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Purpose. This study was conducted to identify the cytochrome P450s
(CYPs) responsible for the metabolism of the cis- and trans-isomers
of the tricyclic antidepressant doxepin to its pharmacologically active
N-desmethylmetabolite by in vitro techniques.
Methods. The doxepin N-demethylation was studied by means of
pooled human liver microsomes and chemical inhibitors, recombi-
nant human (rh)-CYPs, and geno- and phenotyped human liver mi-
crosomes.
Results. The N-demethylation of both isomers was inhibited most
prominently by tranylcypromine (CYP2C19) to more than 50%.
Furafylline (CYP1A2) and sulfaphenazole (CYP2C9) inhibited the
N-demethylation to a lesser extent while quinidine (CYP2D6) or
troleandomycine (CYP3A4) had no effect. Rh-CYP2C19, -CYP1A2,
and -CYP2C9 were able to N-demethylate cis- and trans-doxepin.
Only traces of trans-desmethyldoxepin were detectable when
CYP3A4 was used. The maximum velocity in the cis- and trans-
doxepin N-demethylation was significantly (P < 0.05) lower in micro-
somes with low CYP2C19 activity (345 ± 44 and 508 ± 75 pmol/min/
mg protein, respectively) compared to those with high CYP2C19 ac-
tivity (779 ± 132 and 1189 ± 134 pmol/min/mg).
Conclusion. The present study demonstrates a significant contribu-
tion of the polymorphic CYP2C19 to the N-demethylation of dox-
epin. CYP2C9 and CYP1A2 play a minor role and CYP3A4 does not
contribute substantially.
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INTRODUCTION

Doxepin, a tricyclic antidepressant (TCA), is marketed
as a 15:85% mixture of its Z-(cis) and E-(trans-) isomer al-
though the former is suggested to be the pharmacologically
more active isomer. Beside serotonin and noradrenalin reup-
take, inhibition doxepin is one of the most potent antagonists
at the H1-histamine receptor leading to a high sedative po-
tential (1). Doxepin undergoes extensive metabolism pre-
dominantly N-demethylation and aromatic ring hydroxylation
(2) as shown in Fig. 1. The predominant metabolite found in
serum of patients taking doxepin is N-desmethyldoxepin

which normally is equal to or even exceeds the concentration
of the parent drug. However, in contrast to the parent drug
the cis-isomer makes up about 50% of the total N-
desmethyldoxepin (3). Interconversion of the trans- to the
cis-isomer was proposed (4). The accumulation of the cis-
isomer is, however, more likely caused by a much faster me-
tabolism of trans-N-desmethyldoxepin (5).

So far, only little is known about the enzymes catalyzing
the main metabolic step, the N-demethylation of doxepin (6).
This is surprising as doxepin is combined with other drugs
some of them are known inhibitors of distinct CYPs like flu-
voxamine (7).

To predict drug-drug interactions in patients and avoid
problems in the therapy it is a prerequisite to know the en-
zymes contributing to the metabolism of the affected drug.
This study was therefore conducted to identify the CYP(s)
responsible for the formation of the main metabolites in se-
rum, cis-, and trans-N-desmethyldoxepin. Because the poly-
morphic CYP2C19 is one of the major CYPs catalyzing the
N-demethylation of other TCAs like imipramine (8) this
study was especially focused on the role of CYP2C19 in the
N-demethylation of the doxepin isomers.

MATERIALS AND METHODS

Chemicals

Cis/trans-doxepin-HCl was provided by Boehringer-
Mannheim (Mannheim, Germany); cis-desmethyldoxepin
and trans-desmethyldoxepin were gifts from Pfizer Inc. (Gro-
ton, USA). Diazepam and its metabolites N-desmethyl-
diazepam, temazepam, and oxazepam were provided by
Roche (Basel, Switzerland). Tranylcypromine and furafylline
were obtained from RBI (Natick, USA), phenethyl isothio-
cyanate and troleandomycin from Sigma (St. Louis, Mis-
souri), and NADPH was obtained from Boehringer-
Mannheim. All other chemicals like dimethylsulfoxide and
HPLC solvents were at least of analytical grade and obtained
from Merck (Darmstadt, Germany).

Microsomes

Microsomes from 20 different liver samples were
CYP2C19 genotyped and the CYP2C19 activity was assessed
by means of the 5-hydroxylation of R-omeprazole (single con-
centration of 5.4 �M) based on the in vivo phenotyping
method as described earlier (9). Out of this pool, liver micro-
somes from six different donors were chosen with either the
highest (n � 3) or the lowest (n � 3) omeprazole 5-hydrox-
ylation activity. All were genotypically CYP2C19 EM and
only one was heterozygous *1/*2.

A pool (HLM) of liver microsomes from six different
human livers (Cat. No. H161, Lot 4), was purchased from
Gentest Corporation (Woburn, USA) and used for enzyme
kinetics and with the chemical inhibitors.

Recombinant human (rH)-CYP1A2, -CYP2C9,
-CYP2C19, -CYP2D6, -CYP2E1, and -CYP3A4, co-expressed
with human reductase, were prepared at the Biomedical Re-
search Center, Ninewells Hospital (Dundee, Scotland, United
Kingdom). The catalytic activity of the rH-CYPs is reported
elsewhere (10).
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Incubations Using Human Liver Microsomes

Incubations were performed at 37°C using 1 mg/ml pro-
tein following standard procedures. The reaction was
quenched after 60 min by addition of 0.5 ml of the HPLC
eluent (hexane, methanol, nonylamine 95, 5, 0.3, v/v/v) and
rapid cooling on ice. After addition of the internal standard
N-desmethylmaprotiline (5 �g/ml) samples were centrifuged
and the organic supernatant was directly used for chromato-
graphic analysis. The formation of cis- N-desmethyldoxepin
was found to be linear for up to 60 min and 1 mg protein while
the formation of trans-N-desmethyldoxepin was linear for up
to 2 mg protein. Cis/trans-doxepin was used in a concentra-
tion range between 1 and 250 �M which is equivalent to a
concentration range between 0.15–37.5 �M of the cis-isomer
and between 0.85–212.5 �M of the trans-isomer. The forma-
tion of the metabolites cis- and trans-N-desmethyldoxepin
was assayed by means of normal phase HPLC with UV-
detection at 254 nm according to the method of Yan et al.
(11). The limit of quantification was about 0.1 �M, which was
sufficient for our purpose. Each incubation was accompanied
by 5 calibration samples (cis- and trans-N-desmethyldoxepin)
in a concentration range between 0.188–3.77 �M (50–3000
ng/ml) prepared and processed exactly the same as the incu-
bated samples. The mean coefficient of variation of the cali-
bration samples (n � 21 different days) was 12 ± 6% for the
cis- and 12 ± 9% for the trans-isomer.

Liver microsomes characterized for their CYP2C19 ac-
tivity were incubated with cis/trans-doxepin in a concentra-
tion range between 10–500 �M and the resulting kinetic pa-
rameters substrate concentration of half maximal velocity
(Km) and maximal velocity (Vmax) were correlated with the
formation rate of R-5-hydroxyomeprazole and omeprazole
sulfone after incubation of 5 �M omeprazole.

The velocities of the enzyme reactions (v) were deter-
mined from the time-dependent formation of the products
cis- and trans-N-desmethyldoxepin. Km and Vmax were es-
timated by fitting the untransformed data to the equations:

v = Vmax1 * S��Km1 + S� + Vmax2 * S��Km2 + S�

or

v = Vmax * S��Km + S�

by means of nonlinear regression analysis using the GraFit
program (version 4.03, Erithacus Software Ltd., Staines,
United Kingdom).

All incubations were carried out in duplicate with a maxi-
mum intraassay deviation in the formation of desmethyldox-
epin of 10% at the lowest substrate concentration (1 �M
cis/trans doxepin).

Inhibition Experiments

The chemical inhibitor quinidine (CYP2D6 specific) was
used in a concentration of 1 �M, furafylline (CYP1A2 spe-
cific) and sulfaphenazole (CYP2C9 specific) were used in
concentrations of 10 �M, dimethylsulfoxide, phenethyl
isothiocyanate (both CYP2E1, not specific) and tranylcypro-
mine (CYP2C19, not specific) in a concentration of 50 �M
and troleandomycin (CYP3A4 specific) in a concentration of
100 �M. When mechanism-based inhibitors (phenethyl
isothiocyanate, furafylline, or troleandomycin) were applied,
a 10 min preincubation was carried out and the reaction
started by addition of the substrate.

Inhibitions were performed at two concentrations of cis/
trans-doxepin (5 and 20 �M). These concentrations corre-
sponded to the assumed maximal concentration of doxepin
in the portal vein after an oral dose of either 50 or 200 mg
and no intestinal metabolism according to the findings with
midazolam where the maximal concentration in portal vein
was about 0.1 �M after administration of 2 mg orally (12).

Because the specificity and inhibitory effect of the chemi-
cal inhibitor tranylcypromine was somewhat unclear the in-
hibition by tranylcypromine was checked by diazepam N-
demethylation (13). While tranylcypromine (50 �M) reduced
the CYP2C19 mediated formation of nordiazepam by 70%,
its effect on the CYP3A4 mediated formation of temazepam
was negligible.

Incubations Using Recombinant CYPs

Because linearity in the formation of N-desmethyldox-
epin was not given for some of the recombinant CYPs (2C19
and 2C9) using 60 min incubation time incubation experi-
ments were performed at two substrate concentrations (5 and
20 �M) using 20 min incubation time where linearity was
given for all recombinant CYPs. Based on the amount of total
P450 determined in the pooled microsomes used for the in-
hibition experiments (308 pmol/mg protein � 154 pmol/
assay) the respective amount of the recombinant-CYPs were
used according to their abundance in human livers (14). The
amount of P450/assay was 20 pmol for CYP1A2, 17 pmol for
CYP2C9, 8 pmol for CYP2C19, 3 pmol for CYP2D6, 11 pmol
for CYP2E1, and 45 pmol for CYP3A4.

Fig. 1. Metabolic fate of trans- (A, left side) and cis-doxepin (B) to
the main metabolites cis- and trans N-desmethyldoxepin. Trans-
doxepin is also hydroxylated at position 2. No hydroxymetabolite of
the cis-isomer has been described, so far.

CYP2C19 N-Demethylates Doxepin Isomers 1035



RESULTS

With regard to the formation of cis- and trans-N-
desmethyldoxepin, a non-linear kinetic became visible in the
resulting Eadie-Hofstee plots pointing to an at least biphasic
enzyme system. Resulting Km and Vmax for the high affinity
site were 0.4 �M and 12.5 pmol/min * mg protein for the
formation of cis-N-desmethyldoxepin and 15.7 �M and 60
pmol/min/mg protein for the formation of trans-N-desmethyl-
doxepin. Km and Vmax for the low affinity site were 44 �M
and 235 pmol/min * mg and 164 �M and 653 pmol/min * mg
for cis- and trans-N-desmethyldoxepin, respectively.

The most prominent inhibitory effect was found with
tranylcypromine and phenethyl isothiocyanate (Fig. 2). The
ratio of the two isomers did not show any differences to that
seen without inhibitor. The N-demethylation of doxepin was
also inhibited by sulfaphenazole and furafylline while quini-
dine, dimethylsulfoxide, and troleandomycin had no effect on
the formation of N-desmethyldoxepin (Fig. 2).

In agreement with the inhibition experiments, rH-
CYP2C19 and to a lesser extent rH-CYP1A2 and rH-
CYP2C9 were able to N-demethylate DOX as shown in Fig.
3. When rH-CYP3A4 was assayed, only low amounts of trans-
DDOX were measurable at the high substrate concentration.
No N-desmethyldoxepin was formed when rh-CYP2D6 and
rh- CYP2E1 were used. Percentage cis-N-desmethyldoxepin
of total N-desmethyldoxepin was 19% when rH-CYP1A2,
21% when rH-CYP2C9 and 32% when rH-CYP2C19 was ap-
plied. Regarding the formation of either cis- or trans-N-
desmethyldoxepin microsomes with low CYP2C19 activity
could be clearly distinguished from the group with high
CYP2C19 activity. (Fig. 4). The Vmax of cis- and trans-N-
desmethyldoxepin was significantly lower in the CYP2C19
low activity group (P < 0.05 and P < 0.01, respectively).

The Vmax of both, the formation of cis-N-desmethyldox-

epin and trans-N-desmethyldoxepin was significantly corre-
lated with the formation rate of R-5-hydroxyomeprazole.
(R � 0.839 and R � 0.844; P < 0.05) but not with the for-
mation of omeprazole sulfone (R � −0.037 and 0.201, respec-
tively). The Kms were slightly higher in the low activity group
(109 ± 50 �M for cis-DOX and 511 ± 76 �M for trans-DOX)
compared to the high activity group (79 ± 15 for cis-DOX and
415 ± 74 �M for trans-DOX).

DISCUSSION

This study provides evidence that CYP2C19 contributes
substantially to the N-demethylation of cis- and trans-
doxepin. CYP1A2 and possibly CYP2C9 seem also to cata-

Fig. 4. Mean (± SD) maximum velocity (Vmax) of the formation of
either cis-desmethyldoxepin (cis-DDOX) or trans-desmethyldoxepin
(trans-DDOX) after incubation of cis-/trans-doxepin in a concentra-
tion between 10 and 500 �M with CYP2C19 phenotyped human liver
microsomes. High CYP2C19 (black bars) refers to an exceptional
high rate of the CYP2C19 catalyzed 5-hydroxylation of R-
omeprazole and low CYP2C19 (white bars) refers to an exceptional
low formation rate of R-5-hydroxyomeprazole. The Vmax of the cis-
and trans-doxepin N-demethylation was significantly lower (P < 0.05
and 0.01, respectively) in the CYP2C19 low activity group.

Fig. 2. Percent inhibition (compared to incubations without inhibi-
tor) of the formation of either cis- or trans-N-desmethyldoxepin
(DDOX) after incubation of 5 or 20 �M cis/trans-doxepin (DOX)
-corresponding to 0.75 and 3 �M cis-doxepin and 4.25 and 17 �M
trans-doxepin- in the presence of the probe inhibitors: 10 �M fura-
fylline (FURA, white bars), 10 �M sulfaphenazole (SUL, grey bars),
50 �M tranylcypromine (TRAC, black bars), or 50 �M phenethyl
isothiocyanate (PEITC, shaded bars). No inhibition was found with
50 �M dimethylsulfoxide, 1 �M quinidine, or 100 �M troleandomy-
cin. Given is the mean of duplicate incubations.

Fig. 3. Formation of (A) trans-N-desmethyldoxepin (trans-DDOX)
and (B) cis-N-desmethyldoxepin (cis-DDOX) after incubation of 5
(white bars) or 20 �M (black bars) cis/trans-doxepin (corresponding
to 0.75 and 3 �M cis-doxepin and 4.25 and 17 �M trans-doxepin) with
different recombinant-CYPs for 20 min. No DDOX was found after
incubation with recombinant human CYP2D6 and CYP2E1. Given is
the means of duplicate incubations.
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lyze the N-demethylation but only to a minor extent and pref-
erentially of the trans-isomer. From our study it can not be
excluded that an isomerization occurs during the N-demeth-
ylation of doxepin and that even CYP2C19 might be one of
the catalysts of this reaction. The latter might be supported by
the fact that the highest portion of cis-desmethyldoxepin was
found when rH-CYP2C19 was applied. However, the isomer-
ization was never found in vitro using rat or human liver
microsomes (4,6) and is thus rather unlikely to play a role in
our experimental setting.

Although CYP3A4 was able to N-demethylate at least
the trans-isomer of doxepin at the high substrate concentra-
tion (Fig. 2), it probably does not play a role under therapeu-
tic conditions. This was further confirmed by the lack of any
correlation between the CYP3A4 catalyzed formation of
omeprazole sulfone and the doxepin N-demethylation. Al-
though tranylcypromine has been recently described as a po-
tent inhibitor of CYP2A6 (15) there is no evidence at all that
CYP2A6 might play a role in the N-demethylation of tricyclic
antidepressants. The discrepant result regarding CYP2E1 and
the inhibition by phenethyl isothyocanate were probably due
to non-specific inhibition of other CYPs, including CYP2C19,
CYP1A2, and CYP2C9 at the chosen concentration of 50 �M
(16). While contribution of CYP2E1 to the formation of N-
desmethyldoxepin is rather unlikely a contribution of
CYP2D6 can be excluded. The intrinsic N-demethylation
clearance (CLint) calculated after incubation experiments
with microsomes from a mix of 6 human livers was more than
4-fold higher for cis-doxepin compared with trans doxepin
(36 vs. 8 �l/min).

CONCLUSION

Partly in contrast to a recent publication (6) we found
that the N-demethylation of doxepin is mainly catalyzed by
CYP2C19, with CYP1A2 and CYP2C9 playing a minor role.
At therapeutic concentrations CYP3A4 will not contribute to
the N-demethylation of the doxepin isomers but it might play
a role at extremely high concentrations. This predominant
contribution of CYP2C19 is in perfect agreement to findings
with other TCA like imipramine (8).

The intrinsic N-demethylation clearance at therapeutic
concentrations is higher for the cis-isomer than for the trans-
isomer. This should be regarded as an additional reason for
the distortion of the cis to trans ratio of desmethyldoxepin
beside the faster metabolism of trans-desmethyldoxepin (4)
or a possible isomerization of the trans-isomer during the
formation of N-desmethyldoxepin (5).

One should be aware of higher doxepin concentrations in
CYP2C19 deficient patients or under co-medication with
CYP2C19 inhibitors like fluvoxamine.
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