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Abstract

Carbamazepine is metabolized by CYP3A4 and several other cytochrome P450 enzymes. The potential effects of zo
on carbamazepine pharmacokinetics (PK) have not been well characterized, with contradictory literature reports. Hen
vitro study was designed to evaluate the cytochrome P450 inhibition spectrum of zonisamide using human liver micr
Further, an in vivo steady-state study was performed to measure the effect of zonisamide on carbamazepine PK in
patients, and monitor zonisamide PK.

In vitro human liver microsomes were incubated with zonisamide (200, 600 or 1000�M) in the presence of appropriate prob
substrates to assess selected cytochrome P450 activities. In vivo, the effect of zonisamide, up to 400 mg/day, on the st
PK of carbamazepine and carbamazepine-epoxide (CBZ-E) was studied in 18 epileptic patients.
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In vitro, zonisamide did not inhibit CYP1A2 and 2D6, and only weakly inhibited CYP2A6, 2C9, 2C19, and 2E1. The estimated
Ki for zonisamide inhibition of CYP3A4 was 1076�M, 12 times higher than typical unbound therapeutic serum zonisamide
concentrations. In vivo, no statistically significant differences were observed for meanCmax, Tmax, and AUC0–12 of total and
free carbamazepine and CBZ-E measured before and after zonisamide administration (300–400 mg/day for 14 days). However,
CBZ-E renal clearance was significantly (p< 0.05) reduced by zonisamide. The observed mean zonisamidet1/2 (36.3 h), relative
to approximately 65 h reported in subjects on zonisamide monotherapy, reflects known CYP3A4 induction by carbamazepine.
Based on the lack of clinically relevant in vitro and in vivo effects, adjustment of carbamazepine dosing should not be required
with concomitant zonisamide administration.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Zonisamide, 1,2-benzisoxazole-3-methanesulfo-
namide, is a novel anticonvulsant that is chemi-
cally classified as a sulfonamide derivative and is
structurally and mechanistically different from other
anti-epileptic drugs. During its clinical evaluation
in patients treated with carbamazepine, apparently
contradictory results were obtained regarding the
effects of zonisamide on the pharmacokinetics (PK)
of carbamazepine (Hachad et al., 2002). For example,
Sackellares et al. (1985)reported a rise in average car-
bamazepine concentrations following the initiation of
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CYP1A2 and CYP2A6) are involved in carbamazepine
metabolism, in particular in the 3- and 2-hydroxylation
pathways (Pearce et al., 2002), and it is theoretically
possible that zonisamide could inhibit some of these
enzymes. Based on this body of literature, two studies
were undertaken:

(1) An investigation of the inhibition spectrum of
zonisamide toward several cytochrome P450 en-
zymes (CYP3A4, CYP2D6, CYP1A2, CYP2C9,
CYP2C19, CYP2E1 and CYP2A6) in human liver
microsomes; this study included an estimation
of its Ki toward CYP3A4-mediated 10-hydroxy-
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2.1.1. Substrates, metabolites and other chemicals
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oncomitant anti-epileptic medications (Browne et al.
986; Miura, 2000; Schmidt et al., 1993).

The notion that zonisamide can potentially incre
arbamazepine levels rests on the fact that ca
azepine and zonisamide are both metabolized
reciably by CYP3A4 (Kerr et al., 1994; Nakasa
l., 1993,1998; Pelkonen et al., 2001). However, ther

s no direct evidence that zonisamide can inhibit
nzyme at any concentration. Recent studies also
ate that other enzymes (CYP2C8, CYP2B6, CYP2
Racemic warfarin was obtained from Sigm
iochemicals and resolved as described byWest
t al. (1961). 6-Hydroxy-R-warfarin, 10-hydroxy-R-
arfarin and (S)-mephenytoin were synthesized a
ording to methods described previously (Hermodson
t al., 1971; Lawrence et al., 1990; Wienkers
l., 1996). 4′-Hydroxy-mephenytoin was obtaine

rom Research Biochemicals International (Natic
A). Diazomethane was generated from Diaza

Aldrich Chemical Co.) according to the man
acturer’s directions. Zonisamide and its metabo
zonisamide therapy andMinami et al. (1994)observed
in 16 pediatric patients that the addition of increasing
doses of zonisamide resulted in a parallel increase in
the carbamazepine-epoxide (CBZ-E)/carbamazepine
ratio. This observation contradicts that ofShinoda
et al. (1996)who observed a significant decrease
in CBZ-E/carbamazepine ratio in plasma samples
associated with a small increase in the carbamazepine
plasma concentration-to-dose ratio. On the other hand,
a series of studies have indicated that zonisamide,
at doses up to 600 mg daily, had no effect on carba-

R-warfarin metabolism, as well as itsKm for
CYP3A4.

(2) A measure of the clinical effect of the addition o
zonisamide on carbamazepine PK under stea
state conditions in epileptic patients.

2. Materials and methods

2.1. In vitro study in human liver microsomes
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SMAP [2-(sulfamoylacetyl)-phenol] were supplied by
Dainippon Pharmaceutical Co. Ltd., Osaka, Japan.
Other chemicals were obtained from Sigma Chemi-
cals.

2.1.2. Preparation of liver microsomes
Whole human livers were obtained through the

Solid Organ Transplant Program at the University of
Washington Medical Center and Northwest Organ Pro-
curement Agency (Seattle, WA). Microsomes were pre-
pared by differential centrifugation (Thummel et al.,
1993) and suspended in potassium dihydrogen phos-
phate buffer (100 mM) pH 7.4 with 1 mM EDTA and
stored in aliquots at−70◦C until utilization. Protein
content was determined by the Lowry assay (Lowry
et al., 1951) and total cytochrome P450 content was
determined from the reduced minus oxidized carbon
monoxide difference spectra (Estabrook et al., 1972).
Incubations for each CYP isoform were performed
using human liver microsomes from three different
livers chosen to represent a range of activities, but
all with sufficient activity to catalyze the specific
reaction.

2.1.3. Inhibition of CYP-specific
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tested were 100, 300 or 900�M for (R)-warfarin and
0, 0.75, 1.5, 2.5 and 3.5 mM for zonisamide.

2.1.4. Estimation of Km for the formation of
2-sulfamoylacetylphenol (SMAP)

The formation of SMAP from zonisamide was mea-
sured based on the method ofNakasa et al. (1993),
using final concentrations of zonisamide of 150, 300,
450, 700, 1200 and 2000�M. SMAP concentrations
were calculated by comparison to a standard curve ex-
tracted from inactivated microsomes. Data were an-
alyzed graphically using Lineweaver-Burk plots and
fitted using WinNonlin Standard Edition Version 1.1
(Scientific Consulting Inc., Apex, NC).

2.2. In vivo study in epileptic patients

The study was performed in accordance with the
Declaration of Helsinki and its amendments and in
compliance with the guidelines of Good Clinical Prac-
tice. The study protocol and informed consent form
were approved by investigational review boards before
recruitment of any patients. Written informed consent
was obtained from all subjects before entry into the
study.
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Various in vitro CYP-specific biotransformatio

ere performed in the presence of 0, 200, 600
000�M zonisamide ([�M] = [ �g/mL] × 4.71).
he seven metabolic pathways (and CYPs)
ere monitored were (R)-warfarin 6-hydroxylase fo
YP1A2 (Bush et al., 1983), coumarin 7-hydroxylas

or CYP2A6 (Miles et al., 1990), (S)-warfarin 7-
ydroxylase for CYP2C9 (Rettie et al., 1992), (S)-
ephenytoin 4′-hydroxylase for CYP2C19 (Goldstein
t al., 1994; Wrighton et al., 1993), dextromethor
han o-demethylation for CYP2D6, (Dayer et al.
989; Ducharme et al., 1996; Kerry et al., 1994), p-
itrophenol hydroxylase for CYP2E1 (Tassaneeyak
t al., 1993), and (R)-warfarin 10-hydroxylase fo
YP3A4 (Bush et al., 1983; Lawrence et al., 199);

he assays for metabolic products were performe
escribed previously (Erickson et al., 1999). Data anal
sis was performed by comparison of the metab
roduction rates from probe compounds in the p
nce of zonisamide to those observed in incuba
ontaining no zonisamide. For CYP3A4 inhibition,Ki
as calculated using a Dixon plot; the concentrat
.2.1. Population and study design
The study was a three-center, steady-state, o

abel, one-sequence drug interaction trial in otherw
ealthy male or female volunteers (18–55 years-
ith a seizure disorder controlled by carbamaze
lone, at a stable dose for at least four weeks pri

nitial study dosing. A total of 20 epileptic patients w
o be enrolled in the study. Patients were to rec
radual dose titration of zonisamide to 400 mg/
200 mg twice daily), while maintaining their stab
arbamazepine dose throughout the study. The s
as implemented in three stages: a pre-zonisamid

iod from Days−7 through−1 (Period 0), a zonisamid
ose titration period from Days 1 through 35 (Pe
), and a post-zonisamide period thereafter until s
onclusion on Day 49 (Period 2).

The zonisamide dosage titration schedule cons
f the following four regimens: 100 mg (a.m. only)
onisamide on Days 1–3; 200 mg/day (100 mg BID
ays 4–10; 300 mg (100 mg a.m. and 200 mg p.m
ays 11–17 and 400 mg/day (200 mg BID) from D
8 to Day 34. Subjects received a final 200 mg d
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of zonisamide on the morning of Day 35. If a patient
was unable to tolerate the maximum dose of 200 mg
BID, the patient was given zonisamide at the previously
tolerated dosage level and needed to be stabilized at
this dose level for a minimum of 14 Days prior to the
determination of the PK profile on Day 35. The BID
dosing of zonisamide was timed to coincide with the
patient’s BID carbamazepine dosing (approximately 8
a.m. and 8 p.m.).

2.2.2. Study procedures
Three PK profiles were performed. Profiles 1 and 2

were taken on Days−7 and−1, respectively, to assess
PK parameters of carbamazepine administered alone.
Profile 3 was performed on Day 35 to assess PK of
zonisamide and carbamazepine taken in combination.
Plasma samples for measurement of free and total car-
bamazepine and free and total carbamazepine-10, 11-
epoxide (CBZ-E) were collected within 15 min prior to
morning dosing on Day−7 and−1, and carbamazepine
and CBZ-E plasma and zonisamide serum PK samples
were collected within 15 min prior to morning dose on
Day 35. Additional carbamazepine and CBZ-E plasma
samples were collected at 0.5, 1, 2, 3, 4, 6, 8, 10, and
12 h postdose on Days−7,−1, and 35. Three 4 h urine
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free (unbound) plasma concentrations of carba-
mazepine and CBZ-E were determined using a vali-
dated high performance liquid chromatography method
(HPLC) with ultraviolet (UV) detection at PPD Devel-
opment (Middleton, WI). The lower limits of quantita-
tion were 0.05 and 0.10�g/mL for total carbamazepine
and CBZ-E, and free carbamazepine and CBZ-E, re-
spectively. All calibration curves had a correlation co-
efficient greater than 0.996.

2.2.4.2. CBZ-E measurement in urine.Urine concen-
trations of CBZ-E were determined using a validated
HPLC with UV detection at PPD Development (Mid-
dleton, WI). The lower limit of quantitation for CBZ-
E was established at 0.10�g/mL using 1.00 mL urine
samples. All calibration curves had a correlation coef-
ficient greater than 0.999.

2.2.4.3. Zonisamide measurement.Serum concentra-
tions of zonisamide were determined using a validated
HPLC method with ultraviolet detection at Kansas
City Analytical Services Inc. (Shawnee, KS).N,N-
dimethylzonisamide was added as an internal stan-
dard to the serum samples, the mixtures of which
were subject to liquid–liquid extraction. The extracts
w for
q n-
i -
b from
0 r-
r ified
b the
q

2
fol-

l and
C de
o ed
p
m for a
s um
c -
d time
o ear-
l oral
c

amples for CBZ-E levels were collected through
he postdose PK blood sampling on Days−7,−1, and
5. Zonisamide predose serum samples were coll
n Days 1, 33, 34, and 35. Additional samples were

ected at 0.5, 1, 2, 3, 4, 6, 8, 10, and 12 h postdos
ay 35. Zonisamide serum samples were also colle
t 24, 36, and 72 h and 7, 10, and 14 Days subseq

o the Day 35 final zonisamide dose.

.2.3. Safety
Safety was monitored throughout the study

ssessing adverse events (AEs), laboratory tests (h
ology, biochemistry, urinalysis), physical exam
ations, vital signs, and concomitant medicatio
omen of childbearing potential were to agree to u
edically acceptable barrier method of contracep

excepting oral/implanted contraceptives) through
he study duration, and serum pregnancy tests were
ormed at screening and at termination.

.2.4. Analytic methods

.2.4.1. Carbamazepine and carbamazepine-10
poxide (CBZ-E) measurement in plasma.Total and
ere then injected onto the HPLC–UV system
uantitation. The lower limit of quantitation for zo

samide was established at 0.5�g/mL. In-study cali
ration curves contained eight standards ranging
.5 to 64.0�g/mL. All calibration curves had a co
elation coefficient equal to 0.999. Samples quant
elow the lowest standard were reported as below
uantifiable limit (BQL).

.2.5. Pharmacokinetic and statistical analysis
The PK analysis included the calculation of the

owing parameters for free and total carbamazepine
BZ-E on Days−7, −1, and 35 and for zonisami
n Day 35:Tmax – the time to maximum observ
lasma/serum concentration for a subject;Cmax – the
aximum observed plasma/serum concentration

ubject;Cmin – the minimum observed plasma/ser
oncentration for a subject; AUC0–12 – the area un
er the concentration versus time curve from the
f dosing to 12 h postdose, calculated using the lin

og trapezoidal method; and CL/F – the apparent
learance, calculated as dose/AUC.
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Urine PK parameters for CBZ-E included: Ae0–12 –
the cumulative amount of CBZ-E measured from urine
collection during the 0–12 h interval; Fu – fraction of
the administered CBZ dose excreted as CBZ-E in urine
(Ae0–12 CBZ-E/dose CBZ); and CLr – renal clearance
(Ae0–12/AUC0–12).

For zonisamide (Day 35), the following additional
PK parameter was computed:t1/2 – the terminal elim-
ination half-life of zonisamide, defined as 0.693/λz ,
whereλz is the slope of the terminal elimination phase
of the log concentration versus time curve.

All PK analysis were performed using non-
compartmental methods with WinNonlin Professional
Version 3.1 (Scientific Consulting Inc., Apex, NC).
An initial analysis was performed using the observed
plasma concentration, independent of the dose: for
each patient, a pair-wise comparison (pairedt-test) was
used to compare the carbamazepine (total)Cmax and
AUC0–12 observed before (Day-1) and in combination
with zonisamide (Day 35) and the 90% confidence in-
tervals were constructed. In a further analysis, all sub-
jects were normalized to a common dose (400 mg a.m.
for carbamazepine and 200 mg a.m. for zonisamide).
Statistical analysis were performed on Profile 1 (Day
−7) and 2 (Day−1) of carbamazepine to test for vari-
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four- to six-fold higher than typical therapeutic concen-
trations of zonisamide. In initial studies on CYP3A4 ac-
tivity using (R)-warfarin at a concentration of 500�M
(above itsKm), inhibition of 16.7–21.9% were ob-
served at 1000�M of zonisamide (Table 1). These
observations were extended by further experiments us-
ing 10-hydroxylation of (R)-warfarin (with 100, 300
and 900�M of (R)-warfarin), yielding a zonisamideKi
value of 1076�M. Also, using three livers with varying
content of CYP3A4, theKm for the CYP3A4-mediated
reduction of zonisamide to SMAP in human liver mi-
crosomes was estimated to be 312± 16�M (mean±
S.D.) (Table 2).

3.2. In vivo study in epileptic patients

3.2.1. Disposition of subjects
A total of 20 patients were enrolled in the study

and 18 patients completed the study. Two patients dis-
continued the study, one during Period 0 before zon-
isamide administration and one during Period 1 due to
adverse events (nausea and insomnia). Of the 19 pa-
tients who received zonisamide, 12 were males and 7
were females. Mean age at baseline was 38.1 years
(range 18–58 years) and mean weight was 75.7 kg
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ade of PK parameters of carbamazepine at ste

tate (Days−7 and−1) and carbamazepine taken wi
ut and in combination with zonisamide (Days−1
nd 35, respectively). A repeated measures ana
f variance (ANOVA) on change from baseline w
erformed and associated 95% confidence limits w
alculated.

. Results

.1. In vitro effects of zonisamide on cytochromes
450

At concentrations of 200–1000�M, zonisamide did
ot inhibit CYP1A2 and CYP2D6 in the three l
rs tested (results not shown). The effect of z

samide on the in vitro activities of CYP2A6, CYP2C
YP2C19, and CYP2E1 was small and appeare
e concentration-dependent (Table 1). In general, a re
uction of >25% in the activities of these enzym
as apparent only at zonisamide concentrations at
range 61.2–104.8 kg). Four patients were unab
each or maintain the maximum titrated zonisam
osage level of 400 mg/day and their dose of z

samide was stabilized at 300 mg/day. All of the 18
ients who underwent Profile 3 (Day 35) had rece

stable dose of carbamazepine throughout the
range: 200–2000 mg/day in two divided doses)
ad received their respective maximum tolerated

samide dose for a minimum of 14 days (400 mg/
or 14 patients and 300 mg/day for 4 patients). T
atients, who had serum rather than plasma sam
rawn on Day 35, were excluded from the analysi

otal carbamazepine and CBZ-E.

.2.2. Carbamazepine and CBZ-E
harmacokinetics

Summary statistics (before dose-normalization
otal CBZCmax and AUC0–12 pre- (Day−1) and post
Day 35) zonisamide administration are presente
able 3, together with the geometric mean ratios
he associated 90% confidence interval values. T
ere no statistically significant differences between

wo periods of treatment. Pharmacokinetic parame
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Table 1
Effect of zonisamide on the activity of CYP2A6, CYP2C9, CYP2C19, CYP2E1, and CYP3A4

Liver #143 Control (%) Liver #144 Control (%) Liver #148 Control (%)

Effect of zonisamide (ZNS) on CYP2A6 activity as measured by 7-hydroxylation of coumarina

Control 219± 4 100.0 1022± 31 100.0 602± 14 100.0
200�M ZNS 201± 2 91.8 913± 12 89.3 599± 68 99.5
600�M ZNS 179± 7 81.7 781± 25 76.4 482± 15 80.1
1000�M ZNS 150± 5 68.5 729± 32 71.3 394± 38 65.4

Effect of zonisamide (ZNS) on CYP2C9 activity as measured by 7-hydroxylation of (S)-warfarinb

Control 6.42 100.0 3.11 100.0 5.84 100.0
200�M ZNS 5.80 90.3 2.66 85.5 5.69 97.4
600�M ZNS 4.87 75.9 2.28 73.3 4.70 80.5
1000�M ZNS 4.36 67.9 2.34 75.2 4.32 74.0

Effect of zonisamide (ZNS) on CYP2C19 activity as measured by 4′-hydroxylation of (S)-mephenytoinc

Control 76.29 100.0 18.45 100.0 10.60 100.0
200�M ZNS 72.44 95.0 17.88 96.9 9.75 92.0
600�M ZNS 56.29 73.8 14.03 76.0 6.74 63.6
1000�M ZNS 45.92 60.2 12.39 67.2 5.42 51.1

Effect of zonisamide (ZNS) on CYP2E1 activity as measured by hydroxylation ofp-nitrophenold

Control 1.923 100.0 1.476 100.0 1.266 100.0
200�M ZNS 1.618 84.1 1.076 72.9 1.131 89.3
600�M ZNS 1.382 71.9 0.922 62.5 0.933 73.7
1000�M ZNS 1.252 65.1 0.878 59.5 0.871 68.8

Effect of zonisamide (ZNS) on CYP3A4 activity as measured by 10-hydroxylation of (R)-warfarine

Control 94.4 100.0 486.9 100.0 316.5 100.0
200�M ZNS 101.1 107.1 479.7 98.5 298.2 94.2
600�M ZNS 82.6 87.5 412 84.6 261.2 82.5
1000�M ZNS 75 79.4 380.3 78.1 263.8 83.3

Results are expressed as pmol/nmol/min.aMean coefficient of variation in triplicate incubations = 4.02%. Mean coefficient of variation in
duplicate incubations =b5.71%,c3.62%,d4.44%, ande3.27%.

(dose-normalized to 400 mg a.m.) for total and free car-
bamazepine and CBZ-E pre (Days−7 and−1) and
post-treatment with zonisamide (Day 35) are summa-
rized in Table 4and the mean plasma concentration

Table 2
ZonisamideKm andVmax values for SMAP formation, as calcu-
lated from the Lineweaver–Burk plot and using WinNonlin estima-
tion program

Lineweaver–Burk WinNonLin

Liver Km
a Vmax

b Km
a CV (%) Vmax

b CV (%)

HL143 291 0.9 297 5.2 0.9 1.5
HL154 342 2.6 329 10 2.6 3.2
HL144 227 3.1 311 14.8 3.4 4.7

Mean 287 2.2 312 NA 2.3 NA
S.D. 58 1.2 16 NA 1.3 NA

a Km expressed as�M.
b Vmax expressed as nmol/min/nmolP450.

versus time profiles are shown inFig. 1 (upper panel:
carbamazepine and lower panel: CBZ-E).

The meanCmin values for total and free carba-
mazepine fluctuated less than 10% between Days−7
and−1 and there were no statistically significant dif-
ferences in total and free carbamazepine between Days
−7 and−1 for Cmax, AUC0–12, and CL/F, demon-
strating the achievement of steady-state. The statis-
tical comparison between Days−1 and 35 showed
that the total and free carbamazepine pharmacoki-
netic parameters, namelyCmin, Cmax, AUC0–12, and
CL/F, were essentially unchanged after the addition
of zonisamide (Table 4). To assess the effect of the
addition of zonisamide on carbamazepine disposition
more fully, the 90% confidence intervals of the popu-
lation geometric mean ratio of Day 35 to−1 forCmax
of total and free carbamazepine (97.6–119.9% total;
96.3–116.2% free) and the corresponding values for
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Table 3
Summary satistics of total CBZCmax and AUC0–12 with (Day 35) and without ZNS (Day−1)

Summary statistics Cmax (�g/mL) AUC0-12 (�g h/mL)

Day−1 Day 35 Ratio Day 35/Day−1 Day−1 Day 35 Ratio Day 35/Day−1

Mean 9.2 10.0 1.10 99.9 104.3 1.05
S.D. 2.6 2.9 0.25 27.2 31.4 0.19
Pairedt-test p = 0.14 (NS) p = 0.32 (NS)
Geometric mean 8.9 9.6 1.08 96.7 99.49 1.03
90% Confidence interval 0.98–1.20 0.95–1.12

Non-dose-normalized,N = 16.

AUC0–12 (95.0–112.3% total; 93.3–110.3% free) were
calculated and fell within the generally accepted limits
for bioequivalence (80–125%).

No statistically significant differences were ob-
served for any of the plasma PK parameters for ei-
ther total or free CBZ-E. ANOVA performed on the
urinary parameters calculated for CBZ-E showed only
a statistically significant reduction (p < 0.05) in renal
clearance from baseline (Days−7 and−1) to Day 35
(Table 5).

3.2.3. Zonisamide pharmacokinetics
The calculated PK measures of zonisamide ex-

posure at steady-state, normalized to a 200 mg a.m.

Table 4
Steady-state PK parameters of total and free carbamazepine and CBZ-E (normalized to 400 mg dose) given alone (Day−7 and−1) and with
ZNS (Day 35)

Day−7 Day−1 Day 35

Total carbamazepine
AUC0–12 h (�g h/mL) 109.9 (66.0) 107.8 (66.6) 107.1 (48.2)
Cmax (�g/mL) 10.3 (6.2) 10.2 (6.5) 10.8 (6.1)
Cmin (�g/mL) 8.3 (4.8) 8.0 (4.9) 7.3 (3.9)
CL/F (mL/h) 4626.9 (2255.4) 4704.8 (2134.8) 4470.9 (1908.9)

Total CBZ-E

F

F

R

dose, includedCmax (21.4 ± 8.6�g/mL–100.8�M),
AUC0–12 (230.5 ± 93.4�g h/mL), CL/F (975.9±
334.9 mL/h) andt1/2 (36.3± 10.6 h).

3.2.4. Adverse events
A total of 15 patients (78.9%) reported treatment-

emergent AEs (9 during carbamazepine monother-
apy and 15 during carbamazepine + zonisamide);
nine patients (47.4%) reported AEs considered by
the investigator to be related to study drugs. The
most frequently reported AEs during carbamazepine
monotherapy prior to Day 1 (pre-zonisamide period)
were headache (15.8% of patients) and rhinitis
(10.5%). The most frequently reported AEs dur-
ing combined carbamazepine and zonisamide were
AUC0–12 h (�g h/mL) 13.9 (6.1)
Cmax (�g/mL) 1.3 (0.6)
Tmax (hr) 5.7 (3.4)

ree carbamazepine
AUC0–12 h (�g h/mL) 34.1 (22.6)
Cmax (�g/mL) 3.2 (2.0)
Cmin (�g/mL) 2.5 (1.6)
CL/F (mL/h) 14989.5 (6937.1)

ree CBZ-E
AUC0–12 h (�g h/mL) 8.3 (3.6)
Cmax (�g/mL) 0.8 (0.3)
Tmax (h) 6.4 (3.6)

esults expressed as means (S.D.),N = 16.
14.3 (7.9) 16.3 (6.5)
1.4 (0.8) 1.8 (1.4)
4.6 (3.7) 5.0 (3.6)

33.3 (23.3) 32.6 (16.7)
3.1 (2.2) 3.3 (2.0)
2.4 (1.6) 2.2 (1.3)

15460.0 (6771.1) 15062.2 (6405.5)

8.4 (4.9) 9.2 (4.1)
0.8 (0.4) 1.0 (0.9)
4.4 (3.5) 5.7 (3.5)
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dyspepsia (36.8% of patients), nausea and tired-
ness (26.3%), and somnolence (21.1%). Most AEs
were mild or moderate in severity except for two
AEs that were reported as severe (anxiety and de-
pression, the latter of which was a serious adverse
event) in one patient; however, these events were as-
sessed by the investigator as not related to the study
drugs.

F
−
n

4. Discussion

4.1. Zonisamide spectrum of inhibition in human
liver microsomes

In human liver microsomes from three different
livers, zonisamide, at concentrations up to 1000�M
(the highest concentration tested), did not appear to
ig. 1. Upper panel – Mean total carbamazepine plasma concentra
1) and after treatment with zonisamide (Day 35). Lower panel – Mea
ormalized to 400 mg a.m. carbamazepine) before (Day−7 and−1) and a
tion–time profiles (dose-normalized to 400 mg a.m.) before (Day−7 and
n total carbamazepine-epoxide plasma concentration–time profiles (dose
fter treatment with zonisamide (Day 35).
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Table 5
Urinary pharmacokinetic parameters of CBZ-E

Carbamazepine epoxide Day−7 Day−1 Day 35

Ae (mg) 6.3 (4.9) 5.4 (3.9) 3.9 (2.6)
Fu (%) 1.4 (0.7) 1.4 (1.0) 1.0 (0.5)
CLr (mL/h) 410.4 (154.7) 366.1 (124.7) 242.0 (113.8)

Results are expressed as means (S.D.),N = 16.

inhibit CYP1A2, CYP2D6, or CYP3A4 activities by
more than 25%. The in vitro activities of isoforms
CYP2A6, CYP2C9, CYP2C19 and CYP2E1 were re-
duced in the presence of zonisamide in an apparently
concentration-dependent manner. Nevertheless, a re-
duction of >25% in the enzymatic activities was ob-
served only at concentrations more than four to six
times the concentrations of zonisamide achieved ther-
apeutically [Cmax of 159 ± 51�M after a single ad-
ministration of 8 mg/kg/day of zonisamide (Hosada
et al., 1994). The zonisamideKi for the inhibition
of CYP3A4 was estimated at 1076�M, a value cor-
responding to six times the zonisamideCmax value
(Hosada et al., 1994). Finally, using three livers with
varying amounts of CYP3A4, zonisamideKm was esti-
mated at 312± 16�M, a value consistent with that re-
ported previously in human liver microsomes, 274�M
(Nakasa et al., 1998). The large difference between
the estimated values ofKm and Ki may be due to
the fact thatKm is related to CYP3A4-mediated re-
ductive cleavage of zonisamide to SMAP whereasKi
is related to inhibition of CYP3A4-mediated oxida-
tive metabolism of other CYP3A4 substrates. Alter-
natively, the difference could be due to the presence of
other pathways of zonisamide metabolism catalyzed
b

A4
a 1
o nd
C lism
( A4
K in-
h n-
l ions
w fect
o val-
u tion
o e in
v

4.2. Effect of zonisamide on the pharmacokinetics
of carbamazepine in vivo

In epileptic patients treated with carbamazepine,
steady-state zonisamide at a dose up to 200 mg BID, did
not statistically significantly affect the pharmacokinet-
ics of either carbamazepine or its main active metabo-
lite, CBZ-E. These results are consistent with a series
of earlier clinical studies showing no effect of zon-
isamide on carbamazepine disposition in epileptic pa-
tients (Browne et al., 1986; Miura, 2000; Schmidt et
al., 1993).

Although the observed small apparent increase in
AUC0–12 of CBZ-E and the associated small appar-
ent decrease in the amount of CBZ-E excreted in urine
(Ae) during zonisamide treatment were not statistically
significant, the calculated renal clearance was signifi-
cantly decreased (p < 0.05). This effect of zonisamide
on CBZ-E renal clearance could perhaps explain the
small increase in the CBZ-E/carbamazepine ratio ob-
served in other studies (Minami et al., 1994). However,
CBZ-E renal clearance is relatively low, with CBZ-E
eliminated primarily by hydrolysis (up to 80%) to the
corresponding dihydrodiol, while only a small frac-
tion (<10%) is excreted unchanged renally (Kerr and
L re-
n on
t dif-
f l in
m

4
p

ven
i n to
i re-
p out
6

y CYP3A4.
Recent studies indicate that in addition to CYP3

nd CYP2C8 (Kerr et al., 1994; Pelkonen et al., 200),
ther enzymes (CYP2B6, CYP2E1, CYP1A2 a
YP2A6) are involved in carbamazepine metabo

Pearce et al., 2002). Based on the zonisamide CYP3
i value determined in this study and its weak
ibitory effect toward CYP2A6 and CYP2E1, it is u

ikely that zonisamide at therapeutic concentrat
ould inhibit carbamazepine metabolism. The ef
f zonisamide on CYP2C8 and CYP2B6 was not e
ated, but any possible effect of zonisamide inhibi
f these enzymes would likely not be detectabl
ivo.
evy, 1989). The impact of the decrease in CBZ-E
al clearance on CBZ-E plasma levels will depend

he significance of the renal excretion pathway in
erent patient populations, but should be minima
ost clinical situations.

.3. Effect of carbamazepine on the
harmacokinetics of zonisamide in vivo

During zonisamide monotherapy, or when gi
n the absence of concomitant medications know
nduce CYP3A4 metabolism, zonisamide has a
orted elimination half-life and oral clearance of ab
5 h and 650 mL/h, respectively (Kochak et al., 1998).
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The half-life of 36.3 h and the apparent oral clear-
ance of 976 mL/h found in this study are consistent
with previous results showing induction of zonisamide
metabolism when it is co-administered with the known
CYP3A4 inducer, carbamazepine (Hashimoto et al.,
1994; Ojemann et al., 1986; Shinoda et al., 1996).

5. Conclusion

In human liver microsomes, zonisamide at thera-
peutic concentrations did not behave as an inhibitor
of evaluated cytochrome P450 isozymes, including
CYP3A4, the main isozyme involved in carbamazepine
metabolism. In epileptic patients, zonisamide had no
significant effect on plasma levels of carbamazepine
and CBZ-E. Based on these findings, it appears that
adjustment of carbamazepine dosing is not required
with concomitant zonisamide administration.

References

Browne, T., Szabo, G., Kres, J., 1986. Drug Interactions of zon-
isamide (CI-912) with phenytoin and carbamazepine. J. Clin.
Pharmacol. 26, 555.

Bush, E.D., Low, L.K., Trager, W.F., 1983. A sensitive and specific
omed.

an O-
ion to
Ther.

thor-
tion of
ppl.

J.J.,
f the
hep-

495.
1972.

ions of
Phar-

n, T.,
, B.I.,
-

New
Drug

o, T.,
t phar-

macokinetics of zonisamide in epileptic patients. Biol. Pharm.
Bull. 17, 323–326.

Hermodson, M.A., Barker, W.M., Link, K.P., 1971. Studies on the 4-
hydroxycoumarins. Synthesis of the metabolites and some other
derivatives of warfarin. J. Med. Chem. 14, 167–169.

Hosada, N., Miura, H., Takanashi, S., 1994. Once daily dose of zon-
isamide monotherapy in the control of partial seizures in chil-
dren with cryptogenic localization-related epilpesies: clinical ef-
fects and their pharmacokinetic basis. Jpn. J. Phych. Neurol. 48,
335–337.

Kerr, B.M., Levy, R.H., 1989. Carbamazepine/carbamazepine epox-
ide. In: Antiepileptic Drugs, third ed. Raven Press, New York,
pp. 505–520.

Kerr, B.M., Thummel, K.E., Wurden, C.J., Klein, S.M., Kroetz, D.L.,
Gonzalez, F.J., Levy, R.H., 1994. Human liver carbamazepine
metabolism. Role of CYP3A4 and CYP2C8 in 10,11-epoxide
formation. Biochem. Pharmacol. 47, 169–179.

Kerry, N.L., Somogyi, A.A., Bochner, F., Mikus, G., 1994. The role of
CYP2D6 in primary and secondary oxidative metabolism of dex-
tromethorphan: in vitro studies using human liver microsomes.
Br. J. Clin. Pharmacol. 38, 243–248.

Kochak, G.M., Page, J.G., Buchanan, R.A., Peters, R., Padgett,
C.S., 1998. Steady-state pharmacokinetics of zonisamide, an
antiepileptic agent for treatment of refractory complex partial
seizures. J. Clin. Pharmacol. 38, 166–171.

Lawrence, R.F., Rettie, A.E., Eddy, A.C., Trager, W.F., 1990. Chemi-
cal synthesis, absolute configuration, and stereochemistry of for-
mation of 10-hydroxywarfarin: a major oxidative metabolite of
(+)-(R)-warfarin from hepatic microsomal preparations. Chiral-
ity 2, 96–105.

L ea-
72.

M ng,
y-
ivity.

M hi,
on-
rba-

M gy of

N i-
l cy-
on-

N ori,
on-
lin.

O vy,
har-
on

onit.

P ays of
hu-
owry, O., Roseburgh, A., Farr, A., Randall, A., 1951. Protein m
surement with folin phenol reagent. J. Biol. Chem. 1, 265–2

iles, J.S., McLaren, A.W., Forrester, L.M., Glancey, M.J., La
M.A., Wolf, C.R., 1990. Identification of the human liver c
tochrome P-450 responsible for coumarin 7-hydroxylase act
Biochem. J. 267, 365–371.

inami, T., Ieiri, I., Ohtsubo, K., Hirakawa, Y., Ueda, K., Higuc
S., Aoyama, T., 1994. Influence of additional therapy with z
isamide (Excegran) on protein binding and metabolism of ca
mazepine. Epilepsia 35, 1023–1025.

iura, H., 2000. Developmental and therapeutic pharmacolo
antiepileptic drugs. Epilepsia 41 (Suppl. 9), 2–6.

akasa, H., Komiya, M., Ohmori, S., Rikihisa, T., Kiuchi, M., K
tada, M., 1993. Characterization of human liver microsoma
tochrome P450 involved in the reductive metabolism of z
isamide. Mol. Pharmacol. 44, 216–221.

akasa, H., Nakamura, H., Ono, S., Tsutsui, M., Kiuchi, M., Ohm
S., Kitada, M., 1998. Prediction of drug-drug interactions of z
isamide metabolism in humans from in vitro data. Eur. J. C
Pharmacol. 54, 177–183.

jemann, L.M., Shastri, R.A., Wilensky, A.J., Friel, P.N., Le
R.H., McLean, J.R., Buchanan, R.A., 1986. Comparative p
macokinetics of zonisamide (CI-912) in epileptic patients
carbamazepine or phenytoin monotherapy. Ther. Drug M
8, 293–296.

earce, R.E., Vakkalagadda, G.R., Leeder, J.S., 2002. Pathw
carbamazepine bioactivation in vitro I. Characterization of
stable isotope assay for warfarin and its metabolites. Bi
Mass Spectrom. 10, 395–398.

Dayer, P., Leemann, T., Striberni, R., 1989. Dextromethorph
demethylation in liver microsomes as a prototype react
monitor cytochrome P-450 db1 activity. Clin. Pharmacol.
45, 34–40.

Ducharme, J., Abdullah, S., Wainer, I.W., 1996. Dextrome
phan as an in vivo probe for the simultaneous determina
CYP2D6 and CYP3A activity. J. Chromatogr. B: Biomed. A
678, 113–128.

Erickson, D.A., Mather, G., Trager, W.F., Levy, R.H., Keirns,
1999. Characterization of the in vitro biotransformation o
HIV-1 reverse transcriptase inhibitor nevirapine by human
atic cytochromes P-450. Drug Metab. Dispos. 27, 1488–1

Estabrook, R.W., Peterson, J.A., Baron, J., Hildebrandt, A.G.,
The spectrophotometric measurement of turbid suspens
cytochromes associated with drug metabolism. Methods
macol. 2, 303–350.

Goldstein, J.A., Faletto, M.B., Romkes-Sparks, M., Sulliva
Kitareewan, S., Raucy, J.L., Lasker, J.M., Ghanayem
1994. Evidence that CYP2C19 is the major (S)-mephenytoin 4′
hydroxylase in humans. Biochemistry 33, 1743–1752.

Hachad, H., Ragueneau-Majlessi, I., Levy, R.H., 2002.
antiepileptic drugs: review on drug interactions. Ther.
Monit. 24, 91–103.

Hashimoto, Y., Odani, A., Tanigawara, Y., Yasuhara, M., Okun
Hori, R., 1994. Population analysis of the dose-dependen



I. Ragueneau-Majlessi et al. / Epilepsy Research 62 (2004) 1–11 11

man cytochromes P450 responsible for the formation of 2- and 3-
hydroxylated metabolites. Drug Metab. Dispos. 30, 1170–1179.

Pelkonen, O., Myllynen, P., Taavitsainen, P., Boobis, A.R., Watts, P.,
Lake, B.G., Price, R.J., Renwick, A.B., Gomez-Lechon, M.J.,
Castell, J.V., Ingelman-Sundberg, M., Hidestrand, M., Guil-
louzo, A., Corcos, L., Goldfarb, P.S., Lewis, D.F., 2001. Carba-
mazepine: a ‘blind’ assessment of CVP-associated metabolism
and interactions in human liver-derived in vitro systems. Xeno-
biotica 31, 321–343.

Rettie, A.E., Korzekwa, K.R., Kunze, K.L., Lawrence, R.F., Eddy,
A.C., Aoyama, T., Gelboin, H.V., Gonzalez, F.J., Trager, W.F.,
1992. Hydroxylation of warfarin by human cDNA-expressed cy-
tochrome P-450: a role for P-4502C9 in the etiology of (S)-
warfarin-drug interactions. Chem. Res. Toxicol. 5, 54–59.

Sackellares, J.C., Donofrio, P.D., Wagner, J.G., Abou-Khalil, B.,
Berent, S., Aasved-Hoyt, K., 1985. Pilot study of zonisamide
(1,2-benzisoxazole-3-methanesulfonamide) in patients with re-
fractory partial seizures. Epilepsia 26, 206–211.

Schmidt, D., Jacob, R., Loiseau, P., Deisenhammer, E., Klinger, D.,
Despland, A., Egli, M., Bauer, G., Stenzel, E., Blankenhorn,
V., 1993. Zonisamide for add-on treatment of refractory partial
epilepsy: a European double-blind trial. Epilepsy Res. 15, 67–73.

Shinoda, M., Akita, M., Hasegawa, M., Hasegawa, T., Nabeshima, T.,
1996. The necessity of adjusting the dosage of zonisamide when
coadministered with other anti-epileptic drugs. Biol. Pharm. Bull.
19, 1090–1092.

Tassaneeyakul, W., Veronese, M.E., Birkett, D.J., Miners, J.O.,
1993. High-performance liquid chromatographic assay for 4-
nitrophenol hydroxylation, a putative cytochrome P-4502E1 ac-
tivity, in human liver microsomes. J. Chromatogr. 616, 73–78.

Thummel, K.E., Kharasch, E.D., Podoll, T., Kunze, K., 1993. Hu-
man liver microsomal enflurane defluorination catalyzed by cy-
tochrome P-450 2E1. Drug Metab. Dispos. 21, 350–357.

West, B.D., Preis, S., Schroeder, C.H., Link, K.P., 1961. J. Am. Chem.
Soc. 83, 2673.

Wienkers, L.C., Wurden, C.J., Storch, E., Kunze, K.L., Rettie, A.E.,
Trager, W.F., 1996. Formation of (R)-8-hydroxywarfarin in hu-
man liver microsomes. A new metabolic marker for the (S)-
mephenytoin hydroxylase, P4502C19. Drug Metab. Dispos. 24,
610–614.

Wrighton, S.A., Stevens, J.C., Becker, G.W., VandenBranden, M.,
1993. Isolation and characterization of human liver cytochrome
P450 2C19: correlation between 2C19 andS-mephenytoin 4′-
hydroxylation. Arch. Biochem. Biophys. 306, 240–245.


	Carbamazepine pharmacokinetics are not affected by zonisamide: in vitro mechanistic study and in vivo clinical study in epileptic patients
	Introduction
	Materials and methods
	In vitro study in human liver microsomes
	Substrates, metabolites and other chemicals
	Preparation of liver microsomes
	Inhibition of CYP-specific biotransformation rates by zonisamide
	Estimation of Km for the formation of 2-sulfamoylacetylphenol (SMAP)

	In vivo study in epileptic patients
	Population and study design
	Study procedures
	Safety
	Analytic methods
	Carbamazepine and carbamazepine-10,11-epoxide (CBZ-E) measurement in plasma
	CBZ-E measurement in urine
	Zonisamide measurement

	Pharmacokinetic and statistical analysis


	Results
	In vitro effects of zonisamide on cytochromes P450
	In vivo study in epileptic patients
	Disposition of subjects
	Carbamazepine and CBZ-E pharmacokinetics
	Zonisamide pharmacokinetics
	Adverse events


	Discussion
	Zonisamide spectrum of inhibition in human liver microsomes
	Effect of zonisamide on the pharmacokinetics of carbamazepine in vivo
	Effect of carbamazepine on the pharmacokinetics of zonisamide in vivo

	Conclusion
	References


