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Abstract:

The aim of the present study was to investigate the influence of tricyclic antidepressants (TADs: imipramine, amitriptyline,

clomipramine, desipramine), selective serotonin reuptake inhibitors (SSRIs: fluoxetine, sertraline) and novel antidepressant drugs

(mirtazapine, nefazodone) on the activity of CYP2A measured as a rate of testosterone 7�-hydroxylation. The reaction was studied

in control liver microsomes in the presence of the antidepressants, as well as in microsomes of rats treated intraperitoneally (ip) for

one day or two weeks with pharmacological doses of the drugs (imipramine, amitriptyline, clomipramine, nefazodone 10 mg/kg ip;

desipramine, fluoxetine, sertraline 5 mg/kg ip; mirtazapine 3 mg/kg ip), in the absence of the antidepressants in vitro. Most of the

investigated drugs directly inhibited the CYP2A activity when added in vitro to control liver microsomes. Their inhibitory effects

were strong (clomipramine, fluoxetine and desipramine: K� = 15, 20 and 25 µM, respectively), moderate (sertraline and imipramine:

K� = 50 and 75 µM, respectively) or weak (amitriptyline, nefazodone and mirtazapine: K� = 107, 127 and 250 µM, respectively).

A one-day (i.e. 24-h) exposure to the investigated antidepressant drugs did not produce any significant changes in the rate of

7�-hydroxylation of testosterone in the rat liver microsomes, while chronic treatment with clomipramine or sertraline significantly

increased the activity of CYP2A, which suggests enzyme induction. In summary, two different mechanisms of the

antidepressant-CYP2A interaction have been found in rat liver: 1) the direct inhibition of CYP2A by most of the investigated TADs

and SSRIs; 2) the in vivo weak induction of CYP2A by clomipramine and sertraline. This observation may be important to the

interpretation of the results of pharmacological tests carried out on rats. It seems of primary importance to determine whether the

influence of antidepressants on CYP2A6 in humans is analogous as on CYP2A1/2 in rats.
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Introduction

Among CYP2A isoforms human CYP2A6 and rat

CYP2A – CYP2A1 (female-dominant) and 2A2 (male-

dominant) – belong to the main constitutive CYP2A

enzymes expressed in the liver. These isoforms are

predominantly expressed in the liver; CYP2A1/2 con-

tribute to 2% and CYP2A6 to 4–15% to the total CYP

[13, 28, 30, 33]. The rat CYP2A1/2 isoforms show

about 60% homology in amino acid sequence to hu-

man CYP2A6. The rat CYP2A substrates are endoge-

nous steroids; CYP2A1 catalyzes 7�-hydroxylation

of testosterone and to a minor extent takes part in the

hydroxylation of other steroids, while CYP2A2 is the

main enzyme responsible for 15�-hydroxylation, also
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being able to mediate 7�-hydroxylation of testoster-

one [3, 16, 24, 31]. Human CYP2A6 shows different

substrate specificity. In contrast to the rat CYP2A, it

is not involved in the hydroxylation of steroids, but is

engaged in the metabolism of xenobiotics, e.g.

7-hydroxylation of coumarin (a marker reaction), O-deet-

hylation of 7-ethoxycoumarin, oxidation of nicotine,

cyclophosphamide, iphosphamide, fadrozole, bioacti-

vation of smoke-derived nitrosoamine procancero-

genes and aflatoxin B1 [14, 16, 29]. CYP2A6 is in-

duced by phenobarbital, rifampicin, dexamethasone

and nicotine [16, 29, 35]. Additionally, CYP2A6 is

overexpressed in cirrhosis, viral hepatitis, parasitic in-

festation and certain tumors [5, 38]. The mechanism

of CYP2A genes’ induction is not well understood,

but recent studies concerning the murine ortholog of

human CYP2A6, Cyp2a5, indicate the roles of consti-

tutive androstane receptor (CAR), pregnane X recep-

tor (PXR) and peroxisome proliferators-activated re-

ceptor (PPAR) in transcriptional activation of Cyp2a5

[35]. Moreover, human CYP2A6 gene may be regu-

lated post-transcriptionally via interaction of the nu-

clear ribonucleoprotein A1 with CYP2A6 mRNA [5].

As mentioned above, the expression of rat

CYP2A1/2 is under physiological and environmental

influence. Hormonal status is of great importance

with a sex-specific secretion of growth hormone up-

regulating the expression of these enzymes on the one

hand and triiodothyronine down-regulating it on the

other [1, 19, 31, 37]. It has also been shown that

CYP2A1 is positively regulated by phenobarbital,

3-methylcholanthrene and dexamethasone, while

CYP2A2 is affected negatively by phenobarbital and

3-methylcholanthrene. Moreover, the regulation of

CYP2A enzymes is tissue-dependent, being con-

trolled by tissue-specific factors, such as hepatocyte

nuclear factor HNF-4 [16, 17, 38].

It has been shown that chronic treatment with phar-

macological doses of tricyclic antidepressants (TADs),

selective serotonin reuptake inhibitors (SSRIs) and

nefazodone decreased, while mirtazapine increased

the activity of CYP2D in the rat liver [7, 8]. TADs

also decreased the activity of CYP3A responsible for

2�- and 6�-hydroxylation of testosterone, while ser-

traline increased the actitivity of that enzyme. Their

effect on other CYP isoforms contributing to the me-

tabolism of testosterone is less known. Imipramine

given at high daily doses (100 mg/kg po once daily)

for 5 days to male rats increased the CYP2A1 level

and the rate of CYP2A-specific reaction, i.e. 7�-hydrox-

ylation of testosterone [21], but the effect of chronic

administration of pharmacological doses of imi-

pramine or other antidepressants on that enzyme has

not been investigated so far.

On the other hand, the possibility of forming

CYP-reactive metabolite complexes was shown at

high concentrations (100–200 µM) of some TADs and

fluoxetine in vitro during their prolonged incubation

in rat liver microsomes, indicating the involvement of

CYP3A, CYP2C11, and CYP2A [4, 22, 25, 26] and in

the case of imipramine also CYP2D [20, 21]. Recent

studies have confirmed that the above mechanism can

produce an inhibitory effect on CYP2D and CYP3A

in vivo when animals are treated with pharmacologi-

cal doses of antidepressants producing ‘therapeutic’

drug concentrations [7, 15], but it is not known

whether CYP2A is affected in vivo in the same way.

The aim of our study was to investigate the influ-

ence of 24-h exposure and two-week treatment with

pharmacological doses of antidepressants (TADs,

SSRIs, and the novel antidepressants nefazodone and

mirtazapine) on the activity of CYP2A in rat liver mi-

crosomes (ex vivo study). We also examined in our

study the direct interaction of antidepressants with rat

CYP2A in vitro (binding with cytochrome protein) to

show any possible effects of antidepressants on rat

CYP2A. The obtained results indicate drug- and

time-dependent changes in the activity of rat CYP2A.

Materials and Methods

Drugs and chemicals

Imipramine hydrochloride was provided by Polfa (Je-

lenia Góra, Poland), amitriptyline by H. Lundbeck

A/S (Copenhagen, Denmark), while clomipramine

was from RBI (Natick, MA, USA) and desipramine

was from Ciba-Geigy (Wehr, Germany). Fluoxetine

hydrochloride was purchased from Eli Lilly (Indian-

apolis, USA) and sertraline hydrochloride was from

Pfizer Corp. (Brussels, Belgium). Mirtazapine hydro-

chloride was donated by Organon (The Netherlands)

and nefazodone hydrochloride by Bristol-Myers

Squibb International, Ltd. (Uxbridge, UK). Testoster-

one and its metabolite, 7�-testosterone were from

Steraloids (Newport, USA). NADP, glucose-6-phosphate
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and glucose-6-phosphate-dehydrogenase were pur-

chased from Sigma (St. Louis, USA). All organic sol-

vents of HPLC purity were supplied by Merck (Darm-

stadt, Germany).

and glucose-6-phosphate-dehydrogenase were pur-

chased from Sigma (St. Louis, USA). All organic sol-

vents of HPLC purity were supplied by Merck (Darm-

stadt, Germany).

Animal procedures

All the experiments on animals were performed in ac-

cordance with the Polish governmental regulations

(Animals Protection Act, DZ.U. 97.111.724, 1997).

The experiments were carried out on male Wistar rats

(230–260 g) kept under standard laboratory condi-

tions. The investigated antidepressant drugs were ad-

ministered intraperitoneally, twice a day for one day

or two weeks at the following pharmacological doses

(mg/kg ip): imipramine, amitriptyline, clomipramine

and nefazodone 10, desipramine, fluoxetine and ser-

traline 5, mirtazapine 3. The tested doses of antide-

pressants were of pharmacological magnitude, as they

are commonly used to show their “antidepressant-like

effects” and certain behavioral or biochemical altera-

tions in animal tests. The rats were sacrificed at 12 h

(one-day treatment) or 24 h (two-week treatment) af-

ter the drug withdrawal, and liver microsomes were

prepared by differential centrifugation in 20 mM

Tris/KCl buffer (pH = 7.4), including washing with

0.15 M KCl according to a conventional method. The

above procedure deprives microsomes of the presence

of the drugs administered in vivo, which was con-

firmed in our experiment by using the HPLC method

[9, 10]. However, covalently bound metabolites that

are not washed away may affect the activity of cyto-

chrome P450.

In vitro studies into CYP2A activity – measure-

ment of the rate of 7�-hydroxylation of testos-

terone in liver microsomes

The activity of the CYP2A subfamily isoenzymes was

studied by measurement of the rate of CYP2A-spe-

cific reaction, i.e. 7�-hydroxylation of testosterone in

the liver microsomes. After optimizing of in vitro

conditions of the reactions, the drug effects were in-

vestigated at linear dependence of the product forma-

tion on time and protein and substrate concentrations.

To distinguish between a direct effect of antidepres-

sants on the activity of CYP2A and the changes pro-

duced by their one-day or two-week administration,

three experimental models were used.

Model I (in vitro study)

The experiment was conducted on pooled liver micro-

somes from three control rats. The rate of 7�-hydrox-

ylation of testosterone (testosterone concentration be-

tween 50–300 µM) was assessed in the absence and

presence of one of the antidepressants added in vitro

(antidepressant concentration between 50–200 µM).

Each sample was prepared in duplicate.

Model II (ex vivo study: short-term treatment)

The experiment was carried out on liver microsomes

from rats treated with an antidepressant for one day.

Testosterone was added to the incubation mixture in

vitro at a concentration of 100 µM. The 7�-hydroxyl-

ation of testosterone was studied in the absence of an-

tidepressants.

Model III (ex vivo study: long-term treatment)

The experiment investigated liver microsomes from

rats subjected to two-week antidepressant treatment.

Testosterone was added to the incubation mixture in

vitro at a concentration of 100 µM. The reaction was

studied in the absence of antidepressants.

Incubations (Models I, II and III) were carried out

in a system containing liver microsomes (1 mg of pro-

tein in 1 ml), Tris/KCl buffer (50 mM, pH = 7.4),

MgCl2 (3.0 mM), EDTA (1 mM), NADP (1.0 mM),

glucose 6-phosphate (5 mM) and glucose-6-phosphate-

dehydrogenase (1.7 U in 1 ml). The final incubation

volume was 1 ml. After a 15-min incubation, the reac-

tion was stopped by adding 200 µl of methanol and

then by cooling it down in ice. The substrate utilization

amounted to about 60% in the experimental conditions.

Determination of the concentration of testoster-

one and its metabolite 7�-hydroxytestosterone

in liver microsomes

Testosterone and its metabolite 7�-hydroxytestoste-

rone were extracted from the microsomal suspension

with dichloromethane (1 ml of microsomal suspen-

sion + 6 ml of the organic phase). Concentrations of

testosterone and its metabolite 7�-hydroxytestoste-

rone formed in liver microsomes were assessed by the

high performance liquid chromatography (HPLC)

method based on Sonderfan et al. [34]. The residue

obtained after evaporation of the extracts was dis-
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solved in 100 µl of 50% methanol. An aliquot (20 µl)

was injected into the HPLC system (LaChrom,

Merck-Hitachi), equipped with UV detector, L-7100

pump and D-7000 System Manager. The analytical

column (SupelcosilTM LC-18, 5 µm, 4.6 × 150 mm)

was purchased from Supelco (Bellefonte PA, USA).

The mobile phase was applied as a gradient from sol-

vent A (100% methanol : water : acetonitrile, 39:60:1) to

solvent B (70% methanol : water : acetonitrile, 80:18:2)

over 22 min at a flow rate of 1.5 ml/min. The column

temperature was 40oC. The absorbance was measured

at a wavelength of 254 nm. The compounds were

eluted in the following order: 7�-hydroxytestosterone

7.2 min, testosterone 15.3 min. The sensitivity of the

method allowed for quantification of 7�-hydroxyte-

stosterone as low as 0.003 nmol in one sample. The ac-

curracy of the method amounted to 2%. The intra- and

inter-assay coefficients of variance were below 6%.

�����������	��� 
������ ����� ��� ������� 777

Antidepressant CYP2A interactions
���� ������ 	
 ���

–150 –100 –50 0 50 100 150 200

5

10

15

20
Testosterone (100 M)

I

1/V

Testosterone (200 M)

Testosterone (50 M)

Imipramine [ M]

7
-O

H
-t

e
s
to

s
te

ro
n
e

[n
m

o
l/
m

g
p
ro

te
in

/m
in

]–
1

–100 –50 0 50 100 150 200

10

20

30

40
Testosterone (100 M)

1/V

Testosterone (200 M)

Testosterone (50 M)

Clomipramine [ M]

7
-O

H
-t

e
s
to

s
te

ro
n
e

[n
m

o
l/
m

g
p
ro

te
in

/m
in

]–
1

–100 –50 0 50 100 150 200

5

10

15

20
Testosterone (100 M)

I

1/V

Fluoxetine [ M]

Testosterone (50 M)

Testosterone (300 M)

7
-O

H
-t

e
s
to

s
te

ro
n
e

[n
m

o
l/
m

g
p
ro

te
in

/m
in

]–
1

–150 –100 –50 0 50 100 150

4

8

12

Testosterone (100 M)
1/V

Testosterone (200 M)

Testosterone (50 M)

Nefazodone [ M]

7
-O

H
-t

e
s
to

s
te

ro
n
e

[n
m

o
l/
m

g
p
ro

te
in

/m
in

]–1

A B

C D

200

I

I

Fig. 1. Kinetics of the inhibition of 7�-hydroxylation of testosterone by imipramine (A), clomipramine (B), fluoxetine (C) and nefazodone (D)
(Dixon’s plots). V – velocity of the reaction (nmol of 7�-hydroxytestosterone/mg protein/min); I – concentration of inhibitor (µM). K

�
values are

presented in Table 1

Tab. 1. The influence of antidepressant drugs added in vitro to rat
liver microsomes on the CYP2A activity measured as the rate of
7��hydroxylation of testosterone (Model I). The presented inhibition
constants (K

�
) were calculated using Dixon’s analysis (Fig. 1A–1D)

Antidepressants (inhibitors) Inhibition of CYP2A
activity, K� (µM)

I. Tricyclic antidepressants (TADs)

Imipramine 75

Desipramine 25

Clomipramine 15

Amitryptyline 107

II. Selective serotonin reuptake inhibitors (SSRIs)

Fluoxetine 20

Sertraline 50

III. Novel antidepressants

Mirtazapine 250

Nefazodone 127



Calculations and statistics

Ki values were estimated from Dixon’s plots. Statisti-

cal significance (Model II and Model III) was as-

sessed using an analysis of variance followed by Dun-

nett’s test. All values are means ± SEM from 5–8 ani-

mals.

Results

The influence of antidepressant drugs on

CYP2A activity in liver microsomes

Model I (in vitro effects)

The investigated antidepressant drugs added to liver

microsomes of control rats inhibited the rate of

7�-hydroxylation of testosterone (Tab. 1). Figures

1A–1D show examples of the Dixon’s plots obtained

in our studies, which served as a basis for calculation

of Ki constants. The obtained Ki values indicated that

the TADs: clomipramine, desipramine and imi-

pramine, as well as the SSRIs: fluoxetine and sertra-

line were the most potent inhibitors of the studied re-

action (Ki = 15–75 µM) while amitriptyline and the

novel antidepressants: nefazodone and mirtazapine

were weak in this respect (Ki = 107–250 µM) (Tab.

1). The potency of the antidepressants to inhibit the

reaction was as follows (according to the Ki values):

clomipramine fluoxetine > desipramine > sertraline >

imipramine > amitriptyline > nefazodone > mirtazapine.

Model II (short-term effects)

A one-day (i.e. 24 h) exposure to the investigated anti-

depressant drugs did not produce any significant

changes in the rate of 7�-hydroxylation of testoster-

one in the rat liver microsomes (Fig. 2A).

Model III (long-term effects)

After two-week treatment with the investigated anti-

depressants, the increased CYP2A activity (up to

about 150% of the control value) was observed after

clomipramine and sertraline (Fig. 2B). The other stud-

ied antidepressants did not produce any significant ef-

fect when administered in vivo.

Discussion

Using three different experimental models we

searched for any possible mechanisms of antidepres-

sant interactions with CYP2A: a direct effect of drugs

on CYP2A via binding to the enzyme (in vitro ef-

fects), inactivation by reactive metabolites (short-term

effects) and influence on enzyme regulation (long-

term effects). The obtained results indicate that a di-

rect effect of the antidepressant drugs on CYP2A is

the main mode of their action leading to a decreased

enzyme activity, but in the case of clomipramine and ser-

traline the enzyme induction seems also to be possible.

Most of the investigated drugs directly inhibited

the CYP2A activity in rats, which was shown as an in-
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Fig. 2. The influence of 1-day (A) and two-week treatment (B) with
antidepressant drugs on the CYP2A activity measured as the rate of
7�-hydroxylation of testosterone in rat liver microsomes (Model II
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– nefazodone



hibition of the rate of the CYP2A-specific reaction,

i.e. 7�-hydroxylation of testosterone, by the antide-

pressants added in vitro to the control liver micro-

somes (in vitro effects). Their inhibitory effects were

strong (clomipramine, fluoxetine and desipramine: Ki

= 15, 20 and 25 µM, respectively), moderate (sertra-

line and imipramine: Ki = 50 and 75 µM, respec-

tively) or weak (amitriptyline, nefazodone and mir-

tazapine: Ki = 107, 127 and 250 µM, respectively).

The obtained Dixon’s plots suggested that the observed

inhibition of CYP2A in vitro had competitive charac-

ter. The observed potency of the investigated antide-

pressants to inhibit the CYP2A activity was similar to

that reported for CYP2D [7], with an exception of

amitriptyline, whose potency to inhibit CYP2D was

much higher and in the range of the Ki values esti-

mated for other TADs.

As mentioned in the Introduction, earlier studies

showed that TADs and fluoxetine formed reactive/in-

termediate metabolites, which irreversibly inactivated

a few CYP isoforms. The effect was observed in vitro

[4, 22, 25, 26] and in most cases also in vivo after

pharmacological doses of antidepressants [7, 15]. The

present data indicate that such a mechanism of en-

zyme inactivation does not distinctly apply to the rat

CYP2A exposed to a ‘therapeutic’ antidepressant con-

centrations in vivo, since neither one-day nor pro-

longed treatment with the drugs significantly de-

creased the enzyme activity.

Our study shows that some of the investigated anti-

depressants may exert an effect on CYP2A via an-

other mechanism, when the drugs are given to rats in

vivo. Chronic treatment with clomipramine or sertra-

line (long-term effects) significantly increased the ac-

tivity of CYP2A, which suggests enzyme induction.

However, the lack of such an effect after chronic imi-

pramine does not agree with the results of Masubuchi

et al. [21], who showed that imipramine given repeat-

edly at high daily doses to rats (100 mg/kg for 5 days)

increased both the CYP2A protein level and the rate

of CYP2A-specific reaction, 7�-hydroxylation of tes-

tosterone in the liver. The observed discrepancy may

rely upon the differences in the dosages used, which

might yield a higher relative ratio of CYP2A-

induction/CYP2A-complexation by imipramine me-

tabolites in the study of Masubuchi et al. [21], com-

pared to our experiment. The formation of CYP-

metabolite complexes could attenuate the enzyme in-

duction, since some CYP2A would be unavailable for

testosterone oxidation. This kind of dose-dependent

effect of imipramine was also observed for CYP3A

[15, 21]. On the other hand, the selective long-term

effects of clomipramine and sertraline in our experi-

ment may result from their chemical structures which

fit to certain nuclear receptors involved in the regula-

tion of CYP2A and from their low ability to form re-

active metabolites inactivating CYP2A, compared to

other antidepressants.

Thus, the final effect of the investigated antidepres-

sants on the activity of CYP2A in the liver of rats after

prolonged administration in vivo may be due mainly

to their direct action on the cytochrome (in vitro ef-

fects) and in the case of clomipramine and sertraline

also to their possible influence on enzyme regulation

(long-term effects). Therefore, most of TADs and

SSRIs are expected to decrease the activity of CYP2A

and the metabolism of testosterone via hydroxylation

in positions 7� and/or 15� reactions being catalyzed

by CYP2A [3, 16, 24, 31]. The above effect on the

metabolism of testosterone may be physiologically

important, in particular considering simultaneous in-

hibition of the CYP3A-governed 2�- and 6�-hydrox-

ylation of testosterone by TADs [15]. Both 7�- and

6�-hydroxylation belong to the main metabolic path-

ways of testosterone. However, it is difficult to predict

how these findings relate to humans. On the other

hand, amitriptyline and the novel antidepressants ne-

fazodone and mirtazapine with the Ki values above

100 µM should not directly affect the activity of

CYP2A in vivo. Considering their pharmacokinetic

properties (i.e. plasma concentration and tissue up-

take), the ratio of antidepressant concentrations in the

liver/Ki will reach in vivo a value far below 1 [2, 6,

11, 12, 23, 27, 32, 36].

In summary, two different mechanisms of the

antidepressant-CYP2A interaction have been found in

rat liver: 1) the direct inhibition of CYP2A by most of

the investigated TADs and SSRIs; 2) the in vivo weak

induction of CYP2A by clomipramine and sertraline.

In conclusion, our study conducted on rats shows

that, apart from the direct effects of the investigated

antidepressant drugs on CYP2A activity (via binding

to enzyme protein), prolonged exposure to some of

these drugs may produce indirect effects. This obser-

vation may be important to the interpretation of the

results of pharmacological tests carried out on rats.

However, it is difficult to predict to what extent the

obtained results apply to humans. It seems, therefore,

of primary importance to determine whether CYP2A6

in humans is analogously influenced by antidepres-
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sants as is CYP2A1/2 in rats. The interspecies differ-

ences in the catalytic competence and regulation of

CYP2A isoforms have not been thoroughly investi-

gated as yet, but in contrast to rat CYP2A1/2, human

CYP2A6 sharing about 60% amino acid sequence

similarity does not participate in steroid metabolism,

being involved in the metabolism of diverse xenobiot-

ics and cancer [14, 18, 38]. The ability of rat CYP2A

to catalyze the metabolism of xenobiotics remains to

be established.
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