enzyme Activitya

Normal/Enhanced Enzyme Activity Reduced Enzyme Activity

Nucleotide Change (allele) Number (Frequency) Number (Frequency)

5'-Flanking region
–3860G→A (CYP1A2*1C) –3860G 33 (97.1%) –3860A 1 (2.9%)
–2467T→delT (CYP1A2*1D) –2467T 29 (85.3%) –2467delT 5 (14.7%)

Intron 1
–163C→A (CYP1A2*1F) –163A 27 (79.4%) –163C 7 (20.6%)
–739T→G (CYP1A2*1E) –739T 33 (97.1%) –739G 1 (2.9%)
–729C→T –729C 33 (97.1%) –729T 1 (2.9%)

aNomenclature according to www.cypalleles.ki.se.
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remaining 11 (64.7%) carried 2 functional alleles. No pa-
tient carried more than 2 functional alleles.

Serum Clozapine and Metabolite Concentrations
The median and range of serum clozapine and N-

desmethylclozapine concentrations, their concentration-
to-dose (C/D) ratios, and clozapine-to–N-desmethylcloza-
pine concentration ratio in the patients are described in
Table 2. A large interindividual variation was seen in all
these parameters. The serum clozapine concentration did
not correlate with the clozapine dose. However, a high
correlation (rs = 0.96, p < .0001) was found between the
N-desmethylclozapine and clozapine concentrations. No
significant differences were found in clozapine and
N-desmethylclozapine C/D ratios or in clozapine-to–
N-desmethylclozapine concentration ratio between smok-
ers (N = 6) and nonsmokers (N = 11) (data not shown).

B-Glucose, Hormones, Lipids, and HOMA-IR
The median and range of B-glucose, insulin, C-peptide,

triglycerides, cholesterol, and HOMA-IR are given in
Table 2. Elevated levels of B-glucose (> 6.4 mmol/L;
> 115.3 mg/dL) were found in 2 (12%), elevated levels of
insulin (≥ 79 pmol/L; ≥ 11 µU/mL) in 10 (59%), and el-
evated levels of C-peptide (> 0.68 nmol/L; > 2.05 ng/mL)
in 13 (76%) of the patients. Furthermore, 8 (47%) of the
patients had elevated triglyceride levels, and 6 (35%) had
elevated cholesterol values. Levels of insulin an C-peptide
correlated positively to the serum clozapine concentration
(rs = 0.53, p = .03 and rs = 0.51, p = .04, respectively), and
between triglyceride levels and the serum clozapine con-
centration, there was a tendency toward a correlation
(rs = 0.46, p = .06). However, no correlation was found be-
tween cholesterol and the serum clozapine concentration.

Neither did the hormone or lipid levels significantly cor-
relate to the serum N-desmethylclozapine concentration.

Impact of CYP1A2 and CYP2D6 Genetic
Polymorphisms on Clozapine Kinetics

There were significant differences in clozapine and
N-desmethylclozapine C/D ratios between the patients
carrying 2, 1, or no CYP1A2 SNPs related to expectedly
reduced enzyme activity (as defined in Table 1) (Figure
1). The C/D ratios of both clozapine and N-desmethyl-
clozapine were higher in the patients with 2 such SNPs
compared to those with none (p < .05; Figure 1). How-
ever, no differences were found in the clozapine-to–
N-desmethylclozapine concentration ratio in relation to
CYP1A2 genotypes.

No differences were found in either clozapine or N-
desmethylclozapine C/D ratios or in clozapine-to–N-
desmethylclozapine concentration ratio between the pa-
tients with 1 or 2 CYP2D6 detrimental alleles (N = 6) and
those with 2 functional CYP2D6 alleles (N = 11).

Impact of CYP1A2 and CYP2D6 Genetic
Polymorphisms on Hormones, Lipids, and HOMA-IR

No significant differences were found in insulin, C-
peptide, triglyceride, or cholesterol levels or in HOMA-
IR among the patients carrying 2, 1, or no CYP1A2 SNPs
related to expectedly reduced enzyme activity.

Neither were there any significant differences in in-
sulin, C-peptide, triglyceride, or cholesterol levels or in
HOMA-IR between the patients with 1 or 2 CYP2D6 det-
rimental alleles (N = 6) and those with 2 functional
CYP2D6 alleles (N = 11).

However, when the patients were divided according to
insulin levels (elevated or normal), it was revealed that

Table 2. Serum Clozapine and Metabolite Concentrations, Their Concentration-to-Dose Ratios and
Clozapine-to–N-Desmethylclozapine Concentration Ratio, as Well as B-Glucose, Hormone, and Lipid Levels and
Homeostasis Model Assessment Index for Insulin Resistance (HOMA-IR) in the 17 Patients Investigated

Reference Range Median (range)

Variable SI Units Metric Units SI Units Metric Units

Serum clozapine concentration nmol/L ng/mL 1200 (210–2810) 392 (69–918)
Serum N-desmethylclozapine concentration nmol/L ng/mL 920 (280–2050) 288 (88–641)
Clozapine concentration-to-dose ratio nmol/L/mg ng/mL/mg 3.2 (1.1–16.2) 1.0 (0.4–5.3)
N-desmethylclozapine concentration-to-dose ratio nmol/L/mg ng/mL/mg 2.8 (1.0–8.0) 0.9 (0.3–2.5)
Clozapine-to–N-desmethylclozapine concentration ratio 1.2 (0.8–2.0)
B-glucose 3.5–6.4 mmol/L 63.1–115.3 mg/dL 5.5 (4.5–6.9) 99.1 (81.1–124.3)
Insulin < 79 pmol/L < 11 µU/mL 90 (22–163) 13 (3–23)
C-peptide 0.22–0.68 nmol/L 0.66–2.05 ng/mL 0.81 (0.29–1.36) 2.45 (0.88–4.11)
Triglyceride 1.9 (0.9–4.8) 168.3 (79.7–425.2)
≤ 50 y 0.3–1.8 mmol/L 26.6–159.4 mg/dL
> 50 y 0.4–2.2 mmol/L 35.4–194.9 mg/dL

Cholesterol 5.5 (3.6–7.4) 212.7 (139.2–286.2)
< 40 y < 5.5 mmol/L < 212.7 mg/dL
40–59 y < 6.0 mmol/L < 232.0 mg/dL
≥ 60 y

Men < 6.0 mmol/L < 232.0 mg/dL
Women < 6.5 mmol/L < 251.4 mg/dL

HOMA–IR µU/mL 2.79 (0.72–6.46)
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the patients with elevated insulin levels carried the –3860A
and/or –2467delT CYP1A2 variants more frequently, com-
pared to the patients with normal insulin levels (p = .04;
Table 3). In contrast, there were no differences in the num-
ber of patients carrying –163C and/or –739G and/or –729T
CYP1A2 variants (Table 3), or different CYP2D6 geno-
types, between the 2 subgroups. Moreover, clozapine and
N-desmethylclozapine C/D ratios, levels of C-peptide, tri-
glycerides, and cholesterol and HOMA-IR were higher in
the patients with elevated insulin levels compared to the
patients with normal insulin levels (Table 3).

DISCUSSION

In this study, clozapine-treated patients carrying
CYP1A2 SNPs, reported to be associated with expectedly

reduced enzyme activity, had higher clozapine and N-
desmethylclozapine C/D ratios, compared with patients
not carrying these variants, suggesting genetically deter-
mined variation in clozapine metabolism via CYP1A2.
In contrast, CYP2D6 genotype did not influence either
clozapine or N-desmethylclozapine C/D ratios. The re-
sults are, thus, in line with previous in vivo findings, in-
dicating a major role for CYP1A2 in the metabolism of
clozapine, in contrast to a minor or no involvement of
CYP2D6.15,16,21,22

With respect to the metabolic parameters insulin,
C-peptide, triglycerides, cholesterol, and HOMA-IR, no
differences were found between clozapine-treated pa-
tients carrying 2, 1, or no CYP1A2 SNPs associated with
expectedly reduced enzyme activity, or different CYP2D6
genotypes. These findings may point to a lack of a direct

Figure 1. Concentration-to-Dose (C/D) Ratios for Clozapine (A) and N-Desmethylclozapine (B) in Patients Carrying 0, 1, or
2 CYP1A2 Single Nucleotide Polymorphisms (SNPs), Related to Expectedly Reduced Enzyme Activity (–3860A, –2467delT,
–163C, –739G, and/or –729T)a

aMedian C/D ratios in each group of patients (horizontal lines) are indicated.
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Table 3. CYP1A2 Genetic Polymorphisms, Clozapine Metabolism, C-Peptide, Lipids, and HOMA-IR in the 17 Patients Investigated
When Subgrouped by Elevated or Normal Insulin Levelsa

Variable Elevated Insulin Levels (≥ 79 pmol/L) Normal Insulin Levels (< 79 pmol/L) p Value

Patients, N 10 7
Insulin, pmol/L 130 (86–163) 50 (22–74) .0001
Smokers, N 4b 2c NS
Patients carrying –3860A and/or –2467delT 5 0 .04

CYP1A2 variants, N
Patients carrying –163C and/ or –739G 5 3 NS

and/or –729T CYP1A2 variants, N
Serum clozapine concentration, nmol/L 1525 (320–2810) 780 (210–2370) NS (.07)
Clozapine C/D ratio 4.0 (2.2–16.2) 1.6 (1.1–6.8) .02
N-desmethylclozapine C/D ratio 2.9 (2.0–8.0) 1.5 (1.0–5.2) .02
Clozapine-to–N-desmethylclozapine concentration ratio 1.2 (1.1–2.0) 1.3 (0.8–1.5) NS
C-peptide, nmol/L 1.11 (0.70–1.36) 0.66 (0.29–0.85) .003
Triglycerides, mmol/l 2.8 (1.6–4.8) 1.0 (0.9–1.9) .0007
Cholesterol, mmol/L 6.6 (4.0–7.4) 5.0 (3.6–5.6) .02
HOMA-IR 4.98 (2.40–6.46) 1.87 (0.72–2.43) .0002
aValues are given as median (range) unless otherwise specified.
bOf whom 1 patient smoked 1–10 cigarettes/day, 2 patients smoked 11–20 cigarettes/day, and 1 patient smoked > 20 cigarettes/day.
cOf whom 1 patient smoked 1–10 cigarettes/day, and 1 patient smoked 11–20 cigarettes/day.
Abbreviations: C/D = concentration-to-dose, HOMA-IR = homeostasis model assessment index for insulin resistance, NS = not significant.

701



CYP1A2 and CYP2D6 Polymorphisms and Clozapine

703J Clin Psychiatry 68:5, May 2007

relationship between the CYP1A2 or CYP2D6 polymor-
phisms studied and elevations of insulin and lipids and in-
sulin resistance in clozapine-treated patients.

A subgroup analysis, however, revealed that patients
with elevated fasting insulin levels had more frequently
CYP1A2 SNPs associated with reduced enzyme activity
(–3860A, –2467delT), higher clozapine and N-desmethyl-
clozapine C/D ratios, and higher lipid levels and HOMA-
IR, compared to the patients with normal insulin levels.
Our findings are in accord with previous studies, showing
an association between the –3860A CYP1A2 variant (*1C)
and decreased inducibility (implying reduced activity)
of the CYP1A2 enzyme, but no association between
the CYP1A2 polymorphism *1F and clozapine clear-
ance.24,25,27,30,35 Thus, patients with genetic polymorphisms
in the CYP1A2 gene, especially those having CYP1A2
*1C and/ or *1D, seem to have higher serum clozapine
concentrations, and thereby an increased risk of develop-
ing insulin and lipid elevations and insulin resistance on a
given dose of clozapine. To our best knowledge, meta-
bolic adverse effects of clozapine such as insulin and lipid
elevations and insulin resistance have not earlier been
studied in relation to impaired CYP1A2 enzyme activity
or CYP1A2 genotypes.

Interestingly, an earlier in vitro study has demonstrated
that insulin suppresses CYP1A2 mRNA expression in
hepatocytes dose-dependently.44 Furthermore, animal
studies have shown that streptozocin-induced or spontane-
ous insulin-dependent diabetes mellitus may cause induc-
tion of CYP P450 enzymes that restore when insulin is
supplied.45–47 On the contrary, the activities of CYP1A2
and other CYP enzymes seem not to be influenced by
non–insulin-dependent diabetes mellitus when studied in
humans or in the ob/ob mouse model.48,49 In our study, al-
though insulin resistance was found in several of the pa-
tients and 2 patients were diagnosed with a prediabetic
state, none of the patients had manifest diabetes mellitus.
Therefore, there is no reason to believe that the current
metabolic state in our clozapine-treated patients would
have influenced their CYP1A2 and CYP2D6 enzyme
activities.

Occurrence of CYP1A2 polymorphisms in clozapine-
treated patients may explain why some patients, but not
others, get higher serum clozapine concentrations and de-
velop insulin and lipid elevations and insulin resistance
on a given dose of the drug. In this context, the findings
in this study underline the importance of determination
of serum clozapine concentration together with regular
monitoring of fasting B-glucose and fasting serum insulin
and lipid levels in patients receiving clozapine, in order to
optimize the clozapine dosage and thereby decrease the
risk of adverse metabolic effects in this patient group.10

These measures seem to be of main clinical concern, given
that a high prevalence of the metabolic syndrome (i.e.,
insulin resistance and hyperlipidemia and/or obesity)

recently has been established among clozapine-treated
patients50 and that this syndrome may increase the risk not
only of diabetes mellitus, but also of cardiovascular dis-
ease in these patients, especially in the long term.6,7,51

Although tobacco smoke is a potent inducer of
CYP1A2 enzyme activity,52–54 no significant difference
was found in clozapine C/D ratio between smokers and
nonsmokers in our study. This may be explained by both
the limited numbers of smokers respective to nonsmokers
in the subgroups compared, as well as the fact that only 4
of the 17 patients in the study smoked more than 10 ciga-
rettes daily. Nevertheless, it is unlikely that the smoking
behavior of the patients confounded our results. Neither
did the patients take any medications that are known to in-
duce or inhibit CYP1A2 and/or CYP2D6 enzyme activi-
ties.33,55–58 In addition, the frequencies of CYP1A2 and
CYP2D6 genotypes in the present study are close to those
reported earlier in other Caucasian populations,13,31,35,59

indicating that the patient group is representative in this
respect.

In conclusion, although the limited number of patients
included in our study does not allow definite conclusions
to be drawn, our results indicate that CYP1A2, but not
CYP2D6, genetic polymorphisms are associated with re-
duced clozapine metabolism in patients on continuous
treatment with clozapine. Moreover, patients carrying
CYP1A2 SNPs associated with expectedly low enzyme
activity seem to have an increased risk for developing
higher serum clozapine and N-desmethylclozapine con-
centrations, insulin and lipid elevations, and insulin resis-
tance on a given dose of clozapine. Finally, our results
underline the clinical importance of controlling for both
serum clozapine concentrations and metabolic parameters
in patients receiving clozapine.

Drug names: carbamazepine (Carbatrol, Tegretol, and others),
ciprofloxacin (Cipro, Proquin XR, and others), clozapine (FazaClo,
Clozaril, and others), lithium (Eskalith, Lithobid, and others),
phenytoin (Dilantin and others), streptozocin (Zanosar).

REFERENCES

1. Fitton A, Heel RC. Clozapine: a review of its pharmacological properties,
and therapeutic use in schizophrenia [review]. Drugs 1990;40:722–747

2. Wagstaff AJ, Bryson HM. Clozapine: a review of its pharmacological
properties and therapeutic use in patients with schizophrenia who are
unresponsive to or intolerant of classical antipsychotic agents [review].
CNS Drugs 1995;4:370–400

3. Chakos M, Lieberman J, Hoffman E, et al. Effectiveness of
second-generation antipsychotics in patients with treatment-resistant
schizophrenia: a review and meta-analysis of randomized trials. Am
J Psychiatry 2001;158:518–526

4. McEvoy JP, Lieberman JA, Scott Stroup T, et al. Effectiveness of
clozapine versus olanzapine, quetiapine, and risperidone in patients
with chronic schizophrenia who did not respond to prior atypical
antipsychotic treatment. Am J Psychiatry 2006;163:600–610

5. Allison DB, Mentore JL, Heo M, et al. Antipsychotic-induced weight
gain: a comprehensive research synthesis. Am J Psychiatry 1999;156:
1686–1696

6. Melkersson K, Dahl M-L. Adverse metabolic effects associated with

702



Melkersson et al.

704 J Clin Psychiatry 68:5, May 2007

atypical antipsychotics: literature review and clinical implications
[review]. Drugs 2004;64:701–723

7. Henderson DC, Cagliero E, Gray C, et al. Clozapine, diabetes mellitus,
weight gain, and lipid abnormalities: a five-year naturalistic study.
Am J Psychiatry 2000;157:975–981

8. Yazici KM, Erbas T, Yazici AH. The effect of clozapine on glucose
metabolism. Exp Clin Endocrinol Diabetes 1998;106:475–477

9. Melkersson KI, Hulting A-L, Brismar KE. Different influences of
classical antipsychotics and clozapine on glucose-insulin homeostasis
in patients with schizophrenia or related psychoses. J Clin Psychiatry
1999;60:783–791

10. Melkersson KI, Dahl M-L, Hulting A-L. Guidelines for prevention and
treatment of adverse effects of antipsychotic drugs on glucose-insulin
homeostasis and lipid metabolism [review]. Psychopharmacology 2004;
175:1–6

11. Melkersson KI, Dahl M-L. Relationship between levels of insulin or
triglycerides and serum concentrations of the atypical antipsychotics
clozapine and olanzapine in patients on treatment with therapeutic
doses. Psychopharmacology 2003;170:157–166

12. Tugnait M, Hawes EM, McKay G, et al. N-oxygenation of clozapine
by flavin-containing monooxygenase. Drug Metab Dispos 1997;25:
524–527

13. Dahl M-L. Cytochrome P450 phenotyping/genotyping in patients
receiving antipsychotics: useful aid to prescribing? [review]
Clin Pharmacokinet 2002;41:453–470

14. De Leon J. Glucuronidation enzymes, genes and psychiatry [review].
Int J Neuropsychopharmacol 2003;6:57–72

15. Bertilsson L, Carrillo JA, Dahl M-L, et al. Clozapine disposition covaries
with CYP1A2 activity determined by a caffeine test. Br J Clin Pharmacol
1994;38:471–473

16. Ozdemir V, Kalow W, Posner P, et al. CYP1A2 activity as measured
by a caffeine test predicts clozapine and active metabolite norclozapine
steady-state concentration in patients with schizophrenia. J Clin
Psychopharmacol 2001;21:398–407

17. Buur-Rasmussen B, Brøsen K. Cytochrome P450 and therapeutic
drug monitoring with respect to clozapine. Eur Neuropsychopharmacol
1999;9:453–459

18. Spina E, Scordo MG, D’Arrigo C. Metabolic drug interactions with new
psychotropic agents [review]. Fundam Clin Pharmacol 2003;17:517–538

19. Centorrino F, Baldessarini RJ, Frankenburg FR, et al. Serum levels of
clozapine and norclozapine in patients treated with selective serotonin
reuptake inhibitors. Am J Psychiatry 1996;153:820–822

20. Spina E, Avenoso A, Salemi M, et al. Plasma concentrations of clozapine
and its major metabolites during combined treatment with paroxetine
or sertraline. Pharmacopsychiatry 2000;33:213–217

21. Dahl M-L, Lerena A, Bondesson U, et al. Disposition of clozapine
in man: lack of association with debrisoquine and S-mephenytoin hy-
droxylation polymorphisms. Br J Clin Pharmacol 1994;37:71–74

22. Wetzel H, Anghelescu I, Szegedi A, et al. Pharmacokinetic interactions
of clozapine with selective serotonin reuptake inhibitors: differential
effects of fluvoxamine and paroxetine in a prospective study. J Clin
Psychopharmacol 1998;18:2–9

23. Ikeya K, Jaiswal AK, Owens RA, et al. Human CYP1A2: sequence,
gene structure, comparison with the mouse and rat orthologous gene,
and differences in liver 1A2 mRNA expression. Mol Endocrinol 1989;
3:1399–1408

24. Chida M, Yokoi T, Fukui T, et al. Detection of three genetic polymor-
phisms in the 5′-flanking region and intron 1 of human CYP1A2 in
the Japanese population. Jpn J Cancer Res 1999;90:899–902

25. Nakajima M, Yokoi T, Mizutani M, et al. Genetic polymorphism in
the 5′-flanking region of human CYP1A2 gene: effect on the CYP1A2
inducibility in humans. J Biochem 1999;125:803–808

26. Sachse C, Brockmöller J, Bauer S, et al. Functional significance of
a C→A polymorphism in intron 1 of the cytochrome P450 CYP1A2
gene tested with caffeine. Br J Clin Pharmacol 1999;47:445–449

27. Kootstra-Ros JE, Smallegoor W, van der Weide J. The cytochrome P450
CYP1A2 genetic polymorphisms *1F and *1D do not affect clozapine
clearance in a group of schizophrenic patients. Ann Clin Biochem 2005;
45:216–219

28. Ozdemir V, Kalow W, Okey AB, et al. Treatment-resistance to clozapine
in association with ultrarapid CYP1A2 activity and the C→A polymor-
phism in intron 1 of the CYP1A2 gene: effect of grapefruit juice and
low-dose fluvoxamine. J Clin Psychopharmacol 2001;21:603–607

29. Eap CB, Bender S, Sirot EJ, et al. Nonresponse to clozapine and ultra-
rapid CYP1A2 activity: clinical data and analysis of CYP1A2 gene.
J Clin Psychopharmacol 2004;24:214–219

30. Van Der Weide J, Steijns LSW, Van Weelden MJM. The effect of smok-
ing and cytochrome P450 CYP1A2 genetic polymorphism on clozapine
clearance and dose requirement. Pharmacogenetics 2003;13:169–172

31. Aklillu E, Carrillo JA, Makonnen E, et al. Genetic polymorphism
of CYP1A2 in Ethiopians affecting induction and expression: character-
ization of novel haplotypes with single-nucleotide polymorphisms in
intron 1. Mol Pharmacol 2003;64:659–669

32. Johansson I, Lundqvist E, Bertilsson L, et al. Inherited amplification
of an active gene in the cytochrome P450 CYP2D locus as a cause of
ultrarapid metabolism of debrisoquine. Proc Natl Acad Sci USA 1993;90:
11825–11829

33. Rendic S, Di Carlo FJ. Human cytochrome P450 enzymes: a status report
summarizing their reactions, substrates, inducers and inhibitors [review].
Drug Metab Rev 1997;29:413–580

34. American Psychiatric Association. Diagnostic and Statistical Manual
of Mental Disorders, Fourth Edition. Washington, DC: American
Psychiatric Press; 1994

35. Sachse C, Bhambra U, Smith G, et al. Polymorphisms in the
cytochrome P450 CYP1A2 gene (CYP1A2) in colorectal cancer
patients and controls: allele frequencies, linkage disequilibrium and
influence on caffeine metabolism. Br J Clin Pharmacol 2003;55:68–76

36. Smith CAD, Gough AC, Leigh PN, et al. Debrisoquine hydroxylase
gene polymorphism and susceptibility to Parkinson’s disease. Lancet
1992;339:1375–1377

37. Hersberger M, Marti-Jaun J, Rentsch K, et al. Rapid detection of the
CYP2D6*3, CYP2D6*4, and CYP2D6*6 alleles by tetra-primer PCR
and of the CYP2D6*5 allele by multiplex long PCR. Clin Chem 2000;
46:1072–1077

38. Løvlie R, Daly AK, Molven A, et al. Ultrarapid metabolizers of
debrisoquine: characterization and PCR-based detection of alleles
with duplication of the CYP2D6 gene. FEBS Lett 1996;392:30–34

39. Steijns LSW, Van Der Weide J. Ultrarapid drug metabolism: PCR-based
detection of CYP2D6 gene duplication. Clin Chem 1998;44:914–917

40. Spayd RW, Bruschi B, Burdick BA, et al. Multilayer film elements for
clinical analysis: applications to representative chemical determinations.
Clin Chem 1978;24:1343–1350

41. Allain CC, Poon LS, Chan CS, et al. Enzymatic determination of total
serum cholesterol. Clin Chem 1974;20:470–475

42. Matthews DR, Hosker JP, Rudenski AS, et al. Homeostasis model assess-
ment: insulin resistance and beta-cell function, fasting plasma glucose
and insulin concentrations in man. Diabetologia 1985;28:412–419

43. Haffner SM, Miettinen H, Stern MP. The homeostasis model in the
San Antonio heart study. Diabetes Care 1997;20:1087–1092

44. Barker CW, Fagan JB, Pasco DS. Down-regulation of P4501A1 and
P4501A2 mRNA expression in isolated hepatocytes by oxidative stress.
J Biol Chem 1994;269:3985–3990

45. Favreau LV, Malchoff DM, Mole JE, et al. Responses to insulin by two
forms of rat hepatic microsomal cytochrome P-450 that undergo major
(RLM6) and minor (RLM5b) elevations in diabetes. J Biol Chem 1987;
262:14319–14326

46. Dong ZG, Hong JY, Ma QA, et al. Mechanism of induction of cyto-
chrome P -450ac (P -450j) in chemically induced and spontaneously
diabetic rats. Arch Biochem Biophys 1998;263:29–35

47. Barnett CR, Gibson GG, Wolf CR, et al. Induction of cytochrome
P450III and P450IV family proteins in streptozocin-induced diabetes.
Biochem J 1990;268:765–769

48. Barnett CR, Abbott RA, Bailey CJ, et al. Cytochrome P450-dependent
mixed-function oxidase and glutathione S-transferase activities in
spontaneous obesity-diabetes. Biochem Pharmacol 1992;43:1868–1871

49. Lautenschlager MT, Viktor S, Muller UA, et al. Comparison of serum
concentrations of caffeine, 4-methylaminoantipyrine, sulfamethazine
and debrisoquin following oral administration of these substances as a
cocktail in type II diabetics before and after insulin therapy. Pharmazie
1996;51:750–753

50. Lamberti JS, Olson D, Crilly JF, et al. Prevalence of the metabolic
syndrome among patients receiving clozapine. Am J Psychiatry 2006;
163:1273–1276

51. Henderson DC, Nguyen DD, Copeland PM, et al. Clozapine, diabetes
mellitus, hyperlipidemia, and cardiovascular risks and mortality: results
of a 10-year naturalistic study. J Clin Psychiatry 2005;66:1116–1121

703



CYP1A2 and CYP2D6 Polymorphisms and Clozapine

705J Clin Psychiatry 68:5, May 2007

52. Haring C, Fleischhacker WW, Schett P, et al. Influence of patient-
related variables on clozapine plasma levels. Am J Psychiatry 1990;
147:1471–1475

53. Seppälä NH, Leinonen EVJ, Lehtonen M-L, et al. Clozapine serum
concentrations are lower in smoking than in non-smoking schizophrenic
patients. Pharmacol Toxicol 1999;85:244–246

54. Palego L, Biondi L, Giannaccini G, et al. Clozapine, norclozapine plasma
levels, their sum and ratio in 50 psychotic patients: influence of patient-
related variables. Prog Neuropsychopharmacol Biol Psychiatry 2002;
26:473–480

55. Miller DD. Effect of phenytoin on plasma clozapine concentrations
in two patients. J Clin Psychiatry 1991;52:23–25

56. Hiemke C, Weigmann H, Härtter S, et al. Elevated levels of clozapine
in serum after addition of fluvoxamine [letter]. J Clin Psychopharmacol
1994;14:279–281

57. Jerling M, Lindström L, Bondesson U, et al. Fluvoxamine inhibition and
carbamazepine induction of the metabolism of clozapine: evidence from
a therapeutic drug monitoring service. Ther Drug Monit 1994;16:368–374

58. Kuo F-J, Lane H-Y, Chang W-H. Extrapyramidal symptoms after addition
of fluvoxamine to clozapine [letter]. J Clin Psychopharmacol 1998;18:
483–484

59. Scordo MG, Spina E, Romeo P, et al. CYP2D6 genotype and
antipsychotic-induced extrapyramidal side effects in schizophrenic
patients. Eur J Clin Pharmacol 2000;56:679–683

704


	Table of Contents

