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Imipramine metabolism in relation to the sparteine and
mephenytoin oxidation polymorphisms-a population study

H. MADSEN, K. KRAMER NIELSEN & K. BR0SEN
Department of Clinical Pharmacology, Institute of Medical Biology, Odense University, Odense, Denmark

1 Sparteine and mephenytoin phenotyping tests were carried out in 327 healthy
Danish subjects. Two weeks later each subject took 25 mg imipramine followed
by urine collection for 24 h. The urinary content of imipramine, desipramine,
2-hydroxy-imipramine and 2-hydroxy-desipramine was assayed by h.p.l.c.

2 The medians of the hydroxylation ratios (i.e. 2-hydroxy-metabolite over parent
compound) were 6 to 14 times higher in 300 extensive metabolizers of sparteine
(EMS) as compared with 27 poor metabolizers (PMJ), but none of the ratios sepa-
rated the two phenotypes completely.

3 There were 324 EM of mephenytoin (EMM) and three PM (PMM) in the sample.
The demethylation ratios between desipramine, 2-hydroxy-desipramine and their
corresponding tertiary amines showed statistically significant correlations with the
mephenytoin S/R isomer ratio (Spearman's rs: -0.20 and -0.27, P < 0.05).

4 The demethylation ratios were higher in 80 smokers than in 245 non-smokers.
This indicates that CYP1A2, which is induced by cigarette smoking, also cat-
alyzes the N-demethylation of imipramine.

5 CYP2D6 genotyping was carried out by PCR in 325 of the subjects, and the
D6-wt allele was amplified in 298 EMS, meaning that they were genotyped
correctly. One PM, was D6-wt/D6-B, another PMS had the genotype D6-wt/ and
hence both were misclassified as EMS. The remaining 25 PMs were D6-AID6-B
(n = 5), D6-B/ (n = 18) or D6-D/D6-D (no PCR amplification, n = 2). Thus, the
specificity for genotyping PMs was 100% and the sensitivity was 92.4%.

6 There were 198 apparently homozygous EMS (D6-wt/) and 98 heterozygous EMS
(D6-wt/D6-A or D6-wt/D6-B). The sparteine metabolic ratio was lower and the
hydroxylation ratios were higher in the homozygotes compared with the hetero-
zygotes. However, for all of the ratios there was a considerable overlap between
the two genotypes.
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Introduction

The major pathways of imipramine metabolism are N- labelled imipramine to patients about 40% of the
demethylation to the active metabolite desipramine radioactivity was recovered in urine over 24 h and
and aromatic hydroxylation to 2-hydroxy-imipramine about 70% over 72 h [2].
and 2-hydroxy-desipramine. Aliphatic hydroxylation It was suggested nearly 20 years ago, that the N-
to 10-hydroxy-imipramine and 10-hydroxy-desi- demethylation of imipramine and the 2-hydroxylation
pramine, N-oxidation to imipramine-N-oxide and side of imipramine and desipramine are catalyzed by dif-
chain dealkylation to iminodibenzyl are considered ferent P450 isoforms [3, 4]. Indeed, subsequent in vivo
less important pathways [1]. The hydroxylated meta- studies in healthy volunteers and patients showed that
bolites are predominantly excreted as glucuronide CYP2D6, the source of the sparteine/debrisoquine oxi-
conjugates in the urine. After administration of 14C- dation polymorphism, is the major enzyme catalyzing
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the 2-hydroxylation but is not involved in the N-
demethylation of imipramine [5-8]. This was later
confirmed in vitro [9-12]. CYP2D6 is also a major
enzyme catalyzing the 2-hydroxylation of desipramine
[5-8, 13-15]. The N-demethylation but not the 2-
hydroxylation of imipramine covaries with S-
mephenytoin hydroxylase (CYP2C19) activity in vivo
[16, 17] and in vitro [18].
CYP2D6 is encoded by the functional allele D6-wt

(wild type) in extensive metabolizers (EMs), and the
absence of the enzyme in poor metabolizers (PMJ)
[19] is caused by inactivating mutations in the
CYP2D6 gene, the most common of which are desig-
nated D6-A, D6-B and D6-D [20]. It is possible to test
for D6-wt, D6-A, and D6-B by the polymerase chain
reaction (PCR) [20]. The D6-D is a complete deletion
of the CYP2D6 gene [21] and, therefore, is not ampli-
fied by PCR. Thus, EMS and PMs can be distinguished
by genotyping, phenotyping or both [22].

The relationship between genetic polymorphism in
drug oxidation and imipramine metabolism has not been
studied in a large population of randomly selected sub-
jects. Thus, imipramine, sparteine, mephenytoin and
CYP2D6 genotype testing was carried out in 327
healthy Danish volunteers. The main purpose for car-
rying out the study was to investigate the possibility of
using imipramine as a probe drug for phenotyping.
Another aim of the study was to document the sensi-
tivity and specificity of CYP2D6 genotyping in a large
population of subjects who had not previously been
phenotyped.

Methods

Subjects

The subjects of the study were 327 healthy Danes
recruited among students and staff at Odense Univer-
sity. There were 206 men and 121 women. The median
age was 23.7 years (range 20-45 years). None of the
participants had daily intake of alcohol or drugs
(including oral contraceptives). The volunteers parti-
cipated on the basis of written and verbal information,
and the protocol was approved by the Danish National
Board of Health and the Ethics committee of Vejle and
Funen.

Phenotyping

were defined according to an MR less than 20 and the
PMS according to an MR above 20 [24]. R- and S-
mephenytoin were assayed by gas chromatography
[25]. In Danes [26] an S/R ratio above 0.9 defines poor
metabolizers of mephenytoin (PMM) and an S/R below
0.9 defines extensive metabolizers (EMM).
The imipramine test was performed about 2 weeks

after the sparteine/mephenytoin test. After voiding,
each subject ingested 25 mg imipramine hydro-
chloride (25 mg Tofranil tablets, Ciba Geigy Corp.,
Basel, Switzerland) followed by urine collection for
24 h. The urinary pH was measured, the urinevolume
was recorded, and an aliquot of 20 ml was kept frozen
at -20° C until assay. Imipramine, desipramine, 2-
hydroxy-imipramine and 2-hydroxy-desipramine after
0-glucuronidase treatment were determined by h.p.l.c.
[27]. The detection level was 10 nmol l-l for all four
compounds. After deconjugation the detection level
was 100 nmol 1F' for the hydroxylated metabolites.

Genotyping

A blood sample was drawn by venepuncture into an
EDTA vacutainer (Venoject), and the blood was trans-
ferred immediately to a 50 ml capped polypropylene
tube (Falcon) and kept at -20° C until extraction of
DNA for PCR analysis. DNA for PCR amplification
was extracted from 0.5 ml blood as described previ-
ously [28]. The DNA was tested for D6-wt, D6-A and
D6-B by a two-step PCR amplification procedure [20].
This method does not distinguish the D6-wt/D6-D
from D6-wt/D6-wt. Lack of amplification product in
PMS is considered as diagnostic for the genotype
D6-D/D6-D.

Statistics

The pharmacokinetic indices for imipramine in EMS,
and PMS, in heterozygous and homozygous EMS, and
smokers and non-smokers were compared by the
median differences and 95% confidence intervals.
Correlations between the pharmacokinetic indices and
the mephenytoin S/R ratio were assessed by the Spear-
man rank correlation test (rs). All statistical tests
were carried out using the MEDSTAT program version
2.12.

Results

Oral intake of a combination of 100 mg sparteine sul-
phate (Depasan, Giulini Pharma GmbH, Hannover
Germany) and 100 mg racemic mephenytoin (Mesan-
toin, Sandoz Pharmaceutical Corp., East Hannover,
New Jersey, USA) was followed by urine collection
for 12 h. The urine volume was recorded and an
aliquot of 10 ml was kept frozen at -20° C until assay,
which took place less than 1 month after the test.
Sparteine, 2,3-didehydrosparteine and 5,6-didehy-
drosparteine were assayed by gas chromatography
[23]. A metabolic ratio (MR) was calculated as
sparteine/(2,3- plus 5,6-didehydrosparteine). EMS

Twenty-seven (8.3% (5.5-11.8)) of the 327 individu-
als in the population studied were phenotyped as
PMs. The median MR in the 27 PMS was 71 (range:
23-126) and the median MR in 300 EMS was 0.39
(range: 0.09-12) (Figure 1). The S/R ratio was 0.93,
0.97 and 1.01 in three PMM and ranged from <0.1 to
0.5 in 324 EMM. As expected there was no correlation
between MR and S/R (rs = 0.015, P = 0.80, n = 327).
The median urinary recovery of imipramine and its

three metabolites was 25% of the dose in EMS and
6.3% in PMs (Table 1). The higher recovery in EMS
was due to a much faster excretion of 2-hydroxy-



Genetic polymorphism and imipramine metabolism 435

n

30

.-20

~.15

.10
5

0

100 Homozous EMs

1000 PM5 Heterozygpus EMs ..

Figure 1 The sparteine metabolic ratio (MR) in 27 poor
metabolizers (PM,), 100 heterozygous extensive metaboliz-
ers (EMs) (D6-wt/D6-A and D6-wt/D6-B) and 198 appar-
ently homozygous EMS (D6-wt/).

imipramine and 2-hydroxy-desipramine in this pheno-
type.

The putative indices for hydroxylation (the 2-
hydroxy metabolites over parent compound ratios)
were much higher in EMS than in PM,, but none of the
ratios separated the two phenotypes completely (Table
2 and Figure 2). The corresponding demethylation
ratios (Table 2) all showed a weak negative correlation
with the S/R ratio. Two subjects did not disclose their
smoking habits, 245 were non-smokers and 80 were
smokers. Both of the demethylation ratios were higher
in smokers than non-smokers. The median differences
[95% confidence interval] between non-smokers and
smokers were -0.3 (-0.7; 0.1) and -0.2 (-0.3; -0.03)
for desipramine vs imipramine and 2-hydroxy-
desipramine vs 2-hydroxy-imipramine, respectively.
None of the hydroxylation ratios listed in Table 2

was statistically significantly different between non-

smokers and smokers (data not shown).

Table 1 Urinary recoveries (% of dose) of imipramine and its metabolites in relation to the
sparteine (CYP2D6) and the mephenytoin (CYP2C19) oxidation polymorphisms

CYP2D6 CYP2C19
Spearman 's rs

EMs (n = 300) PMs (n = 27) Median difference with mephenytoin S/Ra
Median (range) Median (range) (95% confidence interval) (n = 327)

IP 0.15 0.18 -0.03 0.12*
(0-1.4) (0.04-1.5) (-0.07; 0.02)

DMI 0.30 0.80 -0.50 -0.06 (NS)
(0.03-1.9) (0.0-1.9) (-0.70; -0.4)

2-OH-IP 11 2.5 8.8 0.14*
(1.6-30) (0.2-4.6) (7.3; 10)

2-OH-DMI 12 2.5 8.9 -0.19*
(3.3-24) (1.0-6.5) (7.8; 10)

Totalb 25 6.3 18 0.0 (NS)
(7.6-40) (1.8-11) (16; 20)

aSpeanmans r,: *P: < 0.05, NS: P > 0.05.
bThe sum of IP, DMI, 2-OH-IP and 2-OH-DMI.
IP: imipramine; DMI: desipramine; 2-OH-IP: 2-hydroxy-imipramine and 2-OH-DMI: 2-hydroxy-
desipramine.
EMS: extensive metabolizers of sparteine, PMs: poor metabolizers of sparteine.

Table 2 The metabolic ratios of imipramine in relation to the sparteine (CYP2D6) and mephenytoin
(CYP2C19) oxidation polymorphisms

CYP2D6 CYP2CJ9
EM, (n = 300) PM, (n = 27) Median difference Spearman 's r, with
Median (range) Median (range) (95% confidence interval) mephenytoin S/Re

Hydroxylation ratios

2-OH-IP 80 13 65 -0.04 (NS)
IP (6-1274) (0-39) (47; 89)

2-OH-DMI 39 2.8 35 -0.05 (NS)
DMI (4.4-478) (1.1-12) (27; 45)

2-OH-IP + 2-OH-DMI 51 4.8 46 -0.02 (NS)
IP + DMI (4.9-777) (1.1-12) (35; 59)

Demethylation ratios

DMIb) 2.2 4.8 -2.1 -0.20*
IP (0.2-35) (1.0-14) (-3.1;-1.2)

2-OH-DMI 1.1 1.0 0.0 -0.27*
2-OH-IP (0.2-4.9) (0.3-14) (-0.3; 0.2)

aSpearmans r,: *P: < 0.05, NS: P > 0.05.
bImipramine was undetectable in three subjects.
IP: imipramine; DMI: desipramine; 2-OH-IP: 2-hydroxy-imipramine and 2-OH-DMI: 2-hydroxy-desipramine.
EMS and PMS: extensive metabolizers and poor metabolizers of sparteine.
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Figure 2 Hydroxylation ratios in 27 poor metabolizers
(PMs), 100 heterozygous extensive metabolizers (EM,) (D6-
wt/D6-A, D6-wt/D6-B) and 198 apparently homozygous
EM, (D6-wt/). IP: imipramine; DMI: desipramine; 2-OH-IP:
2-hydroxy-imipramine and 2-OH-DMI: 2-hydroxy-
desipramine.

The median urine pH after the imipramine test was
6.12 (range: 5.00-7.59). The correlation between the
pH and the recoveries of imipramine and desipramine
were: rs = -0.45 (P < 0.00001) and rs = -0.26 (P <

0.00001), respectively.
Genotyping was not possible for technical reasons

in two of the EMS. The D6-wt was amplified in all of
the 298 EMS and hence they were all correctly geno-
typed (Table 3). One hundred and ninety-eight EMS
were D6-wt/, and hence apparently homozygous domi-
nants. One hundred of the EMS were either D6-wt/D6-
A or D6-wt/D6-B and these subjects are certainly
heterozygotes (Table 3). Twenty-three of the PMs were

either D6-B/ or D6-AID6-B, and lack of DNA amplifi-
cation in two PMS was considered diagnostic for D6-
D/D6-D (Table 3). Two of the PMS were apparently
heterozygous for D6-wt and hence misclassified as

EMS. Thus, genotyping identified 25 PMs correspond-

Table 3 CYP2D6 genotyping of 325' healthy Danish
subjects by allele specific polymerase chain reaction (PCR)
amplification

Phenotypeb
Genotype EMs PMs

D6-wt/ 198 1
D6-wt/D6-A 8
D6-wt/D6-B 92 1
D6-A/
D6-AID6-B 5
D6-B/ 1 8
D6-D/* 2

Total 298 27

*No PCR amplification.
aGenotyping not possible due to technical problems in two EM.
bEMS and PMS: extensive and poor metabolizers of sparteine.

ing to 7.7% (5.0-11.2%) of the population. Accord-
ingly, the specificity of the test was 100% and the
sensitivity was 92.4% (75.7-99.1%) in the present
sample of PMs.
The median of the MR in homozygous EMS was

0.32 (range: 0.09-12) and the corresponding value in
heterozygous EM, was 0.57 (range: 0.17-3.8) (Figure
1). The median difference was -0.23 (-0.30; -0.17).
All of the three hydroxylation ratios were statistically
significantly higher in homozygous EMS as compared
with heterozygotes (Table 4), but there was a consider-
able overlap between the two genotypes (Figure 2).

Discussion

Numerous earlier studies [5-15] have shown that
CYP2D6 is a major enzyme catalyzing the 2-hydroxyl-
ation of imipramine and desipramine. In the present
study assessment of the 2-hydroxylation of
imipramine and desipramine was performed by calcu-
lation of ratios between the hydroxylated metabolites
and their parent compounds (Table 2 and Figure 2). It
must be borne in mind, that the so-called 'hydroxyl-
ation ratios' are also determined by the N-demethyl-
ation of imipramine and 2-hydroxy-imipramine and by
the renal excretion of all four compounds. Despite
these confounding factors, we found that the medians
of the hydroxylation ratios were 6 to 14 times higher
in the EMS than in the PMs (Table 2 and Figure 2).
This provides strong evidence that the empirically
derived indices mark 2-hydroxylation in a population.
As expected, the sparteine MR was bimodally distrib-
uted (Figure 1) but in agreement with similar studies
using desipramine as model drug [29, 30], the hydr-
oxylation ratios of imipramine (Table 2 and Figure 2)
showed a less clearcut separation of EM, and PM,.
There are several possible explanations for this. First,
as discussed already, N-demethylation contributes to
this variability. Second, imipramine and desipramine
are weakly basic drugs and, as shown previously [31],
we confirm that their urinary excretion rates are pH
dependent. Third, and probably most important
imipramine and desipramine are oxided to the 2-
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Table 4 The metabolic ratios of imipramine in 198 homozygousa (D6-wt/) and 100
heterozygousb (D6-A/D6-wt and D6-B/D6-t) extensive metabolizers (EMS) of sparteine

Homozygous EMs Heterozygous EM, Median difference
Median (range) Median (range) (95% confidence interval)

Hydroxylation ratios

2-OH-IP' 94 65 27
IP (6-842) (16-1274) (10-45)

2-OH-DMI 46 30 14
DMI (5.3-448) (4.4-105) (8.3-20)

2-OH-IP + 2-OH-DMI 62 40 20
IP + DMI (7.9-777) (4.9-158) (11-29)

Demethylation ratios

DMI 2.0 2.5 -0.4
IP (0.2-21) (0.6-35) (11-29)

2-OH-DMI 1.0 1.2 -0.2
2-OH-IP (0.2-4.9) (0.3-3.0) (-0.4; -0.1)

aProbably about 20% of the so-called homozygotes are in fact heterozygotes (see text).
tImipramine was undetectable in two homozygotes and one heterozygote.
b"Two subjects could not be genotyped because of technical problems.
IP: imipramine; DMI: desipramine; 2-OH-IP: 2-hydroxy-imipramine and 2-OH-DMI: 2-hydroxy-
desipramine.
EMS and PMS: extensive metabolizers and poor metabolizers of sparteine.

hydroxy metabolites by P450s in addition to CYP2D6
[9]. All three confounding factors are able to mask a
bimodal distribution of the hydroxylation ratios [32].
CYP2D6 genotyping does not require ingestion of a

test drug followed by collection of urine, and the test
result is not influenced by concomitant drug intake. Of
325 subjects 25 (7.7% (5.0-11.2)) were genotyped as
PMs (Table 3). This is in broad agreement with the fre-
quency of 5% (3.4-6.6%) reported among 720 geno-
typed but not phenotyped British subjects [33]. In
agreement with previous studies based on panels of
phenotyped subjects [20, 22, 28, 29], we report a
specificity of 100% and a sensitivity of about 90%.
Accordingly, and shown directly for the first time,
more than 99% of randomly selected subjects are
genotyped correctly (Table 3). The misclassification in
some PMS is due to rare, inactivating mutations other
than D6-A and D6-B. Based on the allele frequencies
calculated in a large Danish panel study [28], it is esti-
mated that about 10% of the 198 D6-wt/ EMS (Tables 3
and 4) are in fact heterozygous EMS carriers of one of
the rare inactivating mutations. Approximately 10%
are heterozygous EMS with the D6-wt/D6-D genotype.
This means that probably as many as 20% of the 198
D6-wt/ individuals are actually heterozygous EMS. In
spite of this, the apparently homozygous dominants
had statistically significantly lower MR and higher
hydroxylation ratios than the heterozygotes (Table 4,
Figures 1 and 2). Thus, the 'gene dose' effect reported
in previous panel studies [22, 28, 29] was confirmed.
As reported previously the MR and the hydroxylation
ratios (Figures 1 and 2, Table 4) displayed marked
interindividual variability within each of the two EM
genotypes, and hence there was a considerable overlap
in the indices between heterozygotes and homo-
zygotes for D6-wt. The variability is probably caused

by a heterogeneity in the expression of the so-called
wild-type allele [22, 34-36].

About 3.3% of white subjects are PMM [37]. The
source of this polymorphism in mephenytoin oxida-
tion is CYP2C19 [38, 39]. The most common muta-
tion in Caucasian PMM, ml, is a single base (G -+ A)
change in exon 5 of the CYP2C19 gene, and this
results in the formation of a truncated, non-functional
enzyme. We have previously shown [16] that the N-
demethylation clearance of imipramine in PMM is only
about 50% of the value in EMM and in agreement with
subsequent population and in vitro studies [11, 16],
this strongly suggests, that N-demethylation in part is
catalyzed by CYP2C19. We show here that both of the
putative demethylation ratios (Table 2) were statisti-
cally significantly correlated with the mephenytoin
S/R ratio. Although the correlations were poor as
judged by r,-values of -0.20 and -0.27 (Table 2), this
nevertheless suggests that the two ratios do mark N-
demethylation. The poor correlation is due to several
factors. First, the S/R ratio is a relatively poor discrim-
inator of CYP2C19 activity among the EMM. Second,
the so-called demethylation ratios are also influenced
by 2-hydroxylation and renal excretion of the com-
pounds. Third, N-demethylation is also catalyzed by
CYP1A2 and CYP3A4 [11]. CYP1A2 is a constitu-
tively expressed enzyme which is induced in smokers
[41] and potently inhibited by fluvoxamine [10, 42].
It was shown 20 years ago that smokers had lower
plasma concentrations of imipramine than non-
smokers [43]. Induction of the N-demethylation of
imipramine was confirmed by our data showing higher
demethylation ratios in smokers as compared with
non-smokers.

In conclusion the results of the present study show
that the regioselective oxidation of imipramine may,
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with certain limitations, serve to assess both CYP2D6
and CYP2Cl9 activity in a population. They also pro-
vide additional evidence for a role of CYPlA2-in the
N-demethylation of imipramine. The complex elimi-
nation of imipramine involves both polymorphic and
non-polymorphic oxidation as well as pH-dependent
renal excretion. This makes imipramine an interesting
model drug for pharmacokinetic studies but a less suit-
able drug for phenotyping purposes.
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