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ABSTRACT:

Fluoxetine is one of the most widely prescribed selective serotonin
reuptake inhibitors (SSRIs) that is marketed worldwide. However,
details of its human hepatic metabolism have been speculative and
incomplete, possibly due to the sensitivity of analytical techniques
and selectivity of specific in vitro probes and reagents used. Stud-
ies with (R)-, (S)-, and racemic fluoxetine were undertaken to de-
termine the stereospecific nature of its metabolism and estimate
intrinsic clearance contributions of each CYP for fluoxetine N-
demethylation. Measurable fluoxetine N-demethylase activity was
catalyzed by CYP1A2, -2B6, -2C9, -2C19, -2D6, -3A4, and -3A5. All
enzymes catalyzed this reaction for both enantiomers and the
racemate, and intrinsic clearance values were similar for the en-

strated stereoselectivity for R- over the S-enantiomer. Scaling the
intrinsic clearance values for the individual CYP enzymes to esti-
mate contributions of each in human liver microsomes suggested
that CYP2D6, CYP2C9, and CYP3A4 contribute the greatest
amount of fluoxetine N-demethylation in human liver microsomes.
These data were corroborated with the examination of the effects
of CYP-specific inhibitors quinidine (CYP2D6), sulfaphenazole
(CYP2C9), and ketoconazole (CYP3A4) on fluoxetine N-demethyl-
ation in pooled human liver microsomes. Together, these findings
suggest a significant role for the polymorphically expressed
CYP2D6 in fluoxetine clearance and are consistent with reports on
the clinical pharmacokinetics of fluoxetine.
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antiomers for all CYP enzymes except CYP2C9, which demon-

Fluoxetine is a commonly prescribed antidepressant of the select¥Ps, CYP isoform-specific chemical inhibitors, and CYP isoform-
serotonin reuptake inhibitor (SSRI¥lass, which is generally clini- specific inhibitory antibodies. Findings have been mixed, concluding
cally effective against many disorders in which serotonin plays a rolth CYP2D6 and CYP3A4 (Stevens and Wrighton, 1993) or
(Wong et al., 1995). Early in vitro studies suggested that fluoxetir@YP2C9 (von Moltke et al., 1997) having a role in metabolism. More
and its metabolite norfluoxetine were potent competitive inhibitors eécently, CYP2C9 has been suggested as the major CYP responsible
CYP2D6-mediated metabolic pathways (Crewe et al., 1992; Ottonfet metabolism of racemic fluoxetine (based on the inhibition by
al., 1993). Both R)-fluoxetine and R)-norfluoxetine were also found sulfaphenazole), and CYP2D6 was suggested as unimportant when
to be more potent inhibitors of CYP2D6 than tiésomers (Stevens experiments were conducted at fluoxetine concentrations ofulM0
and Wrighton, 1993). Additionally, fluoxetine has demonstrated vargvon Moltke et al., 1997). These in vitro findings do not agree with
ing in vitro inhibitory potency toward CYP2C19 (Kobayashi et al.clinical pharmacokinetic data that demonstrate a major role for
1995), CYP3A4 (von Moltke et al., 1994; Ring et al., 1995), andYP2D6 in the clearance of fluoxetine because the area under the
CYP2C9 (Schmider et al., 1997; Hemeryck et al., 1999). Howevesoncentration versus time curve for unchanged fluoxetine was higher
demonstration of inhibition of a CYP is not necessarily indicative tha§ CYP2D6-poor metabolizers than extensive metabolizers (Hamelin
the same enzyme has a major role in its biotransformation. Sogeal., 1996; Fjordside et al., 1999). Furthermore, in CYP2D6-poor
investigators have attempted to identify the enzymes responsible figétabolizers, clearance d?)kfluoxetine is greater thars|-fluoxetine
fluoxetine metabolism using cosegregation studies, recombinafife to another CYP besides CYP2D6 (Fjordside et al., 1999).

To date, there is not a close correlation between the reported in vivo
and in vitro studies for the metabolism of fluoxetine. Some of the lack
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IN 46285, able to the high concentrations of fluoxetinee50 uM) used in

previous assessments of CYP enzyme contributiolN-lemethyl-
ation in human liver microsomes. In this report, we describe a new
sensitive HPLC/MS assay for norfluoxetine that enabled the exami-
nation of fluoxetineN-demethylation activity at substrate concentra-
tions below 1.0uM. Enzyme kinetic parameters were determined for
(R)-, (9-, and racemic fluoxetine in recombinant heterologously ex-
pressed human CYP enzymes to estimate contributions of these CYP
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TABLE 1 aqueous layer was frozen in an acetone/dry ice bath, and the organic layer was
Summary of assay conditions for fluoxetine N-demethylation in heterologousi§lecanted into a clean tube and evaporated undeat’80°C. Residues were
expressed recombinant human CYP enzymes reconstituted with 5qul of HPLC mobile phase (10 mM ammonium formate,
- - 0.1% formic acid/acetonitrile; 80:20) and transferred to injection vials.
Microsomal P450 Fluoxetine Incubation Norfluoxetine HPLC/MS/MS Assay. Concentrations of norfluoxetine
Enzyme Protein Concentration Concentration Time - ] ) : > T )
Concentration Range were determined using atmospheric pressure chemical ionization tandem triple
mg/ml pmol/m M min quadrupole mass spectrometry. A Hewlett Packard Series 1100 quad channel
CYP1A2 0.3 12 5.0-500 20 pump provided solvent delivery of an isocratic mobile phase consisting of 10
CYP2B6 0.4 53 5.0-500 20 mM ammonium formate, 0.1% formic acid/acetonitrile (70:30). Separation of
CYP2C9 0.15 7.1 1.0-100 15 internal standard and norfluoxetine was achieved with a Phenomenex LUNA
CYP2C19 0.6 19 10-1000 5 C18, 30X 2 mm, 3um column (Phenomenex, Torrance, CA). Flow was 0.5
CYP2D6 0.088 16 0.25-25 15 ml/min, and total run time was 3.5 min. Under these conditions internal
gnzgﬁg 28 ig 28:288 1‘2 standard and norfluoxetine had retention times of 1.2 and 2.3 min, respectively.

Injection volume was 2pl. Detection was achieved using a Sciex model 2000
LC/MS/MS mass spectrometer (Sciex, Thornhille, Ontario, Canada). Effluent

enzymes in human liver. Additionally, CYP enzyme contribution tﬁ/fls split before introduction |ntq the tl_erc_) ion spray source so that ro_V\( into
e mass spectrometer was oldmin. lonization was conducted in the positive

fluoxetine N-(_:iemethylase g(_:tl\{lty_ 'r_‘ human liver microsomes vya n mode at a source temperature of 150°C and using nitrogen for nebulizing
assessed using CYP-specific inhibitors at a more pharmacologically heating gas. lon spray voltage was 4.0 KV, the orifice voltage was
relevant substrate concentration of W1, as opposed to the high gptimized at 20 eV, and the collision energy was adjusted18 eV. Internal
concentrations used by other investigators. The data reported heggddard and norfluoxetine were analyzed using multiple reaction monitor-
are discussed in context to findings presented in previous repdrig—m/z 402 = >240 andm/z 296 = >134 for the internal standard and
(Stevens and Wrighton, 1993; von Moltke et al., 1997) and the clinicadrfluoxetine, respectively. For norfluoxetine, this reaction followed the pro-
pharmacokinetics of fluoxetine (Hamelin et al., 1996; Fjordside et alonated parent mass [M H]" = 296 to its corresponding collision-induced
1999). Additionally, because data were collected on the racematediggociated fragment at/z 134, which corresponded to the 3-phenylpro-
well as the two fluoxetine enantiomers, a better understanding Ryfamine. Eight standards prepared in inactive microsomal systems were
similarities and differences in pharmacokinetics between the Sterggglyzed in duplicate for each_anal_ytlcal run. The assay had a linear dynamic
. . range of 0.01 to 2.5uM. Calibration and regression of the curve were
isomers can be obtained. completed using ¥? weighting. Interassay accuracy was determined to be 102
and 123% at the lower and upper limits of quantitation, and corresponding
Experimental Procedures precision values were 5 and 8%.

Materials. Baculovirus-expressed human CYP enzymes were prepared afata Analysis. Substrate saturation data were plotted on Eadie-Hofstee
Pfizer (Christopherson et al., 1995) and purchased from PanVera Corp. (MAKpts to check for linearity or nonlinearity of the data. After this examination,
ison, WI) and Gentest Corp. (Woburn, MA). Human liver microsomes wef&e data were plotted on substrate saturation curves and fitted to the Michaelis-
generated at Pfizer using liver tissue from 54 individual donors. The inhibitoMenten equation using Deltagraph (version 4.0.3; SPSS Inc., Chicago, IL) to
were obtained from the following sources: quinidine (Sigma, St. Louis, MOYield apparentKy, and V..., values. Estimates of the contributions of the
ketoconazole (RDI, Flanders, NJ), and sulfaphenazole (Gentest). [3-(4-Méfiividual CYP enzymes to fluoxetin¥-demethylation were accomplished by
anesulfonylphenyl)-3-(4-trifluoromethylphenoxy)propyl]dimethylamine usefultiplying the intrinsic clearance values by the amounts of the CYP enzymes
as the internal standard was obtained from Peakdale Fine Chemicals (BE&F,milligram of liver microsomal protein, as described by Rodrigues (1999).
DE). Racemic fluoxetine and norfluoxetine were synthesized at Pfizer Centhaftibition curves for quinidine, sulfaphenazole, and ketoconazole were fitted
Research, and the individual fluoxetine enantiomer$-(R)-fluoxetine and Using Deltagraph using the function:

(+)-(9-fluoxetine were separated by chiral preparative HPLC on a Chiralcel
OD column (Chiral Technologies, Exton, PA). Enantiomeric purity was
>99%.

Recombinant Human CYP Incubations. Incubation mixtures (0.2 ml)
contained recombinant CYP at various microsomal protein concentratidAgvhich the term IG, represents the inflection point on the curve (not a true
(Table 1) in a solution of potassium phosphate buffer (100 mM, pH 7.4) amdso because complete inhibition is not observed at high concentrations).
MgCl, (3.3 mM). Substrate concentration ranges are listed in Table 1. Each
concentration was run in duplicate for each substra®[(S)-, and racemic Results and Discussion
fluoxetine] and covered a 100-fold range. Incubations were initiated by theSince the introduction of fluoxetine (Wong et al., 1995) and other

addition of NADPH (1.3 mM) and were allowed to proceed over a prewouslg(im"arly acting molecules, SSRIs have become the treatment of

determined time period for which reaction velocity linearity had been demon; .~ . . . .
strated. Incubations were conducted at 37°C with shaking open to the .Olc_e in most cases of depressmn_ and r_elated ilinesses. This is
Incubations were terminated by the addition of NaOH (801 M). despite the fact that several were quickly discovered to have drug-
Inhibition of Fluoxetine N-Demethylase in Human Liver Microsomes. drug interaction issues with multiple CYPs as outlined in the many
Fluoxetine (0.5.M) was incubated with pooled human liver microsomes (1.0ecent reviews on the topic of drug-drug interactions and SSRIs
mg/ml) in 100 mM potassium phosphate (pH 7.4) containing 3.3 mM MgCl(Mitchell, 1997; Baker et al., 1998; Brosen, 1998; Greenblatt et al.,
Quinidine (0—10uM), ketoconazole (0—-1@M), and sulfaphenazole (0-30 1998; Preskorn, 1998; Richelson, 1998).
uM) were tested as inhibitors. Incubations were commenced with the additionEnzyme kinetic examination of fluoxetindl-demethylation in
of NADPH (1.3 mM), conducted at 37°C for 10 min as described above, agghyen recombinant heterologously expressed human CYP enzymes
terminated with the addition of NaOH (54, 1 M). Each data point represents yo monsirated that all seven had measurable activity (Table 2). Al
the average O.fd”pl'cat? determ'nat'ons'. . . . kinetic data appeared to behave in a classical Michaelis-Menten
Liquid-Liquid Extraction of Norfluoxetine. To terminated incubation . . . . .
fashion, which contrasted with previous observations of substrate

mixtures was added 0.1 ml of internal standard solution {@8ml [3-(4- =~ ", . . B . . .
methanesulfonylphenyl)—3—(4—trif|uoromethylphenoxy)propyl]dimethylaminemh'bltlon at high fluoxetine concentrations in human liver micro-

in water}, and the sample was vortexed. Norfluoxetine and the internaPmMes (Stevens and Wrighton, 1993; von Moltke et-al., 1997). Intrin-
standard were extracted with 3 ml of metttythutyl ether. Samples were mixed Sic clearance values foRJ-, (S)-, and racemic fluoxetine were great-
on a multitube vortex mixer and spun in a centrifuge (200® min), the est for CYP2D6, with a rank order of CYP2D& CYP2C9 >

maximum % inhibition [Inhibitor]>

% control activity= 100 — < [inhibitor] + IC
50
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TABLE 2
Summary of average (standard error) enzyme kinetic parameters for fluoxetine N-demethylation in recombinant heterologously expressed honyane€YP e
(R)-Fluoxetine ©-Fluoxetine Racemic Fluoxetine
Enzyme
KM Vmax VmaIKM KM Vmax VmaIKM KM Vmax VmaIKM

CYP1A2 359 (76) 26.9 (2.4) 0.075 474 (102) 33.4(3.3) 0.071 501 (64) 37.9(2.2) 0.076
CYP2B6 126 (19) 1.19 (0.11) 0.010 54@70) 2.55(0.53) 0.005 246 (71) 1.64 (0.38) 0.007
CYP2C9 13.6 (1.6) 17.0(0.7) 1.24 18%2) 45.6 (21.9) 0.248 30.7 (3.2) 19.6 (1.6) 0.638
CYP2C19 154 (10) 41.2 (0.5) 0.275 251 (45) 46.6 (2.0) 0.186 172 (25) 39.0(1.1) 0.227
CYP2D6 1.42 (0.27) 4.13 (0.21) 2.91 3.81(0.41) 8.54 (0.33) 2.24 2.20(0.31) 6.32 (0.25) 2.87
CYP3A4 33.5(2.5) 10.6 (0.7) 0.316 33.5(1.9) 10.6 (0.5) 0.316 19.3(1.8) 8.36 (0.49) 0.433
CYP3A5 79.8 (8.6) 9.36 (0.50) 0.117 92.4 (6.5) 9.06 (0.35) 0.098 89.4 (22.3) 8.67 (1.20) 0.097

2 Units areKy, (1M); Vipax (Pmol/min/pmol of CYP),V./Ky (ul/min/pmol of CYP).
P Represents an estimaté;, for CYP2B6 and CYP2C9 ang-fluoxetine exceeded the highest concentration tested.

CYP3A4 > CYP2C19 for R)-fluoxetine, and CYP2D6 > °TA. 1
CYP3A4> CYP2C9> CYP2C19 for §-fluoxetine. The other CYP
enzymes examined had substantially lower intrinsic clearance values
(Table 2). ApparenK,, values were fairly similar for the two enan
tiomers for each of the CYP enzymes with the exception of CYP2C9,
in which theK,, for the R-enantiomer was 13-fold lower than that for
the S-enantiomer and the intrinsic clearance was 5-fold greater (Table
2). CYP2B6 also demonstrated an enantiomeric difference witfy a

for the R-enantiomer 4-fold lower than th&enantiomer. Enzyme

~
L 1

n
i

v (pmol/min/pmol P450)
w th LS I =]

o =

T T T

R SR
kinetic data for the racemate was generally represented by a “blend- 6 5 10 15 2 25
[fluoxetine] (LM)

ing” of the kinetic data for the individual enantiomers. Substrate
saturation plots for CYP2D6, CYP2C9, and CYP3A4 are shown in
Fig. 1.

When these intrinsic clearance data were adjusted to reflect expres-
sion levels of individual CYP enzymes in human liver, it appeared that
CYP2D6, CYP3A4, and CYP2C9 were the predominant enzymes
involved in fluoxetineN-demethylation (Table 3). Despite CYP2D6
possessing the greatest intrinsic clearance value on a per CYP basis,
the expression level of this enzyme in the liver is substantially lower :
than that of CYP3A4 and CYP2C9. Thus, the latter two enzymes °‘(f)" T 40 co 80 100
would be predicted to also contribute substantially to fluoxetine [fluoxetine] (M)
N-demethylation in vivo. Additionally, it would be estimated that
CYP2C9 is associated with a greater impact on the metabolism of the
R-enantiomer than th&enantiomer.

Based on these findings using recombinant CYP enzymes, exper-
iments were undertaken to examine the effect of the CYP-specific
inhibitors quinidine (CYP2D6), sulfaphenazole (CYP2C9), and keto-
conazole (CYP3A4) on fluoxetind-demethylation in pooled human
liver microsomes. Key to this approach was not only the determina-
tion of whether the inhibitory potency on fluoxetitfledemethylation

144

-

v (pmol/min/pmo! P450)

v {(pmol/min/pmol P450)

of these inhibitors was consistent with their known inhibitory poten- 0 100 200 300 400 500

cies for CYP isoform-specific marker activities, but also determina- [fluoxetine} (1M)

tion of the “maximum inhibition” calculated by fitting the data to  Fie. 1. Substrate saturation plots for fluoxetine N-demethylase activities
inhibition functions. This latter value should be indicative of the catalyzed by human CYP enzymes.

percentage contribution of the various CYP enzymes to the reaction im\, CYP2D6; B, CYP2C9; C, CYP3A4. Symbols represeR}-{luoxetine @),
human liver microsomes. Importantly, these experiments were cdf-fluoxetine @), and racemic fluoxetined). Data represent the average values of
ducted at a lower fluoxetine concentration (51) than had been ™ determinations.

previously examined in this type of experiment (50 and L®0were

used previously; Stevens and Wrighton, 1993; von Moltke et atpncentrations used in such an examination exceed thesé&|pw
1997). The increased sensitivity achieved through the LC/MS/M&lues (i.e., CYP2D6 activity will be saturated). Furthermore, clini-
assay described herein allowed us to pursue these studies at subsatly-efficacious systemic concentrations of fluoxetine are in the range
rating substrate concentrations. Complete inhibition was not obsen@dL5 to 50 ng/ml (0.05-0.16M), with free systemic concentrations
with any of the three inhibitors (Fig. 2). Quinidine demonstrated theven lower (due to 94% plasma protein binding) (Benet et al., 1996),
greatest inhibition of fluoxetindN-demethylase forR)-, (9-, and which are values well under thg,, for CYP2D6-mediated fluoxetine
racemic fluoxetine with maximal inhibition values of 67, 84, and 81%\-demethylation. Thus, it would be expected that CYP2D6-mediated
respectively (Table 4). Because the appartépt for fluoxetine N-  systemic clearance of fluoxetine would not be saturated in vivo.
demethylation catalyzed by CYP2D6 was 1.4 to 8N, any exam- Maximal inhibition values for ketoconazole and sulfaphenazole
ination of quinidine inhibition would be misleading if the substrateanged around 20 to 40% each, indicating a lesser role for these CYP
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TABLE 3 TABLE 4
Estimates of relative contribution of CYP enzymes to fluoxetine N-demethylation Inhibition of fluoxetine N-demethylation in human liver microsomes by CYP
in human liver microsomes using recombinant CYP intrinsic clearance data specific inhibitors

Estimated Percentage Contribution Values are averaget(standard error).

CYp

CYP Enzyme . ibi 2 i ibiti
Y Content (R)-Fluoxetine &-Fluoxetine FTuag:fe?hce Substrate Inhibitor 1€ Maximum Inhibition
M %
CYP1A2 45 1.8 3.7 24 (R)-Fluoxetine Quinidine 0.032 (0.007) 67 (2)
CYP2B6 39 0.20 0.22 0.19 Ketoconazole 0.26 (0.08) 36 (3)
CYP2C9 96 63 28 43 Sulfaphenazole  0.88 (0.38) 24 (2)
CYP2C19 19 2.7 4.1 3.0 (S)-Fluoxetine Quinidine 0.065 (0.006) 84 (1)
CYP2D6 10 15 25 20 Ketoconazole 2.3(1.6) 31(8)
CYP3A4 108 18 39 32 Sulfaphenazole 1.9 (1.5) 18 (4)
CYP3A5 1.0 0.06 0.11 0.07 Racemic fluoxetine  Quinidine 0.043 (0.005) 81 (1)
a - - . ) ) Ketoconazole 0.33(0.36) 28(7)
CYP content: picomoles of specific CYP enzyme per milligram of human liver microsomal
protein as listed iinabIe 2 from r;{odrigues (1995). P ’ Sulfaphenazole 1.1(0.7) 30 (4)

21Cg refers to the inflection point on the inhibition curve and not a trugylBecause
complete inhibition was not attained for the inhibitors at high concentrations.

CYP2D6, CYP3A4, and CYP2C9 in thd-demethylation of fluox-
etine in human liver microsomes. The major role of CYP2D6 in

100
22_ . A. inhibitor concentrations. Nevertheless, the same overall conclusion of

£ 704 the importance of CYP2D6 in fluoxetinBl-demethylation can be

T 60 made.

g ig‘ In conclusion, the in vitro data presented herein support a role for

8

304
203

104 fluoxetine N-demethylation in vitro is consistent with data generated
% — in CYP2D6 extensive and poor metabolizer subjects (Hamelin et al.,
0.01 0.1 1 10

1996; Fjordside et al., 1999), and clarifies previously reported in vitro
findings on the CYP enzymes involved in fluoxetiNedemethylation

3 (Stevens and Wrighton, 1993; von Moltke et al., 1997). The impor-
: tance of theN-demethylation pathway in the overall clearance of
fluoxetine in humans has not been unequivocally and quantitatively
determined with*“C-labeled clinical drug disposition studies as
>70% of drug-related material in excreta was not identified (Lem-
berger et al., 1985). However the importance of CYP2D6 in the
N-demethylation pathway demonstrated in these in vitro studies, com-
bined with the reported CYP2D6 extensive metabolizer/poor metabo-

[quinidine] (uM)

-3

% control activity

0 A lizer differences in fluoxetine pharmacokinetics (Hamelin et al., 1996;
o [su"apr:enazo,e] (“,\,,1)0 % Fjordside et al., 1999), is highly suggestive of fluoxetielemeth-

120 ylation as a major clearance mechanism for this drug.
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