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Abstract

 

The five selective serotonin reuptake inhibitors (SSRIs), fluoxetine, fluvoxamine, paroxetine, sertraline, and citalopram, have similar
antidepressant efficacy and a similar side effect profile. They differ, however, in their pharmacokinetic properties. Under steady-state
concentrations, their half-lives range between 1 and 4 days for fluoxetine (7 and 15 days for norfluoxetine) and between 21 (paroxetine)
and 36 (citalopram) hr for the other SSRIs. Sertraline and citalopram show linear and fluoxetine, fluvoxamine, and paroxetine nonlinear
pharmacokinetics. SSRIs underlie an extensive metabolism with high interindividual variability, whereby cytochrome P450 (CYP) isoen-
zymes play a major role. Therefore, resulting blood concentrations are highly variable between individuals. Except for N-demethylated
fluoxetine, metabolites of SSRIs do not contribute to clinical actions. Therapeutically effective blood concentrations are unclear so far, al-
though there is evidence for minimal effective and upper-threshold concentrations that should not be exceeded. Paroxetine and, to a
lesser degree, fluoxetine and norfluoxetine are potent inhibitors of CYP2D6 and fluvoxamine of CYP1A2 and CYP2C19. This can give
rise to drug-drug interactions that may have no effect, lead to intoxication, or improve the therapeutic response. These different pharma-
cokinetic properties of the five SSRIs, especially their drug-drug interaction potential, should be considered when selecting a distinct
SSRI for treatment of depression or other disorders with a suggested dysfunction of the serotonergic system in the brain. © 1999
Elsevier Science Inc. All rights reserved.
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1. Introduction

 

In a manner similar to many psychotropic drugs, imi-
pramine was the result of an accidental observation. It was
first proposed as an antipsychotic drug. However, preclini-
cal and clinical studies provided the first insight into the
mechanisms likely to underlie therapeutic antidepressant
actions, as well as the adverse reactions of imipramine and
other tricyclic antidepressants (TCAs). Blockade of seroto-
nin or noradrenaline uptake was related to antidepressant
actions (Wong et al., 1975; Fuller et al., 1975) and blockade
of neurotransmitter receptors to their side effects. Among
the latter are unpleasant, but harmless, reactions, such as dry
mouth or sedation, and severe toxic reactions, such as car-
diac arrest or delir (Richelson, 1994; Cusack et al., 1994;
Owens et al., 1997). Biochemical research, therefore,
looked for safer drugs that selectively or exclusively block
monoamine uptake sites. The selective serotonin reuptake
inhibitors (SSRIs) with high affinity to serotonin uptake
sites, low affinity to noradrenaline uptake sites (Fig. 1), and
very low affinity for neurotransmitter receptors were the re-
sult of these efforts (Frazer, 1997). SSRIs are thus the first
class of rationally designed therapeutic drugs in psychiatry.

After the introduction of fluvoxamine, in Great Britain in

1983, fluoxetine became widely available, followed by par-
oxetine, citalopram, and sertraline (Preskorn, 1996a). Based
on clinical trials, SSRIs are regarded as an alternative to TCAs.
In some countries, they have even replaced TCAs as first-
choice antidepressant medication (Leonard & Tollefson, 1994;
Preskorn, 1996a). With regard to therapeutic efficacy, SSRIs
and TCAs are almost equipotent (Bech, 1988; Rickels &
Schweizer, 1990; Cole, 1992). Due to the lack of receptor an-
tagonism, SSRIs are almost devoid of life-threatening side ef-
fects, such as cardiotoxicity and CNS toxicity. SSRIs are safe
(De Jonghe & Swinkels, 1992; Hotopf et al., 1996) and easy
to handle (Leonard & Tollefson, 1994). In a Swedish survey
consisting of 1202 reports describing adverse reactions to
SSRIs, the most often reported events were neurological
(22.4%), psychiatric (19.4%), and gastrointestinal (18%)
symptoms (Spigset, 1999). The Swedish study was also aimed
to assess possible risk factors associated with the occurrence
of adverse events. It revealed differences in frequency and
type of adverse reactions between male and female, old and
young patients and between the different SSRIs.

Because of the advantageous safety profile of SSRIs,
treatment of depression with antidepressant drugs could
change from primarily hospitalized inpatients to outpatients

Fig. 1. Inhibitory constants (Ki) for inhibition of monoamine uptake into rat brain tissue by imipramine, selective serotonin reuptake inhibitors, or N-demeth-
ylated metabolites. 5-HT, 5-hydroxytryptamine; NA, noradrenaline. Data from Richelson (1994) and Preskorn (1996a).
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(Lecrubier, 1992). Moreover, the use of SSRIs was ex-
tended from major depression to minor depression (Szegedi
et al., 1997) and other psychiatric disorders that are also
suggested to be associated with a dysfunctional state of the
serotonin system. This includes anxiety (den Boer et al.,
1995), obsessive-compulsive disorders (Piccinelli et al.,
1995; Leonard, 1997), or premenstrual dysphoric disorders
(Redmond, 1997; Gunasekara et al., 1998). Thus, the use of
SSRIs is a rational, mechanism-based therapy.

In addition to higher safety of SSRIs, the pharmacology of
the new drugs was first regarded as being less complex than
for TCAs. The metabolism of TCAs leads to multiple metabo-
lites with pharmacological properties that are different from
that of the parent drug. Imipramine, for example, is a preferen-
tial serotonin reuptake inhibitor, whereas its N-demethylated
metabolite desipramine primarily interacts with noradrenaline
uptake sites. Clomipramine exerts marked anticholinergic ac-
tivity; its 8-hydroxylated metabolite is almost devoid of anti-
cholinergic activity, but still has serotonin uptake blocking
activity. With the exception of norfluoxetine and perhaps des-
methylcitalopram or desmethylsertraline, SSRI metabolites do
not exhibit pharmacological properties that are relevant in
vivo. Moreover, the three metabolites are also preferential in-
hibitors of the uptake of serotonin.

Thus, after the introduction of SSRIs, little attention was
given to their pharmacokinetics in depressed patients being
treated with SSRIs. This view has changed completely. Dif-
ferences in the pharmacokinetics, especially in drug-drug in-
teractions, are now the major selection criteria to use a dis-
tinct SSRI (van den Berg, 1995; Baumann, 1996a; Brøsen,
1996). Some SSRIs inhibit cytochrome P450 (CYP) isoen-
zymes (Harvey & Preskorn, 1996; Preskorn, 1996b), a family
containing more than 30 enzymes in humans that catalyze the
oxidative metabolism of multiple drugs (Nelson et al., 1996;
Gonzalez, 1992). The drug-drug interactions of SSRIs cre-
ated a new estimation of a drug’s pharmacokinetics in general
for pharmacotherapy, since it became obvious that drug-drug
interactions are not only a problem of SSRIs, but also of other
drugs (Preskorn & Magnus, 1994; Harvey & Preskorn, 1995;
Shader et al., 1996; Nemeroff et al., 1996).

Because of the high relevance of differences in the phar-
macokinetic properties of SSRIs for antidepressant drug
therapy, this review describes pharmacokinetic abnormali-
ties of the different SSRIs, such as nonlinear kinetics, gen-
der differences, and age dependencies, and clinically rele-
vant drug-drug interactions. Moreover, special attention is
given to the current knowledge of therapeutically effective
concentrations of SSRIs in blood, which so far is poorly
documented in the literature.

 

2. Fluoxetine

 

2.1. Basic pharmacology

 

In most countries, fluoxetine was the first SSRI that be-
came available for clinical use (Preskorn, 1996a). It is a ra-

 

cemic mixture of two enantiomers, whereby the S-enanti-
omer is 

 

!

 

1.5 times more potent in the inhibition of
serotonin reuptake than the R-enantiomer (Gram, 1994).
The pharmacological difference between enantiomers is
even more pronounced for the active metabolite norfluoxet-
ine, with the S-enantiomer having 

 

!

 

20 times higher re-
uptake blocking potency than the R-enantiomer (Fuller et
al., 1992). Under steady-state conditions, the concentration
of racemic norfluoxetine normally exceeds the concentra-
tions of racemic fluoxetine. In blood, the concentrations of
the N-demethylated metabolite are higher for 

 

S

 

-norfluoxet-
ine than for 

 

R

 

-norfluoxetine (Baumann & Rochat, 1995).

 

2.2. Basic pharmacokinetic properties

 

After oral administration, fluoxetine is almost com-
pletely absorbed. Due to hepatic first-pass metabolism, the
oral bioavailability is below 90% (Catterson & Preskorn,
1996; van Harten, 1993). Similar to other lipophilic drugs,
fluoxetine has a large volume of distribution (

 

V

 

d

 

), between
14 and 100 L/kg, which indicates extensive accumulation in
tissue. The 

 

V

 

d

 

 of fluoxetine is by far the highest among all
SSRIs (Catterson & Preskorn, 1996). The accumulation is
highest in lungs, an organ enriched with lysosomes. Lysoso-
mal trapping is considered to play a role for the high 

 

V

 

d

 

 of
fluoxetine (Daniel & Wójcikowski, 1997a, 1997b). In spite
of the high 

 

V

 

d

 

, which is similar to that of TCAs, accumula-
tion in the brain is lower than for other SSRIs shown in vitro
in brain slices (Daniel & Wójcikowski, 1997b) and in vivo
in patients using fluorine-19 NMR spectroscopy (NMRS)
(Renshaw et al., 1992). The brain to plasma ratio of fluoxet-
ine in patients is only 2.6:1 compared with 24:1 for fluvox-
amine (Strauss et al., 1997).

Fluoxetine has a long half-life (

 

t

 

1/2

 

) of 1–4 days (Gram,
1994; Benfield et al., 1986). For norfluoxetine, 

 

t

 

1/2

 

 ranges
even between 7 and 15 days (Gram, 1994; Benfield et al.,
1986). Because of the long 

 

t

 

1/2

 

, 1–22 months are required to
achieve steady-state conditions (Catterson & Preskorn,
1996). Fluoxetine exhibits nonlinear kinetics, indicated by a
disproportionate increase in its blood concentrations after
dose escalation. Under multiple dosing, longer 

 

t

 

1/2

 

 and re-
duced oral clearance result, compared with single doses. In
rats, the bioavailability increases with dose, pointing to a
saturable first-pass metabolism of fluoxetine (Caccia et al.,
1990). Abnormalities in the elimination of fluoxetine have
not been noted for patients with renal impairment, whereas
liver cirrhosis significantly reduces the plasma clearance of
fluoxetine (Benfield et al., 1986).

 

2.3. Metabolism

 

Fluoxetine undergoes extensive metabolic conversion,
leading to the active metabolite norfluoxetine and multiple
other metabolites (Fig. 2).

After oral administration, fluoxetine is mainly excreted
in urine, with less than 10% excreted unchanged or as fluox-
etine 

 

N

 

-glucuronide (Benfield et al., 1986). So far, only a
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few studies have investigated the CYP isoenzymes respon-
sible for the metabolism of fluoxetine, and the results have
been inconclusive. Investigations have focused largely on
the N-demethylation of fluoxetine. Hamelin and co-workers
(1996) reported a meaningful contribution of CYP2D6 in
the N-demethylation of fluoxetine in healthy volunteers,
similar to Dominguez and co-workers (1996), who studied
psychiatric patients whose medication was switched from
fluoxetine to paroxetine. On the other hand, the pharmaco-
kinetics of fluoxetine and norfluoxetine are not affected by
paroxetine, a potent inhibitor of CYP2D6 (Harvey &
Preskorn, 1995). Other enzymes that contribute to more
than 70% of the biotransformation of fluoxetine so far are
obscure.

From an in vitro study, it was suggested that CYP2C9
plays a pivotal role in the N-demethylation of fluoxetine
with a possible contribution of the CYP2C19 and a CYP3A
isoform, whereas the contribution of CYP2D6 was found to
be negligible (von Moltke et al., 1997). It has been shown
recently that the clearance of 

 

R

 

- and 

 

S

 

-fluoxetine and of

 

S

 

-norfluoxetine, but not of 

 

R

 

-norfluoxetine, strongly depends
on the CYP2D6 activity (Fjordside et al., 1999).

 

2.4. Blood concentrations and clinical response

 

The relationship between blood concentrations of race-
mic fluoxetine and norfluoxetine and clinical outcome or
adverse events was studied recently in a large number of pa-
tients (Amsterdam et al., 1997; Koran et al., 1996; Beasley
et al., 1990). These studies could not find a relationship be-
tween clinical outcome and plasma concentrations of either
fluoxetine or norfluoxetine or the sum of both. Since the
enantiomers differ in their pharmacological potency, chiral
analysis might give an association between the concentra-
tion or ratio of enantiomers and clinical outcome. As long as
chiral analysis has not been conducted in conjunction with
the assessment of clinical effects, a conclusion on the rela-
tionship between blood concentrations of fluoxetine or nor-
fluoxetine and clinical response cannot be drawn. More-

over, a NMRS study has shown that plateau concentrations
in the brain are not achieved before 6–8 months of treatment
(Karlson et al., 1993). None of the studies aimed at the in-
vestigation of an association between blood level and clini-
cal response were conducted over such a long period.

Although fluoxetine and its main metabolite norfluoxet-
ine have low affinities to neurotransmitter receptors, such as
serotonin 5-HT2A receptors, muscarinic acetylcholine recep-
tors, dopamine D

 

2

 

-receptors, or 

 

"

 

-adrenoreceptors (Stanford,
1996), some of the rare adverse events might be attributable
to effects on receptor sites under conditions when high
blood concentrations of fluoxetine and norfluoxetine are
achieved. This may be relevant for patients with CYP2D6
deficiency (poor metabolizers [PM]), since the clearance of
both fluoxetine enantiomers and of 

 

S

 

-norfluoxetine depends
on the activity of CYP2D6 (Fjordside et al., 1999). The
extrapyramidal symptoms occasionally described in patients
treated with fluoxetine (Leo, 1996), therefore, might be due
to metabolic deficiency, which leads to high fluoxetine and
norfluoxetine blood levels.

 

2.5. Drug-drug interactions

 

One of the most prominent features of all SSRIs is their
potential for pharmacokinetic drug interactions with other
classes of drugs. Fluoxetine was the first SSRI for which in-
teractions have been reported. Clinically relevant interac-
tions have been observed for TCAs and neuroleptics (Ara-
now et al., 1989; Brøsen & Skjelbo, 1991; Vandel et al.,
1992; Suckow et al., 1992; Rosenstein et al., 1991; Avenoso
et al., 1997; Otton et al., 1993; Spina et al., 1998; Preskorn
& Baker, 1997). The mechanism of these interactions could
be ascribed to inhibitory effects of fluoxetine and norfluox-
etine on the isoenzyme CYP2D6. The extent of inhibition
correlated with the plasma concentrations of fluoxetine and
norfluoxetine, respectively (Bergstrom et al., 1992). This
suggests that fluoxetine and norfluoxetine can compete with
other drugs for metabolism by CYP2D6. Similar to seroto-
nin reuptake inhibition, the S-enantiomers of fluoxetine and

Fig. 2. Metabolism of fluoxetine and CYP isoenzymes, amine oxidase, and N-acetyltransferase, suggested to catalyze the Phase I reactions.



 

C. Hiemke, S. Härtter / Pharmacology & Therapeutics 85 (2000) 11–28

 

15

 

norfluoxetine were 

 

!

 

5 times more potent in the inhibition
of CYP2D6 than the respective R-enantiomer (Stevens &
Wrighton, 1993).

Recently, a moderate inhibitory effect has been reported
for norfluoxetine on CYP3A3/4 (Greenblatt et al., 1996).
This can explain previously observed interactions of fluox-
etine with the anxiolytic drug alprazolam (Greenblatt et al.,
1992; Lasher et al., 1991) and the anticonvulsant drug car-
bamazepine (Levy, 1995; Ketter et al., 1991). Concomitant
administration of fluoxetine to alprazolam medication ele-
vates blood levels of alprazolam due to reduced clearance of
alprazolam, and thus, may enhance psychomotor decre-
ment. Similarly, blood levels of carbamazepine may in-
crease when fluoxetine is co-administered (Levy, 1995;
Ketter et al., 1991). The metabolism of both alprazolam
and carbamazepine depends mainly on CYP3A isoenzymes
(Kerr et al., 1994). In patients treated with fluoxetine and
phenytoin, supertherapeutic plasma concentrations of pheny-
toin occurred with signs of intoxication (Jalil, 1992; Darley,
1994). This observation points to inhibition of CYP2C9, an
isoenzyme mainly responsible for the metabolism of pheny-
toin (Shader et al., 1994).

Because of long half-lives of fluoxetine and norfluoxe-
tine, therapeutic drug monitoring (TDM) can be applied to
switch safely from fluoxetine to another antidepressant, es-
pecially to a TCA. Otherwise, an intoxication may arise
from the drug interaction potential of fluoxetine and its me-
tabolite, which can inhibit the metabolism of a TCA even
weeks after discontinuation of fluoxetine (Baumann, 1996a,
1996b; unpublished observation).

 

3. Fluvoxamine

 

3.1. Basic pharmacology

 

Fluvoxamine facilitates serotonergic transmission by po-
tent and selective inhibition of serotonin reuptake into pre-
synaptic neurons (Fig. 1). The selectivity for blocking the
uptake of serotonin is markedly higher than for norepineph-
rine or dopamine (Richelson, 1994; Hyttel, 1993; Benfield
& Ward, 1986).

 

3.2. Basic pharmacokinetic properties

 

After oral application of fluvoxamine, more than 90% of
the drug is absorbed (van Harten, 1995; DeVane & Gill,
1997). Due to rapid and extensive hepatic first-pass
biotransformation, the amount of unchanged drug reaching
the systemic circulation is much lower, reducing the bio-
availability to 

 

!

 

53% (van Harten et al., 1994).
Almost 100% of an oral dose is recovered in urine, but

only negligible amounts are excreted unchanged (De Bree
et al., 1983). The time to reach the maximum concentration
is relatively long, 

 

!

 

5 hr after a single oral dose, but inde-
pendent of the dose (van Harten, 1995). The 

 

V

 

d

 

 of fluvox-
amine is 

 

!

 

25 L/kg, which is within the range of the other
SSRIs except fluoxetine (van Harten, 1995). In contrast, the

accumulation in the brains of human patients, as evaluated
by means of fluorine-19 NMRS, is higher than for fluoxe-
tine (Strauss et al., 1997). In the NMRS study, it was also
found that it takes 

 

!

 

3 times longer to achieve steady-state
concentrations in brain compared with plasma (3–10 days)
(Strauss et al., 1997).

The plasma protein binding is low (77%), which makes
protein binding interaction with restrictively protein-bound
drugs such as valproic acid unlikely to occur (van Harten,
1995).

In healthy young male volunteers, 

 

t

 

1/2

 

 ranged between 8
and 28 hr (mean 

 

!

 

15 hr) after administration of a single
oral dose of 25–100 mg fluvoxamine maleate (de Vries et
al., 1993). This relatively short 

 

t

 

1/2

 

 indicates that steady-
state conditions should be attained within 1 week. Fluvox-
amine, however, exhibits nonlinear kinetics, which becomes
most prominent after multiple dosing of dosages 

 

#

 

50 mg
fluvoxamine maleate/day (de Vries et al., 1992; Spigset et
al., 1997b; Härtter et al., 1998a). After increasing dosages
up to 100 mg b.i.d., the 

 

t

 

1/2

 

 was found to be 32 

 

$

 

 11 hr, an
almost 100% increase in 

 

t

 

1/2

 

 (Spigset et al., 1997b). There-
fore, sometimes steady-state conditions may not be reached
before 10 days of continuous treatment with fluvoxamine.
Another recent study of Spigset and co-workers (1998) con-
firmed the nonlinear kinetics within the therapeutic dose in-
terval. The reason for nonlinearity is not ascribed to
Michaelis-Menten saturation kinetics, but rather to a com-
plex involvement of multiple parallel pathways.

Blood concentrations of fluvoxamine in patients with se-
vere renal impairment treated with 100 mg/day fluvoxamine
maleate were similar to those observed in healthy volun-
teers, indicating that the pharmacokinetics of fluvoxamine
do not primarily depend on the renal function (van Harten,
1995). In contrast, in patients with hepatic cirrhosis, the area
under the concentration-time curve (AUC) and 

 

t

 

1/2

 

 were sig-
nificantly increased compared with healthy controls (van
Harten et al., 1993). Pharmacokinetics were found to be
similar in elderly (mean age 73 years) and young subjects
(mean age 28 years) (de Vries et al., 1992). On the other
hand, marked sex differences recently were reported, with
female patients developing higher serum concentrations at a
dosage of 100 mg/day. The gender difference disappeared
after the dosage to 200 mg/day was doubled. This points to
a saturable enzyme that is more active in male than in fe-
male subjects (Härtter et al., 1998a).

 

3.3. Metabolism

 

Similar to other SSRIs, fluvoxamine’s main route of
elimination is through hepatic metabolism. It includes oxi-
dative demethylation and oxidative deamination (Overmars
et al., 1983). After ingestion of fluvoxamine, 11 metabolites
have been detected in urine, 9 of which could be structurally
identified (Overmars et al., 1983) (Fig. 3). Most of these
metabolites were weak acids. They are unlikely to possess
pharmacological activity (Claassen, 1983).
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Recent reports have tried to identify CYP isoenzymes in-
volved in the hepatic biotransformation of fluvoxamine (Car-
rillo et al., 1996; Spigset et al., 1995, 1997a, 1998). All these
investigations were performed in healthy volunteers. In vitro
studies are still lacking. The disposition of fluvoxamine was
found to be associated with the polymorphic CYP2D6 and
also the CYP1A2 activity (Carrillo et al., 1996; Spigset et al.,
1995). Under the chosen conditions, the other polymorphic
isoenzyme CYP2C19 did not play a role (Spigset et al.,
1995). The studies, however, did not reflect clinical condi-
tions, since they used a low single dose of 50 mg and young,
healthy volunteers instead of a mixed-patient population.
Moreover, some results are inconsistent, perhaps because of
the use of different phenotyping approaches. The use of de-
brisoquine to phenotype CYP2D6 pointed to a meaningful
contribution of CYP2D6 (Carrillo et al., 1996), whereas an-
other study that used dextromethorphan as a probe indicated a
moderate role of CYP2D6 (Spigset et al., 1997a).

 

3.4. Blood concentrations and clinical response

 

As for other drugs with a high first-pass metabolism, flu-
voxamine concentrations in blood are difficult to predict from
any given dose. A relationship between blood concentrations
and clinical effects or a “therapeutic window” has not been
established (Walczak et al., 1996; Kasper et al., 1993; de
Wilde & Doogan, 1982). This may be due to the inappropri-
ate experimental design in studies that allowed dose titration
and focused on side effects. Most of these studies used final
dosages 

 

%

 

200 mg/day that might have masked an association
between blood concentrations and clinical response (Kasper
et al., 1993). In contrast, side effects were suggested to corre-
late more directly with serum concentrations of fluvoxamine
(Kasper et al., 1993), supporting the notion that there is a
U-shaped relationship between drug concentrations and ther-
apeutic response. There is so far no evidence for therapeutic

benefits of high doses (De Wilde & Doogan, 1982). In addi-
tion, in a fixed-dose pilot study on 20 depressed patients who
were treated with 100 mg fluvoxamine for 14 days, we re-
cently found that responders had serum concentrations of flu-
voxamine below 85 ng/mL, and no responder was above this
threshold (Härtter et al., 1998b). Assuming an upper blood
concentration threshold and high interindividual variability of
blood concentrations after a given dose, TDM might be help-
ful to improve therapy with fluvoxamine. Additional fixed-
dose studies involving a sufficiently great number of patients
are urgently needed to verify or falsify a possible therapeutic
benefit of low fluvoxamine blood concentrations.

 

3.5. Drug-drug interactions

 

Fluvoxamine is the only SSRI that potently interacts with
an isoenzyme different from CYP2D6, namely CYP1A2
(Brøsen et al., 1993). CYP1A2 is an inducible P450 isoen-
zyme that is important for bioactivation of procarcinogens
such as the heterocyclic arylamine food mutagens (Gonzales,
1992). This has led to the assumption of a protective function
of continuous fluvoxamine administration (Shen, 1997).

On the other hand, CYP1A2 is involved in the N-deme-
thylation of numerous xenobiotics such as TCAs (Bertschy
et al., 1991; Rasmussen et al., 1995; Härtter et al., 1993; Sei-
fritz et al., 1994; Becquemont et al., 1996; Daniel et al.,
1994; Wetzel et al., 1998).

From in vivo investigations, fluvoxamine (or one of its
metabolites) was found also to be an inhibitor of CYP2C19
(Xu et al., 1996), CYP3A4 (Fleishaker & Hulst, 1994), and
possibly CYP2C9 (Schmider et al., 1997). CYP2D6 is only
slightly affected by fluvoxamine in vitro. In a recent study on
healthy volunteers receiving a common therapeutic dosage of
150 mg fluvoxamine/day, however, the urinary dextrometh-
orphan/dextrorphan ratio as a measure of CYP2D6 activity
was more than doubled, pointing to a significant inhibitory

Fig. 3. Metabolism of fluvoxamine and enzymes suggested to catalyze the Phase I reactions: CYP isoenzymes, amine oxidase (AO), and N-acetyltrans-
ferase (NAT).
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effect of fluvoxamine on CYP2D6 under therapeutic condi-
tions (Kashuba et al., 1998). The widespread inhibitory ef-
fects of fluvoxamine point to a common inhibitory mecha-
nism, perhaps by interaction of fluvoxamine or one of its
metabolites, with the heme moiety of the cytochromes, as has
been shown for cimetidine (Levine & Bellward, 1995).

The potent inhibition of several CYP isoenzymes by flu-
voxamine indicates that drug-drug interactions are clinically
more critical than those of fluoxetine or paroxetine, which is
directed more selectively to the inhibition of a single isoen-
zyme. This suggestion is supported by dramatic effects of
fluvoxamine on blood concentrations of tertiary amine anti-
depressants (Bertschy et al., 1991; Härtter et al., 1993; Sei-
fritz et al., 1994) or the neuroleptic clozapine (Hiemke et
al., 1994; Jerling et al. 1994; Taylor, 1997), which might re-
flect the concerted action of fluvoxamine on more than a
single CYP isoenzyme.

On the other hand, it should be emphasized that the con-
comitant use of fluvoxamine gives the opportunity to improve
therapeutic effects of psychotropic drugs. A pharmacokinetic
augmentation strategy has been proposed for the co-adminis-
tration of fluvoxamine with the atypical neuroleptic clozapine
(Szegedi et al., 1995; Silver et al., 1995; Silver & Shmuglia-
kov, 1998; Bender & Eap, 1998), the typical neuroleptic halo-
peridol (Silver & Nassar, 1992), the TCA clomipramine
(Szegedi et al., 1996), or the analgesic methadone (Bertschy
et al., 1994). The observed improved responses may be due to
a reduced formation rate of toxic metabolites that decreases
the occurrence of side effects or prolongation of 

 

t

 

1/2

 

, resulting
in persistent optimal blood concentrations of the drug and
thus, reducing the differences between minimal and maximal
drug concentrations (Bender & Eap, 1998). However, besides
pharmacokinetic interactions, the pharmacological properties
of fluvoxamine also must be considered.

 

4. Paroxetine

 

4.1. Basic pharmacology

 

Paroxetine is the most potent serotonin reuptake blocker
clinically available, but has a lower selectivity for the sero-
tonin reuptake site than either fluvoxamine or sertraline
(Fig. 1). In addition, it blocks muscarinic acetylcholine re-
ceptors to almost the same degree as the TCAs imipramine
or doxepin, and even more effectively than desipramine or
maprotiline (Owens et al., 1997). In spite of this property,
anticholinergic side effects are likely to be restricted to
toxic doses of paroxetine that are much higher than those re-
quired for therapeutic actions.

 

4.2. Basic pharmacokinetic properties

 

Paroxetine is a chiral SSRI that is marketed as a pure
enantiomer (Dechant, 1991). This makes the pharmacoki-
netics more uniform when compared with racemic SSRIs,
such as fluoxetine or citalopram. Paroxetine is efficiently
absorbed from the gastrointestinal tract, but is readily me-

tabolized during its first pass through the liver (Kaye et al.,
1989). Considerable amounts of paroxetine (

 

!

 

36%) are ex-
creted in the feces, but less than 1% of this is unchanged
paroxetine (Kaye et al., 1989). The 

 

V

 

d

 

 of 2–12 L/kg is simi-
lar to that of fluvoxamine; the 

 

t

 

1/2

 

 is variable, depending on
both dose and duration of administration (van Harten,
1993). After 15 days of oral administration of 20 mg/day, 

 

t

 

1/2

 

increases by 

 

!

 

12% (16.4–18.3 hr) and by more than 100%
(9.8–21.0 hr) after oral administration of 30 mg paroxetine/
day (Kaye et al., 1989). The time dependency becomes
more pronounced when comparing the AUC after a single
dose and after multiple dosing (Lund et al., 1979; Sindrup et
al., 1992a). Even for the lower dosage of 20 mg/day, the
AUC increased from 191 ng/hr/mL to 1481 ng/hr/mL. In ac-
cordance, the bioavailability reported to be less than 50%
after single dose is remarkably higher after multiple doses.
Taken together, these findings point to a saturable first-pass
metabolism.

The nonlinear pharmacokinetics of paroxetine are best de-
scribed by two distinct processes, a low-capacity/high-affinity
process and a high-capacity/low-affinity linear process (Sin-
drup et al., 1992a). This, however, holds true only for exten-
sive metabolizers (EM) of CYP2D6 (Sindrup et al., 1992a).

Plasma concentrations at steady-state and the elimination

 

t

 

1/2

 

 are generally prolonged in elderly subjects (Lundmark et
al., 1989; Bayer et al., 1989). While renal impairment has
almost no effect on the pharmacokinetics of paroxetine, he-
patic dysfunction may reduce the clearance of paroxetine
(Doyle et al., 1989; Dalhoff et al., 1991).

 

4.3. Metabolism

 

Like other lipophilic psychotropic drugs, paroxetine un-
dergoes extensive metabolism in the liver to form more hy-
drophilic excretable compounds. The metabolism includes
oxidative cleavage of the methylenedioxy bridge, resulting
in an unstable catechol intermediate that is further methy-
lated in meta-position to the meta-methoxyderivative or in
para-position to the para-methoxyderivative. Both metabo-
lites are further conjugated with sulfuric acid or glucuronic
acid (Fig. 4). None of the metabolites is assumed to contrib-
ute to the pharmacological effects of paroxetine (Kaye et
al., 1989).

While the oxidative cleavage is probably catalyzed by
CYP isoenzymes, methylations require other enzymes. The
O-methylation is most probably catalyzed by catechol-

 

O

 

-methyltransferase, an enzyme involved in the deactivation
of catecholamines and catechol estrogens. Interestingly, the

 

meta-O

 

-methyl metabolite or glucuronide and sulfate, re-
spectively, was found in much lower amounts in urine of
PM (Sindrup et al., 1992b), whereas the glucuronic acid
conjugate of the 

 

para-O

 

-methyl metabolite was found in
similar amounts in EM and PM (Sindrup et al., 1992b).
However, PM are able to form the 

 

meta-O

 

-methyl metabo-
lite. Differences between EM and PM, therefore, are more
likely caused by different capabilities to form the catechol
intermediate than by different methylation activities.
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Nonlinear kinetics have been shown for EM when com-
paring single and multiple dosing (Sindrup et al., 1992a).
However, differences between EM and PM in kinetics, me-
tabolite formation, and paroxetine blood concentrations are
not measurable under steady-sate conditions. CYP2D6
probably is involved as a low-capacity and high-affinity en-
zyme (Sindrup et al., 1992a, 1992b) that has also been
shown in vitro (Bloomer et al., 1992). The saturability of the
process might be caused by substrate inhibition, since par-
oxetine is a potent inhibitor of CYP2D6 (Lane, 1996) and
thus, of its own metabolism. The contribution of other CYP
isoenzymes besides CYP2D6 have so far not been docu-
mented. A recent analysis of a database of 1715 patients
under paroxetine therapy revealed 55% lower blood con-
centrations in patients who were under carbamazepine co-
medication (

 

n

 

 

 

&

 

 94) compared with patients under paroxe-
tine without carbamazepine (Kuss & Hegerl, 1998). Since
carbamazepine is a well-known inducer of CYP3A4, it may
be concluded that CYP3A4 is also involved in the degrada-
tion of paroxetine.

 

4.4. Blood concentrations and clinical response

 

Similar to the findings for other SSRIs, studies to date on
paroxetine do not give evidence for the existence of a rela-
tionship between blood concentrations and clinical effects
(Danish University Antidepressant Group, 1990; Kuhs et
al., 1992). In a study of 94 depressed inpatients, however,
there were only 50% responders when paroxetine plasma
levels were below 10 ng/mL vs. 76% responders at paroxe-
tine plasma levels between 40 and 120 ng/mL (Tasker et al.,
1989). In another study of 271 outpatients, the latter were
initially treated with 20 mg (Benkert et al., 1997). Patients
with an inadequate response after 3 weeks were randomized
either to continuation of the 20 mg dose or to 40 mg. A dose
of 20 mg was found optimal for the majority of patients.

Taken together, the observations indicate that there is a
lower and an upper threshold of drug concentration in blood
for optimal response to paroxetine.

In PM of CYP2D6, high blood concentrations of parox-
etine may result and lead to anticholinergic side effects (van
den Berg, 1995). Anticholinergic properties have also been
discussed to explain symptoms occurring after abrupt dis-
continuation of paroxetine (Barr et al., 1994).

 

4.5. Drug-drug interactions

 

Paroxetine is the most potent inhibitor of CYP2D6
among all SSRIs (Preskorn, 1996a; Harvey & Preskorn,
1995; Shader et al., 1996; Nemeroff et al., 1996). The aver-
age 

 

K

 

i

 

 for inhibition of CYP2D6 is in the nanomolar range
(

 

K

 

i

 

 

 

&

 

 150 nM) (Harvey & Preskorn, 1995). This is close to
that of quinidine (

 

K

 

i

 

 

 

&

 

 30 nM), the most potent inhibitor of
CYP2D6 found thus far (Ching et al., 1995).

Most studies or case reports where the inhibitory potency
was examined measured inhibition of the metabolism of
TCAs, such as imipramine (Albers et al., 1996; Härtter et
al., 1994), desipramine (Alderman et al., 1997; von Moltke
et al., 1995), or trimipramine (Leinonen et al., 1995). The
inhibition is much more pronounced for N-demethylated
metabolites (Albers et al., 1996; Härtter et al., 1994) of
TCAs (e.g., desipramine) than for the tertiary amines. This
is consistent with the finding that CYP2D6 plays a most
pivotal role in the clearance of secondary amines, whereas
its importance is reduced in the metabolic clearance of ter-
tiary amines (Brøsen & Gram, 1988; Breyer-Pfaff et al.,
1992). The magnitude of CYP2D6 inhibition correlates with
the plasma concentrations of paroxetine (Ereshefsky et al.,
1996; Jeppesen et al., 1996). This may explain the inconsis-
tent findings of two investigations on the effect of paroxe-
tine on the pharmacokinetics of the atypical neuroleptic
clozapine. Applying dosages above 20 mg/day (mean 

 

&

 

 31
mg/day) produced a substantial increase in clozapine
plasma concentrations (Centorrino et al., 1996), while a
fixed dose of 20 mg paroxetine/day could not find signifi-
cant effects on the concentrations of clozapine (Wetzel et
al., 1998).

Comparing fluvoxamine, fluoxetine, and paroxetine with
regard to their interaction potential from a clinical point of
view, paroxetine may be regarded as the least problematic
of the three SSRIs, despite its potent inhibition of CYP2D6.
Paroxetine inhibits almost exclusively CYP2D6, and the in-
hibition lasts only as long as paroxetine is in the body in a
sufficient concentration (3-7 days). Its para-O-methylated
metabolite is a potent inhibitor of CYP2D6 in vitro (Lane,
1996). The metabolite, however, is unlikely to contribute to
the enzyme inhibition of paroxetine in vivo due to its very
fast conjugation and excretion in urine (Sindrup et al.,
1992b). Thus, the magnitude and duration of inhibition is
easier to handle in a clinical setting for paroxetine than for
either fluoxetine (due to its long 

 

t

 

1/2

 

) or fluvoxamine (due to
nonselectivity).

Fig. 4. Metabolism of paroxetine and enzymes suggested to catalyze the
Phase I reactions: CYP2D6 and catechol-O-methyltransferase (COMT).
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5. Sertraline

 

5.1. Basic pharmacology

 

Sertraline is the second most potent inhibitor of serotonin
reuptake and the second most selective blocker of serotonin
over noradrenaline uptake (Fig. 1). It is the only SSRI that
binds to dopamine transporters (Richelson, 1994). With the
exception of an 

 

'

 

1

 

-adrenoceptor blocking potential (Owens
et al., 1997), the affinity of sertraline for neurotransmitter
receptors is low and without clinical relevance. Since
chronic administration of sertraline to rats attenuates phen-
cyclidine-induced locomotor hyperactivity, effects of sertra-
line on dopaminergic neurons should be considered (Red-
mond et al., 1999). The clinical relevance of interactions
with the dopaminergic system, however, is still obscure.

 

5.2. Basic pharmacokinetic properties

 

Like paroxetine, sertraline possesses two chiral centers.
Only one (1S, 4S) enantiomer of sertraline is contained in
the marketed formulation (Murdoch & McTavish, 1992).

Absorption from the gastrointestinal tract is almost com-
plete, but rather slow, with a time to reach the maximum
plasma concentrations (

 

C

 

max

 

) of 6–8 hr (Warrington et al.,
1992). The reason for this delay is not clear, but the entero-
hepatic cycle may play a role (van Harten, 1993). The 

 

V

 

d

 

 in
humans exceeds 20 L/kg, which points to extensive nonspe-
cific binding to tissue (Levine et al., 1994). At least in rats,
brain concentrations of sertraline are 40 times higher than in
plasma.

Linear pharmacokinetics is suggested for sertraline
(Preskorn, 1993). After single doses between 50 and 200
mg, 

 

t

 

1/2

 

 is similar for single dose and steady-state conditions
(Warrington et al., 1992). The elimination rate constant is
higher in young males than in females or subjects 

 

#

 

65
years (0.031/hr vs. 0.022/hr for young females vs. 0.019/hr
in the elderly). In young men, 

 

t

 

1/2

 

 is !30% shorter (22.4 hr)
than in females or aged patients (32.1-36.7 hr) (Ronfeld et
al., 1997). This suggests sex- and age-dependent differences
either in the tissue distribution (lower relative fat volume in
young men) or in the metabolism of sertraline. Similar age
and sex differences have been shown for the N-demeth-
ylated metabolite (Ronfeld et al., 1997).

The pharmacokinetics are not significantly different be-
tween healthy controls and patients suffering from renal im-
pairment (Wilner et al., 1996a). In patients with liver cirrho-
sis, the clearance of sertraline is markedly reduced (Wilner
et al., 1996b). This is consistent with the finding that the
main route of sertraline clearance is hepatic metabolism.

5.3. Metabolism

Although the hepatic metabolism is the most important
elimination pathway, with only 0.2% of an oral dose being
excreted unchanged in the urine (Murdoch & McTavish,
1992), information on the metabolism of sertraline is rather

limited. N-demethylation is the main metabolic step in the
biotransformation of sertraline (Rudorfer & Potter, 1997).
The N-demethylated metabolite is more slowly eliminated
and has a 3 times longer t1/2 (60–100 hr) (Rudorfer & Potter,
1997) than its parent drug. Hence, the plasma concentration
of N-desmethylsertraline is 1–3 times that of sertraline.
Since N-desmethylsertraline has only 5–10% of the seroto-
nin reuptake inhibitor potency of sertraline (Owens et al.,
1997), a contribution to clinical effects of sertraline can be
neglected. The N-demethylation correlates with the activity
of CYP3A4 (Preskorn, 1997), suggesting that this enzyme
is involved. Conclusive data on enzymes responsible for the
metabolism of sertraline, however, are still lacking. Because
it is a substrate of a CYP3A, the metabolism of sertraline in
the gut may be important. However, the gut metabolism of
sertraline has not been examined and little has been reported
on other pathways, including oxidation at the side chain to a
carbamaic acid and oxidative deamination to a ketone deriv-
ative (Fig. 5).

Compared to other SSRIs, a relevant portion of oral ser-
traline is excreted in the feces (!50%) (Warrington et al.,
1992). This points to an extensive transport of metabolites
or their conjugates into the bile or fecal elimination from the
enterohepatic circle.

5.4. Blood concentrations and clinical response

To date, there have been few reports on studies on a
blood concentration and clinical effect relationship for ser-
traline. There are, however, indications similar to the find-
ing mentioned in Sections 3.4 and 4.4 on fluvoxamine and
paroxetine that low concentrations might be advantageous.
Doses of 50 mg/day are at least as effective as higher dos-
ages, which was mainly ascribed to a reduced side effect
burden (Preskorn & Lane, 1995; Stock & Kofoed, 1994).
Whether the upper-threshold plasma concentrations or the
dosages are more important for optimal response needs to
be established. Several well-designed studies support the
idea that TDM improves therapy with sertraline. This has
been shown recently for geriatric patients where the thera-
peutic outcome was improved and clinical costs were re-
duced by means of TDM (Bengtsson et al., 1997).

Highly variable plasma concentrations, resulting after a
given dose of sertraline (Gupta & Dziurdzy, 1994), are con-
sistent with the involvement of the highly variably ex-
pressed CYP3A4 in the clearance of sertraline.

5.5. Drug-drug interactions

Interaction studies with sertraline indicate that pharma-
cokinetic interactions with other drugs are of minor clinical
importance (Murdoch & McTavish, 1992; Rapeport et al.,
1996a, 1996b; Ziegler & Wilner, 1996; Wilner et al., 1992),
although the 8.9% increase in prothrombin time reported af-
ter combination with warfarin may be significant (Apseloff
et al., 1997). In vitro studies on possible inhibition of
CYP2D6 by sertraline and/or its N-demethylated metabolite
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detected a high inhibitory potency (Ki & 0.7 (M) (Crewe et
al., 1992). Studies on patients, however, have failed to show
clinical relevance (Preskorn et al., 1994; Sproule et al.,
1997; Kurz et al., 1997; Harvey & Lane, 1996). Using de-
sipramine, a meaningful inhibitory effect of sertraline was
not observed (Preskorn et al., 1994; Sproule et al., 1997;
Kurz et al., 1997), even under high, chronic doses (Kurz et
al., 1997). A modest inhibitory property was found for indi-
viduals with high baseline CYP2D6 activity (Solai et al.,
1997).

Sertraline is a substrate of CYP3A4 (Rapeport et al.,
1996a), which suggests the potential for drug interactions at
this isoenzyme. An effect on the pharmacokinetics of either
carbamazepine (Rapeport et al., 1996a; Preskorn et al.,
1997; Harvey et al., 1996) or midazolam (in vitro) (Ring et
al., 1995), which are substrates of CYP3A4, has not been
observed. Just two recent case reports give evidence for sig-
nificant inhibition of clozapine’s metabolism by sertraline.
Under 600 mg clozapine and 300 mg sertraline, the serum
concentration of clozapine was 1300 ng/mL, and it de-
creased by 40% after discontinuation of sertraline (Pinninti
& de Leon, 1997). A similar observation was described by
Chong and co-workers (1997), who found that in a patient
taking 175 mg clozapine, there was a 2.1-fold increase in
clozapine serum concentration after addition of 50 mg ser-
traline, which disappeared after discontinuation of the
SSRI. These case reports give evidence for in vivo inhibi-
tion of CYP3A4. Interactions of sertraline with phenytoin
point to an involvement of CYP2C9 (Schmider et al., 1997).

6. Citalopram

6.1. Basic pharmacology

Citalopram has by far the highest selectivity for inhibit-
ing serotonin reuptake (Fig. 1) over noradrenaline reuptake
(Owens et al., 1997; Baumann, 1996a; Hyttel et al., 1995).
It is marketed as a racemate, but its pharmacological effects

are almost exclusively ascribed to the S-(!) enantiomer
(Hyttel et al., 1992). The main metabolite of citalopram,
measurable in plasma, is N-desmethylcitalopram, which is
also an SSRI showing the same enantiomeric differential as
its parent drug (Baumann & Larsen, 1995). In addition to its
ability to inhibit serotonin reuptake, citalopram has some af-
finity to '1-adrenoceptors and a slight histamine H1-recep-
tor blocking potency (Owens et al., 1997).

6.2. Basic pharmacokinetic properties

As for other lipophilic drugs, the absorption of citalo-
pram from the gastrointestinal tract is almost complete. In
contrast to the other SSRIs, the first-pass effect of citalo-
pram seems to be of minor importance (Baumann & Larsen,
1995; Gonzales, 1992; van Harten, 1993), which is in line
with an absolute bioavailability of !80%. Since only 50%
of the dose is excreted in urine (Milne & Goa, 1991), a sig-
nificant fecal elimination is suggested (van Harten, 1993),
which is supported by unaltered Cmax in patients with he-
patic insufficiency (Baumann & Larsen, 1995).

The elimination in healthy volunteers was found to be bi-
phasic, with a t1/2 at steady-state of !36 hr (Kragh-Sørensen
et al., 1981). The t1/2 of the N-demethylated metabolites is
!2–3 times longer (Kragh-Sørensen et al., 1981). Despite
that, N-desmethylcitalopram normally does not exceed the
plasma concentration of its parent drug (Rudorfer & Potter,
1997; Baumann, 1996b; Kragh-Sørensen et al., 1981; Foglia
et al., 1997). This also indicates the relatively poor contribu-
tion of metabolism to the overall clearance of citalopram.

A linear relationship between citalopram dosage and
plasma concentration has been reported under steady-state
conditions (Baumann and Larsen, 1995; Fredricson-Overø,
1987). The interindividual variability, however, also in-
creases with dose, which might be due to saturation of an
elimination pathway.

Protein binding amounts only to !80% (Milne & Goa,
1991), which makes interactions at specific protein-binding
sites quite unlikely.

Fig. 5. Metabolism of sertraline and enzymes suggested to catalyze Phase I reactions: CYP3A4 and amine oxidase (AO).
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As for the hepatic impairment, the Cmax in patients with
renal impairment was unchanged compared with that of
healthy volunteers (Baumann & Larsen, 1995). The t1/2 was
significantly increased to !50 hr and the renal clearance of
citalopram and desmethylcitalopram was significantly
lower (Baumann & Larsen, 1995). These effects, however,
are regarded as clinically not important.

Interestingly, the clearance and N-demethylation are sig-
nificantly reduced in elderly patients (Foglia et al., 1997;
Fredricson-Overø et al., 1985), the latter suggesting the con-
tribution of an isoenzyme whose activity decreases with age
(George et al., 1995). Therefore, lower doses are recom-
mended for elderly patients than for young ones.

6.3. Metabolism

The metabolism of citalopram leads to two pharmacolog-
ically active metabolites (Fig. 6) with two enantiomers for
each (Baumann & Larsen, 1995). As for citalopram, only
the S-(!) enantiomer of each metabolite has serotonin re-
uptake inhibitory properties (Hyttel et al., 1992). Since
plasma levels of the metabolites observed under steady-state
conditions reach )50% of those measured for the parent
compound (Kragh-Sørensen et al., 1981; Fredricson-Overø,
1982; Øyehaug & Østensen, 1984), the role of the metabo-
lites for the overall activity of citalopram can be neglected.

The main metabolic step is N-demethylation to N-desme-
thylcitalopram, which is further N-demethylated to dides-
methylcitalopram (Baumann & Larsen, 1995). Plasma con-
centrations of the nonactive R-(*) enantiomer (Rochat et
al., 1995a) are higher than those of the S-(!) enantiomer
(Rochat et al., 1995b). The mean S/R enantiomer ratio of
citalopram in patients is 0.56 and that of desmethylcitalo-
pram is 0.72. This points to a stereoselective metabolism of

citalopram, possibly due to a higher affinity of S-(!) citalo-
pram to particular metabolizing isoenzymes.

Besides the N-demethylated metabolites, an N-oxide and
a propionic acid derivative have also been identified. How-
ever, only N-desmethylcitalopram is detectable in the blood
in substantial amounts (Baumann & Larsen, 1995; Kragh-
Sørensen et al., 1981). This main metabolite reaches only
!50% the concentration of the parent drug in blood (Øye-
haug & Østensen, 1984).

Recently, it has been shown that CYP2C19 and
CYP2D6, both polymorphically expressed isoenzymes,
play a role in the biotransformation of citalopram (Sindrup
et al., 1993). The N-demethylation correlates with me-
phenytoin hydroxylase activity; and in PM of mepheny-
toin that lack CYP2C19 activity, the total clearance and
N-demethylation clearance are lower than in EM of CYP2C19
(Sindrup et al., 1993). Furthermore, it was suggested that
the S/R ratio of the citalopram enantiomers might be indica-
tive of the activity of CYP2C19, with CYP2C19-deficient
patients having an almost doubled citalopram S/R ratio of
%1 (Rochat et al., 1995b). The N-demethylation of desmeth-
ylcitalopram to didesmethylcitalopram depends on CYP2D6,
as didesmethylcitalopram was never detectable in PM of
sparteine and AUCs of desmethylcitalopram were about
one-third higher in PM than in EM (Sindrup et al., 1993).
This is of particular interest because desmethylcitalopram
would be the first primary amine substrate of CYP2D6.

From in vitro analysis, it has been concluded that
CYP3A4 is involved in the N-demethylation of citalopram
(Rochat et al., 1997; Kobayashi et al., 1997). The contribu-
tion of CYP3A4 to the clearance of citalopram is also indi-
cated by accelerated metabolism of citalopram under con-
comitant treatment with carbamazepine (Leinonen et al.,
1996).

Fig. 6. Metabolism of citalopram and enzymes suggested to catalyze Phase I reactions: CYP2C19, CYP3A4, CYP2D6, amine oxidase (AO), and flavine
monooxygenase (FMO).
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6.4. Blood concentrations and clinical response

There have been few studies on SSRI concentration-
effect relationships, and this is particularly the case for cit-
alopram. As shown by Rochat et al. (1995a), the steady-
state levels of the citalopram metabolites will never exceed
those of the parent drug. Together with their lower serotonin
reuptake blocking potency, they probably will not contrib-
ute to the overall effect of citalopram. Determination of me-
tabolites, therefore, is not necessary for drug monitoring. In
a study by Bjerkenstedt and co-workers (1985), who did not
consider the pharmacological differences between the R-(*)
and S-(!) enantiomers, no correlation was found between
clinical effect and citalopram serum concentrations. Possi-
ble relationships between clinical outcome and serum con-
centrations might have been masked by the lack of ste-
reospecific analysis. Bjerkenstedt and co-workers suggested
a better efficacy or tolerability at low citalopram blood lev-
els, consistent with the previously mentioned reports on flu-
voxamine, paroxetine, and sertraline (see Sections 3.4, 4.4,
and 5.4), and perhaps a common feature of all SSRIs.

6.5. Drug-drug interactions

Since CYP2C19 and CYP2D6 possibly are involved in
the catabolism of citalopram, effects on the activity of these
isoenzymes may be expected. After chronic treatment with
citalopram, the activity of CYP2D6 is slightly reduced,
which probably is due to inhibitory properties of N-desme-
thylcitalopram (Baumann & Larsen, 1995; Gram et al.,
1993). No significant effect of citalopram has been found so
far on the pharmacokinetics of substrates of CYP2C19
(Kobayashi et al., 1995). On the other hand, co-medication
with phenothiazine neuroleptics such as levomepromazine
increases steady-state trough concentrations of citalopram
by !30% without clinical consequences. Levomepromazine,
a known inhibitor of CYP2D6, particularly increased the
steady-state concentrations of desmethylcitalopram (Gram
et al., 1993). Chronic treatment with high doses of cimeti-
dine (800 mg/day) decreased the oral clearance of citalo-
pram by 29% and increased the blood concentration of cit-
alopram by 43% (Priskorn et al., 1997).

With other psychotropic drugs, including TCAs (Baettig
et al., 1993), neuroleptics (Syvalahti et al., 1997), and tran-
quilizers, relevant pharmacokinetic drug interactions are
rather unlikely. Citalopram is, therefore, the most safe SSRI
with respect to pharmacokinetic drug interactions.

7. Synopsis

The various TCAs, the first generation of drugs that pro-
duce their antidepressant actions by inhibiting monoamine up-
take, differ in their pharmacodynamic properties, especially
with regard to side effects related to interactions with neu-
rotransmitter receptors. The five SSRIs that are now available
to treat depression or other disorders with a suggested dys-
functional serotonergic system exhibit similar therapeutic effi-
cacies and similar adverse reaction profiles, in spite of a rela-
tively wide range of affinities to serotonin uptake sites (Fig.
1). There are just a few differences in the incidence and extent
of rare effects, such as hyponatremia (Wilkinson et al., 1999),
extrapyramidal symptoms (Leo, 1996), or withdrawal symp-
toms after drug discontinuation (Price et al., 1996; Haddad,
1997), probably due to interactions with other target structures
besides uptake sites (Goodnick & Goldstein, 1998). As ex-
plained in this review and summarized in Table 1, SSRIs pri-
marily differ in their pharmacokinetic properties. To select a
distinct SSRI, its t1/2, linearity of kinetics, and interaction po-
tential should be considered. The long t1/2 of fluoxetine may
be both advantageous and disadvantageous. It is advantageous
for a patient with poor compliance, since drug concentrations
decrease only slightly when the patient omits a dose. On the
other hand, at least 4 weeks of constant medication are neces-
sary to reach steady-state levels of fluoxetine. Moreover, in
the case of fluoxetine nonresponse long wash-out periods are
necessary before switching the patient to a TCA or a monoa-
mine oxidase inhibitor to avoid drug interactions or the devel-
opment of a serotonin syndrome.

Nonlinear kinetics of fluvoxamine, fluoxetine, and par-
oxetine complicate dosing. Dose escalation leads to dispro-
portionate increases in drug concentrations, which may be
critical to the proposal that there might be an upper-thresh-
old concentration in blood that determines nonresponse.
TDM may be useful to attain optimal drug concentrations in
an individual patient. Therapeutically effective blood con-
centrations of SSRIs, however, still need to be established.
The statement that dose titration guided by TDM is neces-
sary for TCAs, but not for SSRIs, is sometimes given in
drug information brochures on SSRIs. However, this has
neither been verified nor falsified in the literature. The sug-
gested lack of data on a “therapeutic window” for SSRIs,
therefore, cannot be considered as an advantage of SSRIs
over TCAs, as long as valid studies on therapeutic serum
concentrations are missing for SSRIs.

Table 1
Pharmacokinetic parameters of SSRIs and clinically relevant interactions with CYP isoenzymes

SSRI
Daily dose
(mg) t1/2

Time to reach
steady state

Vd
(L/kg)

Linear
kinetics CYP inhibition

Fluoxetine 20–80 1–4 days #4 weeks 20–45 No 2D6
Norfluoxetine 7–15 days 2D6, 3A4
Fluvoxamine 50–300 15 hr 10 days 5 No 1A2, 2C19
Paroxetine 20–50 20 hr 7–14 days 3–12 No 2D6
Sertraline 50–150 26 hr 5–7 days 20 Yes Minimal
Citalopram 10–60 36 hr 6–10 days 14–16 Yes Not relevant
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The most serious difference between the five SSRIs is
their potential for drug-drug interactions. Paroxetine, fluox-
etine, and norfluoxetine are potent inhibitors of CYP2D6,
and fluvoxamine of CYP1A2 and CYP2C19 (possibly also
CYP3A4 and CYP2D6). Combining these SSRIs with drugs
that are substrates of the inhibited enzymes has the potential
for great harm, unless they are recognized and properly
managed. Alternatively, drug interactions can also be used
constructively to improve treatment effectiveness and re-
duce side effects (Silver & Nassar, 1992; Szegedi et al.,
1995; Shen, 1997; Jefferson, 1998). Considering both risks
and benefits of SSRI-drug interactions, the contention that
“a noninteracting SSRI is advantageous to an interacting
one” is premature. We need much more systematic clinical
studies on drug-drug interactions for SSRIs.

With an expanding knowledge base, it will be possible to
understand and predict drug interactions with SSRIs. Most
drug interactions of SSRIs have been detected by chance,
since there was no knowledge of CYP inhibitory properties
when the drugs were introduced on the market. After having
introduced SSRIs, we learned that systematic investigations
on substrate and inhibitor properties of drugs must be con-
ducted in the early phases of drug development. For SSRIs,
even now our knowledge on substrate and inhibitor speci-
ficities of drug-metabolizing enzymes is incomplete.

Moreover, studies that have characterized substrate and
inhibitor properties of SSRIs in vitro produced highly vari-
able data between different studies (Table 2). Therefore, the
test systems need to be optimized to raise data that are valid
for clinical use of the drugs. In vitro cell systems that ex-
press distinct human metabolizing enzymes are now avail-
able to study substrate and inhibitor properties of new
drugs. Such preclinical approaches will gain increasing im-
portance in the future. Current drug development aims to
identify drugs that act with high selectivity. This will in-
crease the use of multiple drugs therapeutically instead of a
single drug and thus, increase the likelihood of drug-drug
interactions.

Looking back on the last 10 years of intensive SSRI use,
we have learned that the introduction of SSRIs has not only
brought a new class of drugs, but also refocused our atten-
tion on the importance of pharmacokinetic properties to the
action of drugs in general. Pharmacokinetic properties of a
drug must not be regarded as the basic properties of a chem-

ical substance. They may differ between and within individ-
uals. Clinicians have to be aware of this to provide safe and
efficacious care to their patients.
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