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O- and N-demethylation of Venlafaxine In
Vitro by Human Liver Microsomes and by
Microsomes from cDNA-Transfected Cells:

Effect of Metabolic Inhibitors and

SSRI Antidepressants

Steven M. Fogelman, Jiirgen Schmider, Karthik Venkatakrishnan, Lisa L. von Moltke,
Jerold S. Harmatz, Richard 1. Shader, and David |. Greenblatt

The biotransformation of venlafaxine (VF) into its two
major metabolites, O-desmethylvenlafaxine (ODV) and
N-desmethylvenlafaxine (NDV) was studied in vitro with
human liver microsomes and with microsomes containing
individual human cytochromes from cDNA-transfected
human lymphoblastoid cells. VF was coincubated with
selective cytochrome P450 (CYP) inhibitors and several
selective serotonin reuptake inhibitors (SSRIs) to assess
their inhibitory effect on VF metabolism. Formation rates
for ODV incubated with human microsomes were
consistent with Michaelis-Menten kinetics for a single-
enzyme mediated reaction with substrate inhibition. Mean
parameters determined by non-linear regression were: V.. =
0.36 nmol/min/mg protein, K,, = 41 uM, and K, 22901
uM (K represents a constant which reflects the degree of
substrate inhibition). Quinidine (QUI) was a potent
inhibitor of ODV formation with a K; of 0.04 uM, and
paroxetine (PX) was the most potent SSRI at inhibiting
ODV formation with a mean K; value of 0.17 uM. Studies
using expressed cytochromes showed that ODV was formed
by CYP2C9, —2C19, and —2D6. CYP2D6 was dominant
with the lowest K,,,, 23.2 uM, and highest intrinsic
clearance (V,,,,,/K,, ratio). No unique model was applicable

to the formation of NDV for all four livers tested.
Parameters determined by applying a single-enzyme model
were V.. = 2.14 nmol/min/mg protein, and K,, = 2504
uM. Ketoconazole was a potent inhibitor of NDV
production, although its inhibitory activity was not as great
as observed with pure 3A substrates. NDV formation was
also reduced by 42% by a polyclonal rabbit antibody against
rat liver CYP3A1. Studies using expressed cytochromes
showed that NDV was formed by CYP2C9, —2C19, and
—3A4. The highest intrinsic clearance was attributable to
CYP2C19 and the lowest to CYP3A4. However the high in
vivo abundance of 3A isoforms will magnify the
importance of this cytochrome. Fluvoxamine (FX), at a
concentration of 20 uM, decreased NDV production by
46% consistent with the capacity of FX to inhibit CYP3A,
2C9, and 2C19. These results are consistent with previous
studies that show CYP2D6 and —3A4 play important roles
in the formation of ODV and NDV, respectively. In
addition we have shown that several other CYPs have
important roles in the biotransformation of VF.
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The last several years has seen a dramatic increase in
our understanding of drug metabolism and drug-drug
interactions that are mediated through the inhibition or
induction of cytochrome P-450 (CYP) enzymes. This is
due in part to advances in techniques collectively called
“reaction phenotyping,” and includes the use of cDNA-
expressed enzymes, and human liver microsomal prep-
arations in combination with chemical inhibitors and
antibodies directed against specific CYPs.

One of the most frequently prescribed classes of
medications is the antidepressants, many of which are
either substrates of CYP2D6 or CYP3A3/4, or are inhibi-
tors of these two CYP systems. With the large amount
of data being produced, clinicians have been looking
for a way to generalize information regarding the ca-
pacity of antidepressants to inhibit various CYPs.

At least seven other studies have examined the rela-
tive inhibitory potencies of the SSRIs and their metabo-
lites in relation to 2D6 mediated reactions. These reac-
tions include sparteine to 2-dehydrosparteine (Crewe et
al. 1992), dextromethorphan to dextrorphan (Otton et
al. 1993), desipramine to 2-hydroxydesipramine (von
Moltke et al. 1995), imipramine to 2-hydroxyimipramine
(Skjelbo and Bresen 1992; Ball et al. 1997), clomipramine
to 8-hydroxyclomipramine (Nielsen et al. 1996), desme-
thylclomipramine to 8-hydroxydesmethylclomipramine
(Nielsen et al. 1996), and metoprolol to a-hydroxymeto-
prolol and O-demethylmetoprolol (Belpaire et al. 1998).

One of the newer antidepressants, venlafaxine (VF),
is a structurally novel compound of the phenylethy-
lamine class. VF inhibits the presynaptic reuptake of se-
rotonin, norepinephrine, and to a lesser extent dopam-
ine (Muth et al. 1986). It has little to no affinity for a-1
adrenergic, muscarinic, or histaminergic receptors, and
does not inhibit monoamine oxidase (Muth et al. 1986).
VF is effective as an antidepressant (Schweizer et al.
1994; Cunningham et al. 1994), and may have utility in
the treatment of panic disorder (Geracioti 1995), and at-
tention-deficit disorder (Findling et al. 1996).

VF is biotransformed in the liver to O-desmethylven-
lafaxine (ODV), N-desmethylvenlafaxine (NDV), and
N,O-didesmethylvenlafaxine (N,O-DV) (Muth et al.
1991). ODV has a receptor affinity profile similar to its
parent compound VF, while the latter two metabolites
have little if any affinity for the above receptor sites
(Muth et al. 1991). Previous studies have shown that the
biotransformation of VF to ODV is mediated by
CYP2D6, and NDV via CYP3A3/4, and possibly a sec-
ond enzyme (Otton et al. 1996).

We used an in vitro model of human liver microso-
mal preparations and of microsomes containing indi-
vidual human cytochromes expressed by cDNA-trans-
fected human lymphoblastoid cells, to evaluate the
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biotransformation of VF to its principal metabolites
ODV and NDV over a large range of substrate concen-
trations. We also assessed the inhibitory potencies of
the currently available SSRIs and their metabolites. This
was done to evaluate the possibility of pharmacokinetic
interactions of VF with SSRIs, and to evaluate the con-
sistency across substrates of impaired CYP2D6 medi-
ated metabolism caused by SSRIs.

METHODS
Chemicals

VF, ODV, and NDV were generously provided by Wyeth-
Ayerst Laboratories (Philadelphia, PA). Ketoconazole
(KET) was provided by Janssen Research Foundation
(Beerse, Belgium). Dextrorphan D-tartrate was purchased
from Research Biochemicals International (Natick, MA).
Quinidine (QUI), a-naphthoflavone (ANA), and sulfin-
pyrazone (SFZ) were purchased from Sigma Chemical
(St. Louis, MO). Sertraline (SER) and desmethylsertraline
(DES) were gifts from Pfizar (Groton, CT), and fluoxetine
(FLU) and norfluoxetine (NOR) were gifts from Eli Lilly
(Indianapolis, IN). Paroxetine (PX) was generously pro-
vided by SmithKline Beecham (Philadelphia, PA), and
fluvoxamine (FX) from Solvay (Marietta, GA). The co-
factors, including NADP, (*)-isocitric acid, MgCl,, and
isocitrate dehydrogenase, as well as the potassium phos-
phate salt used in the buffer solution were purchased
from Sigma. All organic solvents were reagent grade.

Liver Samples and Preparation of Microsomes

Liver samples were obtained from the International In-
stitute for the Advancement of Medicine (Exton, PA), or
the Liver Tissue Procurement and Distribution Service,
University of Minnesota (Minneapolis, MN).

Donors had no known liver disease. The tissue was
partitioned and stored at —80° until microsome prepa-
ration. Microsomes were prepared as previously de-
scribed by von Moltke et al. (1993; 1994), and protein
concentrations of the microsome samples was deter-
mined using the Bicinchoninic Acid Protein Assay
(BCA-Pierce Rockford IL). Bovine serum albumin was
used as the standard.

Microsomes containing human cytochromes P4501A2,
—2C9, —2C19, —2D6, —2E1, and —3A4, expressed in
cDNA-transfected human lymphoblastoid cells (Crespi
1995) were obtained from Gentest (Woburn, MA).

Antibody

Serum containing polyclonal antibody against rabbit rat
liver CYP3A1 and goat antibody against rat CYP2C were
purchased from Human Biologics, Inc. (Phoenix, AZ).
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Calibration Standards

Mixtures used to generate calibration curves contained
ODV (0-10 nmoles) or NDV (0-10 nmoles) which were
evaporated to dryness prior to the addition of 50 mM
potassium phosphate buffer (pH adjusted to 7.5 at
25°C), and dextrorphan as internal standard.

Studies with Human Liver Microsomes

Velocity versus substrate concentration curves were
generated by incubating varying concentrations of VF
(020,000 uM) with cofactor composed of 50 mM potas-
sium phosphate buffer (pH adjusted to 7.5 at 25°C), 0.5
mM NADP, 3.75 mM (% )-isocitric acid, 1 unit/ml isoci-
trate dehydrogenase, and 5 mM Mg™*™. Final volumes
were 250 uL, with a microsomal protein concentration
of 400 pg/ml. Solvents were evaporated to dryness
prior to the addition of cofactors and buffer, and prein-
cubated for 15 minutes at 37°C. The reaction was initi-
ated by the addition of microsomes. Similarly VF (25,
50, 100, and 1000 wM), microsomal protein, and cofac-
tor were incubated with FLU (2.5 and 10 uM), NOR (2.5
and 10 pM), SER (2.5 and 10 uM), DES (2.5 and 10 uM),
EX (5 and 20 pM), and PX (1 and 2.5 pM). Identical mix-
tures of VF at concentrations of 50 uM and 750 pM
were incubated with cofactor, microsomal protein, and
QUI (0-50 pM), ANA (0-5.0 pM), KET (0-20 uM), or
SFZ (0-50 pM).

Incubations lasted for 40 minutes, and were stopped
by the addition of 50 pL acetonitrile and cooling on ice.
Dextrorphan was added an internal standard, and the
mixture was centrifuged at 5000 rev/min for 5 minutes
in a Micro-MB centrifuge. Supernatants were removed
and placed in the appropriate vials for HPLC analysis.
All incubations were done in duplicate. The protein
concentration and reaction time were predetermined to
fall within the linear range. Incubations were done
without cofactor to exclude the presence of non-NADP
dependent metabolite formation. Products were verified
by matching retention times of incubated samples to
retention times of pure samples of VF, ODV, and NDV.

Studies with Microsomes Containing
cDNA-Expressed Cytochromes

Initial studies indicated that ODV, NDV, or both, were
formed by CYP2C9, —2C19, —2D6, and —3A4. Accord-
ingly varying concentrations of VF (0-5000 pM) were
incubated with these individual cytochromes (1 mg of
protein per ml). After 40 minutes reactions were
stopped, and incubates processed for HPLC analysis.
Control incubations were performed with microsomes
from cells transfected with expression vector alone.
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Immunoinhibition Studies

Using the same incubation preparations as above, mi-
crosomes and either antibody or control serum were
preincubated at 37° for 20 minutes with a fixed VF con-
centration (750 wM). Antibody concentrations varied
from 1:5 to 1:15 microsomal:antibody mass ratios. Reac-
tions were initiated by the addition of cofactors, and in-
cubated for 40 minutes at 37°. Final reaction volumes
were 250 pL. The mixtures were processed as above
prior to HPLC analysis.

HPLC Analysis

Concentrations of ODV and NDV were determined us-
ing HPLC with UV detection. A 30 cm X 3.9 mm steel
Cy3 pBondapack column (Waters, Milford, MA) was
used for separation. A Lambda-Max Model 480 LC ul-
traviolet spectrophotometer (Waters) was set at a wave-
length of 225 nm. The mobile phase consisted of 22% ac-
etonitrile and 78% 50 mM potassium phosphate buffer
(pH 6). The flow rate was 1.3 mI/min. The inhibitors did
not interfere with substrate, product, or internal stan-
dard peaks. Substrate, metabolite, and internal standard
were stable at room temperature over 36 hours.

Data Analysis

For studies with human liver microsomes, plots of reac-
tion velocity versus substrate concentration (Figure 1)
and reciprocal (Eadie-Hofstee) plots (not shown) for ODV
were consistent with single-enzyme Michaelis-Menten
kinetics with substrate inhibition. Furthermore this model
was statistically superior to a single enzyme model as
assessed by the F-test and Akaike’s information crite-
rion (Motulsky and Ransnas 1987; Schmider et al. 1996).
Accordingly, the following equation (equation 1) was
fitted to the data points using derivative-free iterative
nonlinear least-squares regression (Norby et al. 1991):

V = (V. * S)/ (K, +S+SY/Ky) (1)

Iterated variables were V,,,,, the maximum velocity,
K, the substrate concentration at which the reaction ve-
locity equals 50% of V.., and K, a constant reflecting
the degree of substrate inhibition.

Data for reaction velocities with addition of inhibi-
tors was initially evaluated by double reciprocal (Line-
weaver-Burke) plots, which were consistent with compet-
itive inhibition. Furthermore, because substrate inhibition
constants (K;) were large, we assumed that the addition
of this variable into the determination of competitive
inhibition constants would not significantly change
their value.

Accordingly, data points obtained for the incubation
of substrate plus inhibitor were fitted to the following
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Figure 1.

Rate of formation of ODV in relation to concentrations of the substrate venlafaxine by microsomal preparations

from a representative human sample. Reaction velocities are shown without inhibitor, and with coaddition of quinidine
(QUI) 0.25 or 0.5 pM. Function lines were determined by nonlinear least squares regression. Inset: Rate of formation of ODV
in relation to concentrations of the substrate, venlafaxine, up to a concentration of 20,000 uM.

equation (equation 2), consistent with Michaelis-
Menten kinetics and competitive inhibition:

V = (Ve S/[S+K e (1+1/K))] )

where I is the inhibitor concentration, and K; is the iter-
ated variable, the competitive inhibition constant. V
and K, were predetermined using the control data
points without inhibitor.

The same methods used to assess the production of
NDV did not yield a single model that best fit the data
for all four liver microsomal protein preparations. The
data points for two of the samples used were best fit by
a single-enzyme Michaelis-Menten model, while the
goodness of fit was slightly improved by a 2-compo-
nent model in the other 2 cases (Figure 2). For the pur-
poses of comparison a single enzyme model was em-
ployed for all 4 livers. Data consisted of reaction
velocities (V) at varying substrate concentrations (S)

and were fitted to the equation (equation 3):
V =V S/(K,+9) 3)

where V_,, and K, were the iterated variables.

Inhibitory effects of chemical inhibitors versus NDV
formation were evaluated as the ratio of the velocity of
NDV formation rate in the presence of inhibitor to the
velocity without inhibitor at a fixed VF concentration of
1000 pM (Table 1).

The reaction velocity versus substrate concentration
relationship for studies of individual human cyto-
chromes was evaluated by graphical methods, and fit to
the appropriate model. Kinetic parameters were deter-
mined by nonlinear regression as described above.

RESULTS

Incubation of VF with human liver microsomes re-
sulted in the formation of ODV and NDV. Formation of
ODV from VF had a mean V,,,, of 0.36 nmol/min/mg
protein, a mean K, of 40.6 uM, and a mean K; of 22901
uM (Table 2). Using the V. /K, ratio as a quantity to
estimate intrinsic clearance, approximately 90% of total
intrinsic clearance was accounted for by the O-demeth-
ylation pathway.
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Figure 2. Rate of formation of
NDYV in relation to concentration of
the substrate venlafaxine by microso-
mal preparations from a representa-
tive human sample. Function lines
were determined by nonlinear least
squares regression. Dotted line (---)
represents non-linear least squares
regression analysis using a one-
enzyme model (Equation 3). Solid
line (—) represents non-linear least

squares regression analysis using a
two-enzyme model.
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Incubations of 50 uM VF with varying concentra-
tions of SFZ and ANA, inhibitors of CYP2C9 and
CYP1AZ2, respectively, revealed no consistent inhibitory
effect on ODV formation. There was a 40% decrease
with KET at the highest concentration (25 pM), al-
though this inhibitor is only considered specific for
CYP3A4 at concentrations of 1 pM or less (Newton et
al. 1995). The CYP2D6 inhibitor, QUI, caused significant
inhibition at all concentrations (Figure 3). All six SSRIs
inhibited the formation of ODV with PX being the most
potent and DES being the least potent (Table 3).

Table 1. N-desmethylvenlafaxine Reaction Velocity in the
Presence of Inhibitor Shown As Percent of Control Activity

15000

Reaction Velocity as a

Concentration Percent of Control with
Inhibitor (nM) Inhibitor (mean® + S.E.")
KET 02 63% (7.5%)
KET 04 56% (9%)
FLU 25 105% (11%)
FLU 10 92% (8.5%)
NOR 25 105% (7%)
NOR 10 84% (13%)
SER 25 94% (13.5%)
SER 10 69% (10%)
DES 2.5 108% (12.5%)
DES 10 77% (15.5%)
EX 5 76% (11%)
FX 20 54% (6.5%)
PX 1 110% (11.5%)
PX 25 121% (22.5%)

"mean = arithmetic mean of four human livers.
'S .E. = standard error.

20000

ODV was formed by human CYP2C9, —2C19, and
—2D6. CYP2D6 was dominant, with the highest intrin-
sic clearance, and a low K, (23 puM) similar to the K,
obtained in human liver microsomes (Table 4 and Table
2). The concentration-velocity curves for ODV forma-
tion using pure CYP2D6 and microsomal preparations
both were consistent with single enzyme Michaelis-
Menten kinetics with substrate inhibition (equation 1;
Figure 1; Figure 4).

Formation of NDV had a mean V,,, of 2.14 nmol/
min/mg protein, and a mean K, of 2504 pM (Table 2).
Incubations of 750 uM VF with SFZ and QUI led to 18%
and 23% reduction in NDV production respectively,
while increasing concentrations of ANA led to an 11%
increase in NDV formation over baseline. KET had a
more profound effect on NDV formation, leading to a
65% mean reduction in production of this metabolite
(Figure 5).

A polyclonal rabbit antibody against rat liver CYP3A1,
in microsomal protein/antibody ratios varying from 1:5
to 1:15 reduced the formation of NDV from 36 to 42%
respectively, while there was no effect on ODV forma-
tion. There was no inhibition with rabbit control serum,
goat control serum, or goat antibody against rat CYP2C,
on either ODV or NDV formation.

Of the SSRIs, only FX at a concentration of 20 pM
had a significant inhibitory effect on NDV production
(Table 1). All other SSRIs employed were weak inhibi-
tors of NDV formation at the concentrations used.

NDV was formed by CYP2C9, —2C19, and —3A4
(Table 4, Figure 6). The highest intrinsic clearance was
attributable to CYP2C19. NDV formation by CYP3A4
was best described by a two-component Michaelis-
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Table 2. Kinetic Parameters and Intrinsic Clearances for Venlafaxine O-, and

N-demethylation in Four Human Livers

HL-1 HL-2 HL-3 HL-4 Mean” S.D.
O-demethylation (ODV formation)
Vimax 0.30 0.52 0.31 0.31 0.36 0.11
Kyf 24.42 27.24 49.83 60.95 40.61 17.70
K& 28490 20080 40323 2710 22901 15815
Vinax/ Kin 12.22 18.94 6.15 5.15 10.62 6.37
N-demethylation (NDV formation)
Vinax 1.61 3.30 0.94 2.71 2.14 1.06
m 3804 2801 1351 2060 2504 1050
Vinax/ K 0.42 1.18 0.69 1.31 0.90 0.42
Vimax/ Kin total 12.64 20.12 6.85 6.46 11.52 6.39
Relative clearance
via O-demethylation 97% 94% 90% 80% 90% 7%
Relative clearance
via N-demethylation 3% 6% 10% 20% 10% 7%

"Mean = arithmetic mean; S.D. = standard deviation.
*Vmax (units = nmol/min/ mg protein) equals the maximal velocity without the presence of an inhibitor.
K, (units = pM) equals the substrate concentration at which the reaction velocity equal 50% of V..

9K, (units = uM) is a constant indicating the degree
Vnax/ Kiy tnits = pl/min - mg protein.

Menten model, in which most of the intrinsic clearance
was attributable to the high affinity component (K, =
556 wM).

DISCUSSION

The biotransformation of VF to ODV and NDV was
studied by using several complimentary methods of re-

of substrate inhibition.

action phenotyping including pure human CYPs ex-
pressed by cDNA-transfected human lymphoblastoid
cells, and human liver microsomal preparations in com-
bination with CYP specific antibodies and chemical in-
hibitors. Our data obtained through the use of multiple
experimental methods agrees with, but extends previ-
ous studies using only human liver microsomes (Otton
et al. 1996). Several recent studies have used a combina-
tion of methods to achieve a better understanding of the
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Table 3. Summary of In Vitro Inhibition Studies

Competitive Inhibition Constant (K;, in pM)
vs. ODV Formation In Vitro

Inhibitor Mean* S.D.l
QUI 0.04 0.003
PX 0.17 0.08
FLU 0.39 0.17
NOR 0.40 0.15
SER 1.15 0.47
FX 1.45 0.69
DES 4.32 2.06

7 Arithmetic mean of four human livers.
bStandard deviation.

metabolic pathways for other compounds including
amitriptyline (Venkatakrishnan et al. 1998a), dextro-
methorphan (von Moltke et al. 1998), and citalopram
(Kobayashi et al. 1997).

cDNA-expressed enzymes can determine with a
high degree of certainty whether a CYP isoform is capa-
ble of catalyzing a metabolic reaction, and are often sen-
sitive enough to detect the involvement of CYPs that
make a relatively minor contribution to the overall
biotransformation of a substrate. In the present study,
ODV was produced by cDNA-expressed CYP2C9,
CY2C19, and CYP2D6, although we were unable to
identify the contribution of CYP2C9 or CYP2C19 in

NEUROPSYCHOPHARMACOLOGY 1999—VOL. 20, NO. 5

liver microsomes using either chemical inhibition by
SFZ or anti-2C antibodies in human microsomes.

Unlike microsomal preparations that contain all of
the CYPs in their native proportions, cDNA-expressed
enzymes alone cannot determine whether an enzymatic
pathway makes a quantitatively important contribution
to the overall metabolism of a compound. The method
developed by Crespi (1995) attempts to quantify the
contribution of an cDNA-expressed enzyme to the
overall metabolism of a substrate by multiplying the in-
trinsic clearance via a specific pathway by the relative
abundance of the enzyme in human liver (Shimada et
al. 1994; Venkatakrishnan et al. 1998b). Using the data
from the pure cytochromes with normalization for rela-
tive abundance, the relative contribution of the CYP2D6
pathway to ODV formation was 89% (Table 4). This is
in good agreement with the results obtained in human
microsomal preparations that showed QUI reduced
ODV by 89% to 100% of control levels (Figure 3).

While several CYPs may catalyze the same reaction,
at the low concentrations that exist during normal ther-
apeutic use, the isoform with the highest affinity for the
substrate (lowest K., value) is more likely to have the
predominant role in the biotransformation of that com-
pound. Consequently, inhibition of that isoform is likely
to have the greatest clinical effect. Because the CYP2D6
pathway makes the greatest relative contribution to the
reaction, compounds that are strong CYP2D6 inhibitors
should have the lowest K, values. All six of the SSRIs

Table 4. Formation of ODV and NDV by Microsomes Containing Human Cytochromes
Expressed by cDNA-Transfected Human Lymphoblastoid Cells

2C9 2C19 2D6 3A4
O-demethylation (ODV formation)
Via” 0.58 3.78 6.48 —
K, 3119 293 23.2 —
KS 5708 — 8704 —
Vo K 0.187 129 278.7 —
Relative contribution
at low substrate
concentrations® 1% 10% 89%
N-demethylation (NDV formation)
V max 10.33 7.56 — 1.23,5.39
K., 2250 398 — 556, 11836
K, 6337 — — —
Vinax/ Kin 4.59 19.04 — 2.67
Relative contribution
at low substrate
concentrations’ 31% 33% 36%

"V max (units = pmol/min/pmol CYP) equals the maximal velocity.
K., (units = pM) is the substrate concentration at which the reaction velocity equal 50% of V.
K, (units = pM) is a constant indicating the degree of substrate inhibition.

NV pax/Kp units = (nl/min/pmol CYP).

*Relative contributions have been normalized for relative cytochrome abundance as described by Ven-

katakrishnan et al. (1998a, b).
fSum of two V,,,,./K,, values.
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Figure 6. Rate of formation on N-des-

— methylvenlafaxine in relation to con-

centration of the substrate venlafaxine

by microsomes containing pure human

cytochromes expressed by cDNA-trans-

A fected human lymphoblastoid cells.

oA Function lines determined by nonlinear

least squares regression. Inset: venlafax-
ine concentrations up to 1000 uM.
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tested inhibited the formation of ODV, though they
were one to two orders of magnitude less potent than
QUL Previous studies have examined the inhibitory po-
tency of SSRIs on CYP2D6 mediated reactions (Table 5).
In general, PX, FLU, and NOR are strong inhibitors of
CYP2D6 mediated reactions, while SER, DES, and FX
are weaker.

The kinetics of NDV formation in human liver mi-
crosomes were determined using concentrations up to
20,000 uM, which is higher than the maximum (500
wM) used in previous studies (Otton et al. 1996). Al-
though a single unique enzyme kinetic mechanism for
NDV formation could not be clearly identified, a one
enzyme model (equation 3) adequately fit the data and
allowed us to compare kinetic parameters in a relative
fashion (Table 2).

Studies using cDNA-expressed cytochromes show
that CYP2C19, —2C9 and —3A4 can all catalyze the for-
mation of NDV. Although less abundant than CYP3A in
vivo, CYP2C19 had the highest affinity and highest in-
trinsic clearance for NDV formation (Table 4). KET, at
concentrations less than 1 uM, is a potent and relatively
specific inhibitor of CYP3A, inhibited the formation of
NDV (750 uM) by approximately 70%. Antibodies di-
rected against rat liver CYP3A1, known to cross-react
and inhibit human CYP3A (von Moltke et al. 1995), de-
creased NDV formation rate by about 40%. At the high
concentration used (750 uM), anti-CYP2C antibodies

had no effect on NDV production. We would predict
that during routine clinical use of VF, CYP2C19, CYP2C9,
as well as CYP3A all would contribute importantly to
the formation of NDV. At higher VF concentrations, or
in individuals with reduced CYP2C19 activity second-
ary to genetic polymorphism or chemical inhibition,
CYP3A4 increases in importance.

Of the SSRIs used, only FX at a concentration of 20
uM had a significant inhibitory effect on NDV produc-
tion (Table 1). This is consistent with the activity of FX
as an inhibitor of both CYP3A and 2C19, as well as
CYP2C9. The other SSRIs used had little or no inhibi-
tory effect at the concentrations tested. Studies using
different CYP3A substrates including triazolam (von
Moltke et al. 1996a), alprazolam (von Moltke et al. 1995),
terfenadine (von Moltke et al. 1996b), amitriptyline
(Schmider et al. 1995), and midazolam (Ring et al. 1995;
von Moltke et al. 1996¢) clearly show that the SSRIs and
their metabolites can inhibit CYP3A isoforms, with FX
and NOR generally evident as the most potent.
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