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Pharmacokinetic Evaluation of Anticonvulsants
in a Patient with Porphyria

Masanori OHMOTO** Etsuko UEJIMA*?* Kyoko TAKAHASHI*!
Kazuo ABE** Saburo SAKODA** Nobuo KUROKAWA?*?
and Junichi AZUMA*!

*1 Clinical Evaluation of Medicines and Therapeutics, Graduate School of Pharmaceutical Sciences,
Osaka University, 1-6 Yamadaoka, Suita, Osaka 565-0871, Japan
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The aim of this study was to establish the appropriate regimen of anticonvulsants for a female patient
with porphyria by pharmacokinetic evaluation of the influence of anticonvulsants on porphyria. The
pharmacokinetics of phenytoin, carbamazepine, clonazepam, and clobazam were estimated by the Bayesian
method. The urinary 68-hydroxycortisol/cortiscl (63-OHF/F) ratio was also evaluated as an index of
hepatic CYP3A4 induction.

The thenytoin concentrations in the toxic area fitted the predicted value for CYP2C9*1/*3 better than
that for CYP2C9*1/*1 (her genotype). The concomitant phenytoin altered the clearance of carbamazepine
considerably. The clearances of clonazepam and clobazam were not altered, although hepatic CYP3A4
induction was implied from the value of the urinary 68-OHF/F ratio.

From the pharmacokinetic evaluations, the following were concluded : (1) phenytoin was not the
proper medication for this patient,{2} carbamazepine can be used safely within a relatively small dose, 500
mg/day,(3) the combination of ¢lonazepam and carbamazepine can be used, and {4) a concomitant small
dose of clobazam with carbamazepine can also be used.

Key words : anticonvulsant, porphyria, cytochrome P450, Bayesian methed, urinary 68-hydroxycortisol/
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cortisol ratio

Introduction

Although many anticonvulsants are known to
deteriorate porphyria, some patients with porphyr-
ia have seizures and reguire anticonvulsant ther-
apy. Part of the deteriorating mechanism has been
conjectured to cause an imbalance of heme protein
biosynthesis, which is due to the induction of cyto-
chrome P450 (CYP) by anticonvulsants. We previ-
ously demonstrated that the measurement of the
human urinary 68-hydroxycortisol/cortisol (68-
OHF/F) ratio is a useful indicator of safe medica-
tion in a patient with hereditary coproporphyriaV.
The previous results implied that hepatic CYP
induction was profoundly related to her condition
of porphyria.

In the present paper, the pharmacokinetic param-

eters of the anticonvulsants used in the patient
during two hospitalizations (phenytoin, carbam-
azepine, clonazepam, and clobazam) were retro-
spectively evaluated by the Bayesian method®®. We
established the effective and safe dose of anti-
convulsants for her seizures based on the alteration
of the estimated pharmacokinetic parameters and
the measurement of the urinary 648-OHF/F ratio.

Case

A female in her twenties was diagnosed with rare
dual porphyria involving partial §-aminolevulinate
dehydratase deficiency with epilepsy. She had been
treated with sodium valproate, phenytoin and car-
bamazepine when she was admitted to our hospital
on June 24, 1998. Sodium wvalproate was dis-
continued because of abdominal side effects. For

Address for correspondence : Azuma J, MD. Clinical Evaluation of Medicines and Therapeutics, Graduate School of
Pharmaceutical Sciences, Osaka University, 1-6 Yamadaoka, Suita, Osaka 565-0871, Japan
(Manuscript received April 15, 2004 ; revised August 2, 2004 | accepted September 11, 2004)
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better control of the epilepsy, phenytoin was in-
creased from 100 to 125 mg/day and carbamazepine
was gradually increased from 800 to 1200 mg/day.
However, her condition deterigrated, and the serum
concentrations of phenytoin were within the toxic
range. The frequency of her seizures decreased
eventually by discontinuing phenytoin, gradually
reducing carbamazepine, and adding clonazepam.
She was discharged from our hospital after four
months.

She was re-hospitalized 2 years later (March 22,
2001) for reevaluation of the medication for epi-
lepsy. She had been treated with carbamazepine,
clobazam, and zonisamide. Zonisamide was dis-
continued. The clobazam dose, 15 mg/day, was not
changed. The carbamazepine dose was gradually
increased from 450 to 500 mg/day. The frequency of
her seizures decreased 2 weeks after receiving
modified treatment. The urinary 68-OHF/F ratio
gathered over 24 hours was measured and compar-
ed with the value from before she left our hospital
the first time".

Methods

The patient’s genotype of the metabolic enzymes
of phenytoin had been judged to be CYP2C9*1/*1
and CYP2C19*1/*2Y. The pharmacokinetic
parameters of phenytoin were estimated from
serum phenytoin concentrations in the toxic area,
with the use of subpopulation” parameters of
CYP2C9*1/*1 and CYP2C9*1/*3%. The typical
predicted dose of phenytoin was calculated from
equation (1) (below), based on these estimated
parameters. The percentage of deviation between
the predicted dose and the administered dose was
calculated from equation (2) (below).

Each alteration of carbamazepine and clonaze-
pam clearance was estimated to evaluate the phar-
macokinetic influence of these agents on porphyria.
In the second hospitalization, the alteration of
carbamazepine and clobazam clearances was esti-
mated. The alteration of the N-desmethylcloba-
zam/clobazam ratio was also evaluated, because
clobazam is metabolized to N-desmethylclobazam
by CYP3A4. The original data used for this study
were obtained as described previously?.

Her pharmacokinetic parameters of anticonvul-
sants were estimated by the software PEDA (para-
meter estimation and dosage adjustment)® incor-

porating the Bayesian method, using the population
pharmacokinetic parameters described in the litera-
ture*s~®, The phenytoin dose was calculated by the
following equation from the observed concentra-
tion of phenytoin :

Dose,pre =Vmaxcss/ (Km + Css) 1

where Vimax, Km, Dose,pre, and Cg are the maximal
elimination rate of the Michaelis-Menten equation
(mg/day), the Michaelis-Menten constant (ug/
mlL), the serum concentration of phenytoin at a
steady state {(¢g/mL), and the predicted dose
(mg/day), respectively. The deviation between the
dose predicted from equation (1) and the actual
dose was calculated by the following equation :

Dev= (Dose,zee — D0SE,pre) /DOSE, aet (2)

where Dev, Dose,st, and Dose,re are the deviation,
the actual dose, and the predicted dose, respective-
ly. The plasma concentrations of carbamazepine,
clonazepam, and clobazam were calculated by the
following equations :

C=D- K,/Vd/(K.—K,) *
{Exp(—K.t) —Exp(—K.t) } (3)
C..=D/CL (4)

where D, C, and C,, are the dosage (mg), carbama-
zepine or clobazam concentration in plasma (xg/
mL), and plasma clonazepam concentration at a
steady state (ug/mL), respectively ; and K., K,,
Vd, t, and CL are the elimination rate constant
(hr~!), absorption rate constant (hr-!), apparent
volume of distribution normalized with
bioavailability (L), time from initial administra-
tion (hr), and apparent total body clearance nor-
malized with bioavailability (L/hr), respectively.
From this point on, the term “clearance” will be

- used for “apparent total body clearance normalized

with bioavailability”. Equation (3) was used for
carbamazepine and clobazam, and equation (4)
was used for clonazepam.

Results

The pharmacokinetic parameters of phenytoin in
CYP2C9*1/*1 were estimated by the Bayesian
method, as follows : Vmex=3.8 mg/kg/day and
Kn.=5.6 ug/mL. The typical predicted dose of
phenytoin was calculated to be approximately 141
mg/day. The percentage of deviation was approxi-
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Fig.1 Profile between serum concentration and dose
of phenytoin
Curves A and B were the estimated curves from the
subpopulation parameters® of CYP209*1/*1 with
CYP2C19*1/*2 and CYP2C9"1/*3 with CYP2C19°1/*2,
respectively, by the Bayesian method. Closed circles (29.8,
29.2 gg/mL) represent serum phenytoin ¢oncentrations on
July 31 and August 3, below 125 mg/day, respectively. Open
circles are the predicted dose of phenytoin.

mately 11%. The estimated parameters in
CYP2C9*1/*3 were also calculated, as follows :
Vmax=3.3mg/kg/day and Kgo=4.1pxg/mL. The
typical estimated dose was approximately 129 mg/
day. The percentage of deviation was about 3%.
Therefore, the predicted dose for CYP2C9*1/*3
better fits the model used [equation(1)] than that
for CYP2C9*1/*1 (Fig. 1).

Carbamazepine clearance was altered between
1.7 and 3.4 L/hr, whereas clonazepam clearance
was almost unaltered (Fig. 2}. Although the car-
bamazepine dose was decreased by 80%, from 1200
to 1000 mg/day, the plasma concentration in-
creased by 1.2 times when carbamazepine was
combined with phenytoin, in the relationship
between the daily dose and plasma concentration of
carbamazebine. The clearance decreased by 50%
based on the alteration. However, clonazepam
clearance did not show a remarkable alteration
even when clonazepam was combined with carbam-
azepine and phenytoin.

The alteration of carbamazepine and clobazam
clearances and the N-desmethylclobazam/clob-
azam ratio after re-hospitalization are shown in
Table. The carbamazepine and clobazam clear-
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0 Clonazepam ¢learance

4 ® Carbamazepine clearance . 48

concomitant PHT g

Carbamazepine clearance (L/hr)
Clonazepam clearance {L/hr)

1 2
1998/8/11 831 917 9729 106 1013 10727
Date
Fig.2 Alteration of carbamazepine and clonazepam

clearances

Open and closed circles represent carbamazepine and clon-
azepam clearances, respectively,

Table ~Alteration of the N-desmethylclobazam/clob-
azam ratio and the clearance of clcbazam and
carbamazepine

April 3, May 11,
2001 2001

Carbamazepine clearance (L/hr) 2.54 2.22

Clobazam clearance (L/hr) 2.25 2.25

Clobazam (zg/mL) 0.26 0.26

N-desmethylclobazam {ug/mL) 3.52 3.95

N-desmethylclobazam/ 13.8 15.49

clobazam ratio

ances remained almost unaltered. The N-
desmethylclobazam/clobazam ratio was unaltered.
The measured value of the urinary 63-OHF/F ratio
was 20.2.

Discussion

1, Discrepancy between the patient’s genotype
and phenotype of phenytoin metabolism

The patient was an extensive metabolizer of
CYP2CY, which is the main metabolizing enzyme of
phenytein®. Her genotype was CYP2C9*1/*1,
whereas her phenotype zs indicated by the behavior
of her serum phenytoin concentration was identical
to that of CYP2C9*1/*3. CYP2C9*3 is generally
known to be a genetic polymorphism that decreases
the enzyme activity. In addition, she had no in-
hibitor of CYP2C9 in her medications. The reason
underlying the discrepancy between her genotype
and phenotype of phenytoin metabolism remains an
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area of considerable interest. One proposal is that
phenytoin as an inducing agent of CYP3A4 might
have destroyved the equilibrium of her abnormal
heme pathway and depleted CYPs. Her metabolism
of phenytoin might have been saturated by the
reduction of CYP synthesis.

2, Alteration of the clearance of carbamazepine
and clonazepam

The decrease in carbamazepine clearance (Fig.
2) leads us to conjecture that the suppression of
CYP biosynthesis was brought on by a mechanism
similar to that of the metabolic saturation of
phenytoin by the concomitant phenytoin. In addi-
tion, an increase in carbamazepine clearance was
transiently observed (Fig.2), which might have
been due to a high blood concentration of carbam-
azepine resulting from the improvement of the
equilibrium of CYP biosynthesis, because a month
had passed after the discontinuation of phenytoin.
The results suggest that phenytoin markedly
affected CYP biosynthesis in this patient with por-
phyria. The influence on CYP might have caused
saturation of phenytoin metabolism and an exces-
sive decrease in carbamazepine clearance.

The clonazepam clearance (CL/F) was esti-
mated to be approximately 4.3 L/hr as the mean
value (Fig.2). The total body clearance (CLi:) is
calculated to be 4.4 L/hr because the bioavailah-
ility of clonazepam is reported to be approximately
0.98%. The product of the value of unbound fraction
and the hepatic intrinsic clearance was calculated
to be 4.4 L/hr from equation (5) when the absorp-
tion ratio was regarded to be 1.0 according to the
high bioavailability (see “Appendix”). The gene-
ral value of hepatic blood flow is about 90 L/hr.
Therefore, the hepatic extraction ratio of clonaze-
pam was calculated to be approximately 0.05 from
equation (7) (see “Appendix”). Clonazepam is
considered to be a metabolic capacity-limited
agent, according to the calculated value of the
hepatic extraction ratio. Carbamazepine is a simi-
lar type agent. Carbamazepine clearance seems to
be excessively affected by the alteration of hepatic
CYP3A4 activity, whereas the clonazepam clear-
ance was not altered in spite of concomitant
phenytoin.

The metabolic pathway of clonazepam proceeds
by nitroreduction, acetylation, and hydroxylation.

The acetylation is reported to be affected by the
polymorphic N-acetyltransferase (NAT)}that deter-
mines the acetylation phenotype of the individual'®,
This patient was considered to be an intermediate
acetylator since her genotype was NATZ2*4/*6.
There has been no report of a relationship between
the NAT?2 genotype and a phenotype of clonazepam
pharmacokinetics. The influence of the NAT?2 geno-
type on the alteration of clonazepam clearance was
unclear.

Seree et al, suggested that the nitroreduction of
clonazepam is catalyzed by CYP344' Therefore,
clonazepam metabolism might also be affected by
the suppression of CYP biosynthesis (Fig. 2). How-
ever, the alteration of clonazepam and carbamaze-
pine clearances was different. Binding plasma pro-
teins of phenytoin, clonazepam, and carbamazepine
is 90-95%, 80-90%, and 70-809%, respectively'>!¥,
This result implies that the difference in the affinity
ratio of binding to plasma proteins affects the
alteration of these clearances.

3. Pharmacokinetic evaluation of anticonvul-
sants after the second hospitalization

The patient’s medication after the second hospi-
talization was evaluated according to the altera-
tion of carbamazepine clearance, clobazam clear-
ance, and the N-desmethylclobazam/clobazam
ratio (Table). The carbamazepine and clobazam
clearances and N-desmethylclobazam/clobazam
ratio were unaltered after re-hospitalization. How-
ever, the measured value of the urinary 68-OHF/F
ratio was slightly high compared with the value
(15.4} before the patient left our hospital the first
time®,

Her condition had not improved with a carbam-
azepine dose of 450 mg/day (see “Case”), whereas
the frequency of seizures decreased by increasing
the carbamazepine dose to 500 mg/day. Carbam-
azepine was considered to be effective and safe at a
dose of 500 mg/day. The dosage regimen after the
second hospitalization was considered to have been
appropriately modified as a result.

4 . Conclusions

From the pharmacokinetic evaluations for this
patient, the following conclusion was established :
phenytoin was not a proper medication. Carbam-
azepine was effective and safe, within a moderate



dose. In addition, the clearance of clonazepam was
not affected by carbamazepine. Therefore, the con-
comitant use of carbamazepine and clonazepam
was also considered effective. Clobazam and car-
bamazepine might be used safely for controlling
seizures of porphyria within relatively small doses,
at 15 mg/day for the former and at 500 mg/day for
the latter.

The influence of anticonvulsants on porphyria
was pharmacokinetically evaluated by estimating
the clearance of anticonvulsants, in addition to the
measurement of urinary 658-OHF/F. We cbtained
information on effective and safe medications for
porphyria on the basis of estimation of pharmaco-
kinetic parameters.
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Appendix

The total body clearance (CL.,:) for a drug is generally expressed as follows, when a drug is
mostly ehmmated in the liver :

CLir=fus * CLmnh/Fa (5)

where F, is the zbsorption ratio of the drug ; f,, is the unbound fraction in the bloed ; and CLjnts
is the hepatic intrinsic clearance. Furthermore, the hepatic clearance (CL,) and hepatic extrae-
tion ratio (ER,) of drugs are expressed as follows :

CLo=0Qh " fup - CLlnLh/ {Qu+fup * CLinen) (6}
ERp=fu * CLintw/ (Qn +fus * CLlines) ) .

where Q, is the hepatic blood flow ; f,, is the unbound fraction in the blood ; and CLyn, is the
hepatic intrinsic clearance. A drug with an ER, of more than 0.8 is classified as an agent of the
hepatic flow-limited type!*'®. A drug with an ER,, of less than 0.2 is classified as an agent of the
metabolic capacity-limited type.

An oral drug absorbed in the gut passes the liver via the portal vein. Only a drug which passes
to the liver flows in circulating blood. Therefore, such a drug can be described by the following
equation :

AUGC,=Fy « Fo « AUCyy (8

where T, is the hepatic availability ; F, is the fraction absorbed into the portal vein from the
gut ; and AUC,, and AUC,, are the areas under the blood concentration-time curve after 1ntra-
venous bolus and oral dosing, respectlvely

ATUC;, is expressed as a function of dosage (D) and total body clearance after oral dosing
(CLtmo) as follows :

AUC,,=D/CL1g1p0 ‘ (9)
The following equation is obtained from equations (8) and (9) :

CLiotpo =CLlistav/ (Fy - F) . ‘ {10)
Fy is described by the following equation according to the literature®':

Frn=Qu/ (Qy * fun * CLtnew) (11)

CLi:,sv assumes CL;, as the hepatic clearance, and equation (5) is obtained from equations (6),
(10}, and (11).
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Abstract

Metabolic activities toward endogenous substrates in the brain, progesterone and p-tyramine, by cytochrome P450 2D6.2 (CYP2D6.2),
CYP2D6.10A, CYP2D6.10C, and P34S, G42R, R296C, and S486T mutants expressed in recombinant Saccharomyces cerevisiae were
compared with those by CYP2D6.1 (wild-type) in order to clarify the effects of genetic polymorphism of CYP2D6 cn the metabolism of
neuroactive stercids and amines in the brain. For the 6p-hydroxylation of progesterone, the ¥, values for CYP2D6.2, CYP2D6.10A, and
the P34S and G42R mutants, were less than half of those for CYP2D6.1, and CYP2D6.10C had a higher K, and a lower ¥ ..., than the wild-
type. The ¥rgx/K,, values for CYP2D6.104A, CYP2D6.10C, and the P34S and G42R mutants were 12-31% of that for CYP2D6. The 16a-
hydroxylation and 21-hydroxylation of progesterone by CYP2D6.10A, CYP2D6.10C, and the P34S and G42R mutants were not detected,
and the R296C mutant had a higher X, for the 16a-hydroxylation and a lower V., for the 21-hydroxylation than those for CYP2D6.1. For
dopamine formation from p-tyramine, the X, values for CYP2D6.2 and the R296C mutant were higher than those for CYP2D6.],
CYP2D5.10A, and CYP2D6.10C had a higher K, and a lower ¥,,, than the wild-type. The ¥,,.../K.., values for CYP2D4.2, CYP2DG6.104,
CYP2D6.10C and the P34S, G42R and R296C mutants were less than 45% of those for the wild-type. These results suggest the possibility
that the polymorphism of CYP2DS, including CYP2D6*2, CYP2D6* 10 and CYP2D6* 12, might affect an individual behavior and the central
nervous system through endogenous compounds, such as neuroactive steroids and tyramine, in the brain,
© 2004 Elsevier B.V. All rights reserved.
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Topic: Brain metabolism and blood flow
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1. Introduction

Cytochrome P450s (P450 or CYP) comprise a super-
family of enzymes that catalyze the oxidation of a wide
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variety of xenobiotic chemicals including drugs, carcino-
gens, and steroids [10,12,35]. In spite of the fact that
CYP2D6 constitutes only 2-9% of constitutively expressed
hepatic P450s among humans {17,36), it plays important
roles in the metabolism of a wide range of therapeutic
agents including drugs affecting the central nervous system
[5,9,30,35]. Interestingly, CYP2D6 is expressed in the brain,
especially the midbrain [27], as well as in the liver. The
reverse transcriptase-polymerase chain reaction (RT-PCR)
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product from CYP2D4, the predominant CYP2D isoform in
rat brain, is more abundant in cerebellum, striatum, pons,
and medulla oblongata [21]. However, the physiological and
pharmacological functions of CYP2D isoforms in the brain
are still unknown.

Progesterone not conly is one of the female steroid
hormones secreted from the placenta and corpus luteum
but also has various functions in the central nervous system
as a neurosteroid in the brain [2,19]. For example,
progesterone has the ability to increase myelin-specific
protein levels and to enhance y-aminobutytic acid (GABA)-
induced chloride cwrent [19,39], and the progesterone
metabolites, 3a-hydroxy-5Sa-pregnan-20-one (allopregnanc-
lone) and 3o,5a-tetrahydrodecxycorticosterone, act as
positive allosteric modulators of GABA type A receptors,
and thereby reduce brain excitability and elicit sedative-
hypnotic, anxiolytic, and anticonvulsant effects [32].
Recently, we have shown that CYP2D$ catalyzes the 2p-,
6p-, 16a-, and 21-hydroxylation of progesterone {15,29],
and that progesterone 23- and 21-hydroxylation activities in
rat brain microsomes are completely inhibited by CYP2D

antibodies, suggesting that CYP2D may be involved in the

regulation (metabolism and/or synthesis) of endogenous
neuroactive steroids, such as progesterone and its deriva-
tives, in the brain [15]. Additionally, we have reported that
the 21-hydroxylation of allopregnanclone as well as
progesterone and 17«-progesterone is catalyzed by CYP2D
isoforms in the brain [9,20].

Tyramine is not only an exogenous compound, which is
found in fermented foods such as cheese and wine, but also
an endogenous compound, which exists in the brain.
Tyramine is especially present in the basal ganglia or limbic
systems, which are thought to be related to an individual
behavior and emotion [33], and dopamine is a neuro-
transmitter and a precursor of norepinephrine and epinephr-
ine [14]. Previous studies conducted in this laboratory
demonstrated that dopamine is formed from p-tyramine as
well as m-tyramine by CYP2D6 [14].

CYP2D6 is one of the most extensively characterized
polymeorphic drug-metabelizing enzymes; the CYP2D4
gene is highly polymorphic, with more than 70 allelic
variants [4,6,26]. Interestingly, it has been shown that
CYP2D6 polymorphism has some relationship with an
individual behavior [3,24]. Five to ten percent of Caucasians
[1] and less than 1% of Japanese and Chinese [16] lack in
vivo metabolic activity toward CYP2D6 substrates esti-
mated by use of the urinary metabolic ratio, and are referred
to as poor metabolizers. The CYP2D6*12 allele, which is
associated with a deficient activity and consequently with
the poor metabolizer phenotype, carries three functional
mutations, G42R, R296C, and S486T [6,26]. On the other
hand, in spite of the very low prevalence of CYP2D6 poor
metabolizers in Asians, these groups display less CYP2D6
activity, and this has been attributed to the high frequency of
the CYP2D6.10 enzyme [40]. That is, the CYP2D6*10
allele, including both CYP2D6*104 and CYP2D6*]0B

variants, is widely observed in Japanese (31-38%) [22,28]
and Chinese (51%) [18], and has two amino acid
substitutions, P34S and S486T [6,26]. Additionally,
CYP2D6*10C has the gene conversion in exon 9 derived
from CYP2ZD7 and has 13 base substitutions more than
CYP2D6*10B [18]. Fukuda et al. [8] reported that the X,
values of CYP2D6.10A and CYP2D6.10C for bufiralo] 1V -
bydrexylation and venlafaxine O-demethylation were
higher than those of CYP2D6.1, and Tsuzuki et al. [37]
reported that the substitution G42R increased the K, and
decreased the Vi, for debrisoquine 4-hydroxylation,
whereas it increased both V... and X, for bunitrolo] 4-
bydroxylation. Recent studies have shown that CYP2D6.10A
bad a higher K, and/or a lower V., than CYP2D6.1 for
various exogenous substrates, including dextromethorphan,
methamphetamine, and amitriptyline [34]. On the other
band, it has been reported that the R296C and S486T
substitution (CYP2D6.2) affected only minimally the
metabolim of dextromethorphan, bufuralol, and debriso-
quine [25]. Furthermore, a number of investigators have
proposed the key residues of CYP2D6 for exogenous
substrates containing a basic nitrogen [7,13,38]. However,
the key residues of CYP2D6 for the metabolism of other
substrates, including the endogenous chemicals, which exist
in the brain, and non-nitrogen containing compounds, are
still unknown.

The present study was designed to elucidate the effects of
CYP2D6 polymorphism, especially F34S, G42R, R296C,
and 5486T substitutions such as CYP2D6.2, CYP2D6,10A,
and CYP2D6.10C, on CYP2D6 activities toward endoge-
nous substrates in the brain, progesterone and p-tyramine.

2, Materials and Methods
2.1. Materials

Progesterone and 16a- and 21-hydroxyprogesterone were
obtained from Sigma-Aldrich (St Louis, MO, USA). 68-
Hydroxyprogesterone, dopamine hydrochloride, and
NADPH were purchased from Steraloids (Newport, RY,
USA), Research Biochemicals Intemational (Natick, MA,
USA), and Oriental Yeast (Tokyo, Japan), respectively. p-
Tyramine and other reagents and organic solvents were
obtained from Wako Pure Chemical Industries (Osaka, Japan).

2.2. Microsomal fraction specifically expressing human
P450

Cloning of hutnan CYP2D6 cDNA, site-directed muta-
genesis, the expression of mutated ¢cDNA in recombinant
Saccharomyces cerevisize and the preparation of micro-
sompal fractions from the cells were carried out according to
methods described previously [8,37]. With these methods,
we prepared CYP2D6.2 (R296C/5486T), CYP2D6.10A
(P345/8486T), CYP2D6.10C, and four mutant proteins
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with single amino acid substitutions of P34S, G42R,
R296C, and S486T.

2.3. Assay of progesterone hydroxylase activity

Progesterone hydroxylase activity was measured by the
method described previously [15] with a minor modifica-
tion. The incubation mixture consisted of microsomes from
cells containing recombinant P450s (10-20 pmol/ml), 5, 10,
20, 50, 100, or 200 uM progesterone, 1 mM NADPH, and
100 mM potassium phosphate buffer (pH 7.4) in a final
volume of 0.5 ml. After a 3-min preincubation at 37 °C, the
" reaction was started by adding NADPH. Incubation was
carried out at 37 °C for 10 min and the reaction was
terminated by the addition of 2 ml of ethyl acetate. The
mixture was shaken and centrifuged at 1900xg for 5 min.
The organic phase (1.5 ml) was evaporated under reduced
pressure, and residue was dissolved immediately in 250 pl
of 50% methanol. The HPLC system consisted of a Tosoh
model DP-8020 pump (Tosoh, Tokyo, Japan), Tosoh model
CO0-8020 column heater, Tosoh model AS-8021 autosam-
pler, an SPD-6-AV UV-detector (Shimazdu Corporation,
Kyoto, Japan) set at 240 nm, and an analytical column TSK-
gel ODS-80Ts (5 um, 2.0x 150 mm; Tosch). The column
temperature was set at 40 °C. The mobile phase was eluted
at a flow rate of 0.3 mlmin as follows. The mobile phase
was water as eluent A and methanol as eluent B, and the
initial eluent profile was 50% B and then the eluent B was
linearly increased to 65% over 20 min. '

2.4. Assay of dopamine formation from p-tyramine

Dopamine formation from p.tyramine was measured by
the method described previously [14] with a minor
modification. The incubation mixture consisted of micro-
somes from cells containing recombinant P450s (10-20
pmol/ml), 0.05, 0.1, 0.2, 0.5, 1, or 2 mM, 0.05, 0.1, 0.2, 0.5,
1, 2, or 4 mM (for the G42R mutant), or 0.05, 0.1, 0.2, 0.5,
1, 2, 4, 10, or 20 mM (for CYP2D6.10C) p-tyramine, 1 mM
NADPH, and 100 mM potassium phosphate buffer (pH 7.4)
in a final volume of 0.5 ml. After a 3-min preincubation at
37 °C, the reaction was started by adding NADPH.
Incubation was carried out at 37 °C for 10 min and the
reaction was terminated by the addition of 20 pl of 60%
perchloric acid. After the mixtures were shaken and
centrifuged at 1900xg for 10 min, dopamine in the
supernatant was determined by HPLC. The HPLC system
described above was used except that a Tosoh model FS-
8011 fluorometric detector, and an analytical column TSK-
gel ODS-120T (5 pm, 4.6x250 mm; Tosoh) were
employed. The fluorescence intensity was determined at
an excitation wavelength of 280 nm and emission wave-
length of 340 nm. The column temperature was set at 40 °C,
and flow rate was 0.7 ml/min. The mobile phase was a
6.8:93.2 (v/v) mixture of acetonitrile and an aqueous
solution containing 160 mM ammonium dikydrogen phos-

Table 1

Kinetic parameters for the progesterone hydroxylation by CYP2Dé and its variants
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Fig. 1. Ratio of ¥ au/Kr, for the metabolism of progesterone and p-tyramine by CYP2D6 variants. Ratios of ¥y, /K, for 63-hydroxylation (shaded colurmy},
16a-hydroxylation (open column), 21-hydroxylation (striped column) of progesterons and dopamine formation from p-tymmine {closed column) were
calculated by dividing the Vex/K for the variant by that for CYP2D6.1. *The 16o-hydroxylated and 21-hydroxylated metabolites for CYP2D6.10A,
CYFP2D6.10C and the P34S and G42R mutants were not detected (less than 0.02 nmol/min/nmol P450) even using 500 pM progesterone.

phate, 60 mM citric acid, 150 mM disodium EDTA, 10 mM
dibutylamine, and 6 mM sodium l-octanesulfonate.

2.5. Data analysis

In preliminary experiments, the linearity of the reaction
with the protein concentration and incubation time was
confimmed for each set of assay conditions. All data were
analyzed using the mean of duplicate determinations, V..,
and K, values for progesterone hydroxylation and dop-
amine formation from p-tyramine were determined by
fitting to Michaelis-Menten kinetics by nonlinear regression
analysis (Microcal Origin, version 5.0J, Origin LabCorp,
Northamptom, MA, USA).

3. Results

3.1. Progesterone hydroxylation by CYP2D6 and its
variants :

Kinetic parameters for progesterone hydroxylase activ-
ities of CYP2D6 and its variants are summarized in Table 1.

Table 2

The Fpee value of CYP2D6.1 was highest for the 6p3-
hydroxylation followed by 21-hydroxylation and 16c-
hydroxylation, whereas there were no marked differences
between the K., values for the three reactions. Although
the K, values for the 6R-hydroxylation by the CYP2D6
variants except for CYP2D6,10C were similar to those of
CYP2D6.1, the V., values for CYP2D6.2, CYP2D6.10A,
and the P34S and G42R mutants, were less than half of
those for CYP2D6.1. CYP2D6.10C had a higher X, and
a lower V. than CYP2D6.1, whereas the V.., values as
well as the K, values for the R296C and S486T mutants
were similar to those for the wild-type. The Vyu/Km
values for CYP2D6.10A, CYP2D6.10C, and the P34S
and G42R mutants were 12-31% of that for CYP2D6.1
(Fig. 1).

The 16c-hydroxylated and 21-hydroxylated metabolites
for CYP2D6.10A, CYP2D6,10C, and the P34S and
G42R mutants were not detected (less than 0.02 nmol/
min/mmol P450) even using 500 puM progesterone. In
addition, the K, value for the 16«-hydroxylation and the
Vemax value for the 21-hydroxylation by the R296C
mutant were 333% and 45%, respectively, of those for
CYP2D6.1.

Kinetic parameters for the dopamine formation from p-tyramine by CYP2D6 and its variants

P450 Ko (M) Ve (nmolimin/mel P450) Vsl K {alfmin/mmol P450)
CYP2D6.1 0.1320.02 80103 6149

CYP2D6.2 (R296C/S436T) 0.3320.07 45403 1413

CYP2D6.10A (P345/S486T) 1.0+04 1.1£02 11105

CYP2D$6.10C 16.2+0.5 3.9+0.1 0244001

P34S 0.9110.13 25.0+16 27+4

G42R 16103 2.6402 16104

R296C 0.28+0.01 5.940.1 2141

5486T 0.2110.05 7405 3548

p-Tyramine at 50-2000 pM, 504000 pM (for G42R mutant) or 5040000 uM (for CYP2D6.10C) was incubated with CYP2D6 and its variants (10-20 pmol/
ml) and 1 mM NADPH at 37 °C for 10 min after a 3-min preincubation, Values are the means+$.D. of the data set using a nonlinear kinetic analysis from mean

values obtained in duplicate at each substrate concentration.
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3.2. Dopamine formation from p-tyramine by CYP2D6 and
its variants

Kinetic parameters for dopamine formation from p-
tyramine by CYP2D6 and its variants are shown in Table 2.
Although a mutation at 486 (S486T) had no marked effect
on the K, and V., values, the K, values for CYP2D6.2
and the R296C mutant were 2.1-2.5 times higher than those
for CYP2D6.1 without affecting the F..x values.
CYP2D6.10A had an 8-fold higher K, and a 7-fold lower
Vax than CYP2D6.1, and CYP2D6.10C exhibited an 124-
fold higher X, and a 51% reduction in V., relative to the
wild type. The P348 mutant had a 7-fold higher X, and a 3-
fold higher ¥,,., than CYP2D6.1, and the G42R mutant had
a 12-fold higher K, and a 3-fold lower V., than the wild
type. Therefore, the V. /K, for CYP2D6.2 and the P348
and R296C mutants were 23-45% of those for CYP2D6.1,
and the values for CYP2D6.10A, CYP2D6.10C and the
G42R mutant, were 0.3-2.6% of those for the wild-type

(Fig. 1).

4. Discussion

Progesterone exists in the brain and has various functions
in the nervous system as a neurosteroid [2,19]. Although it
is well known that CYP3A4 is one of the major metaboliz-
ing enzymes for progesterone hydroxylation in human liver
[35], we have reported that progesterone 2p- and 21-
hydrexylation in rat brain microsomes are catalyzed by
CYP2D [15] and that the 21-hydroxylation of allopregna-
nolone as well as progesterone and 17a-progesterone is
catalyzed by CYP2D isoforms in the brain [9,20], suggest-
ing that CYP2D is involved in the regulation of endogenous

neuroactive steroids in brain tissues. In addition, tyramine, -

one of the trace amines, is present in the brain, especially in
the basal ganglia or limbic systems, which are thought to be
related to an individual behavior and emotion {33], and
CYP2D6 polymorphism has some relationship with an
individual behavior [3,24]. In this study, we have demon-
strated that the V.., and/or K, values for the metabolism of
progesterone and p-tyramine by CYP2D6.2, CYP2D6.10A,
and CYP2D6.10C were different from those for CYP2D6.1,
and that the G42R, P348, and R296C substitutions affected
these metabolic activities (Tables 1 and 2). Additionally, the
Vinax/K o values for all of the variants except for progester-
one }6c-hydroxylation by CYP2D6.2 and progesterone
hydroxylations by the S486T mutant were less than 57% of
those for CYP2D6.1 (Fig. 1). The G42R substitution is
found in a CYP2D6*12 allele in combination with R296C
and S486T [6,26]. Furthermore, it has been shown that,
when an individual behavior was compared between
extensive and poor metabolizers of debrisoquine, a typical
probe substrate of CYP2D6, using the Eysenck personality
questionnaire and the Karolingska Scales of personality
inventory in 769 healthy Swedes, poor metabolizers had

significantly lower scores in the Karolinska psychascthenia
scales and a higher frequency of extreme responses than
extensive metabolizer [3]. Comparison of the debrisoquine
hydroxylation capacity and the Karolinska scales of persen-
ality in 225 hezlthy subjects in Spain indicated that poor
metabolizers of debrisoquine are more anxiety-prone and
less successfully socialized than extensive metabolizers
[24]. These studies suggest that there may be a relationship
between an individual behavior and the activity of the
enzyme hydroxylating debrisoquine (CYP2D6). Although
the patients are phenotyped but not genotyped in these
papers, it has been reported that the study to assess the
relationship between CYP2D6 genotype (including
CYP2D6*10 allele) and debrisoquine phenotype in Afri-
can-Americans and Caucasians in Los Angels shows the
positive identification of 88% of phenotypic poor metabo-
lizers by genotyping [23]. Therefore, the present results
suggest that the polymorphism of CYP2D6, including
CYP2D6*2, CYP2D6*10 and CYP2D6*]12, might affect
not only the metabolic activities toward exogenous com- -
pounds in the liver [25,34,37] but also an individual
behavior and the nervous system through endogenous
compounds, such as neuroactive steroids and tyramine, in
the brain.

For all of the metabolic activities investigated, the V.
values for the G42R mutant were lower than those for
CYP2D6.1 (wild-type), and the K, values for the mutant
were higher than those for the wild-type except for
progesterone 6@-hydroxylation. On the other hand, the
substitution at Pro34 decreased the ¥, value for proges-
terone 6p-hydroxylation and increased both the V., and
K., values for dopamine formation from p-tyramine,
Tsuzuki et al. [37] reported that the G42R substitution but
not the P34S substitution increased K, and decreased V.
for debrisoquine 4-hydroxylation, whereas the G42R sub-
stitution increased both V... and K. and the P343
substitution gave only an increased X, for bunitrolol 4-
hydroxylation. Therefore, the present findings suggest that
Gly42 is essential for the metabolic activities toward not
only exogenous substrate but also endogenous compounds
such as progesterone, a non-nitrogen containing com-
pounds, and p-tyramine, and that the P34S substitution also
affects the metabolism of progesterone and p-tyramine.

Gotoh [11] predicted six potential substrate recognition
sites (SRS) in the CYP2 family, and the SRSs span residues
100-125, 211218, 239-247, 294-312, 367-377 and 477-
484 for CYP2D6.1. In this study, although the metabolic
activities were affected only minimally by the S486T
substitution, a mutation of 296 (R296C) of CYP2Dé
decreased the V,,./K, for progesterone hydroxylations
and dopamine formation from p-tyramine. Although it has
been reported that the R296C mutation is of little
importance for debrisoquine 4-hydroxylation and bunitrolol
4-hydroxylation [37], it is possible to speculate that Arg296,
which is included in SRS 4, also might be important to some
extent to the metabolism of progesterone and tyramine.
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Similarly, Vioax, Ku and Vi, /K, of debrisoquine 4-
hydroxylation and bunitrolol 4-hydroxylation by CYP2Dé6.2
(R296C/S486T) are similar to those by CYP2D6.1 [37],
whereas consistent changes in the kinetic characterizing
dextromethorphan, bufiralel, and debrisoquine biotransfor-
mation by CYP2D6.2 relative to CYP2D6.1 are observed
for all three substrates, with an increase in K., and Vo,
such that V.. /K, values are the same or slightly greater for
CYP2D6.2 [34). In addition, it has been reported that the
Vina/Km of CYP2D6.2 toward dextromethorphan, fluox-
etine, and codeine decreased levels to less than 35% that of
CYP2D6.1 [41], and that the V,,, for codeine O-demethy-
lation catalyzed by CYP2D6.2 are significantly higher than
for CYP2D6.1 [31]. In the present study, the Vi ../Km
values for dopamine formation from p-tyramine by
CYP2D6.2 were 23% of those for CYP2D6.1, whereas
the X, and V,,,, values for the 21-hydroxylation and 16«-
hydroxylation by CYP2D6.2 were comparable with those
for CYP2D6. 1. Therefore, it is possible to speculate that the
effect of the R296C/5486T variant is substrate-dependent.
In summary, our results suggest that the polymorphism of
CYP2D6 might influence an individual behavior and the
nervous system through endogenous compounds, including
neuroactive steroids and tyramine, in the brain.
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ABSTRACT

CYP3AS5 expression is regulated by single-nucleotide polymorphisms (SNPs).
The CYP3AS genotype might contribute to a marked interindividual variation
in CYP3A-mediated metabolism of drugs. Nifedipine is a typical substrate of
CYP3A4 and CYP3AS5 in vitro. The aim of this study was to elucidate the
influence of the CYP3A5 genotype on nifedipine disposition in healthy
subjects. A single capsule containing 10 mg of nifedipine was administered to
16 healthy male Japanese subjects (eight subjects: CYP3AS*1/*3; eight
subjects: CYP3AS*3/%3). Blood samples were collected to analyze the

_ pharmacokinetics of serum nifedipine and nitropyridine metabolite (M-1).

The area under the plasma concentration-time curve (AUC), the peak plasma
concentration (Cmax) and the terminal half-life (t;,2) of nifedipine, and the
ratio of the nifedipine AUC to M-l AUC showed large intragroup variations,
but no significant differences between the two genotypes. Based on the
present findings, the functional relevance of CYP3A5 polymorphism should
be re-evaluated in clinical trials.

Thé Pharmacogenomics journal (2004) 4, 34-39. doi:10.1038/sj.tpj.6500218
Published online 2 December 2003

Keywords: CYP3AS; nifedipine; polymorphism; clinical; pharmacokinetics

INTRODUCTION ' -
Cytochrome P450 3A (CYP3A) is abundantly expressed in human liver and small
intestine, 12 and contributes to the metabolism of 50% of prescribed drugs. The
activities of CYP3A in the general population show interindividual variations in
CYP3A-mediated metabolism of drugs.? Recently, single-nucleotide polymorph-
isms (SNPs) were identified in intron 3 (A-G: CYP3A45*3) and exon 7 (G-A:
CYP3A5*6) of the CYP3AS gene.-" In addition, CYP3A5*5 and CYP3A5*7 were
reported as a defective allele of CYP3AS, which gave a substantial impact on
CYP3A5 expression.®® These SNPs cause a frame-shift mutation or alternative
splicing and protein truncation, and result in the absence of CYP3AS, suggesting
that only people with at least one CYP3A5*1 allele express large amounts of
CYP3AS5 protein. Therefore, these findings suggest that polymorphic CYP3AS
expression might be one factor contributing to the marked interindividual
variation observed in CYP3A-mediated metabolism of drugs.

We previously reported the frequencies of CYP3AS5-related SNPs in 200 healthy
Japanese subjects.® As a result, the allele frequency of CYP3A5*3 was
approximately 70%, but CYP3A5*6 was not detected in the Japanese population.
Accordingly, these findings suggested that about 40% of Japanese express
relatively high levels of metabolically active CYP3AS protein.
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Table 1 Enzyme kinetic analyses of the conversion of M-l Table 2 Characteristics of the subjects in the study
using baculovirus-expressed human = P450s
Subject no.  Age (years) Height (cm) Weight (kg)  BMI (%)
Km (uM) Virax (pmol/ Venax/Krmr {ulf
min/pmol min/pmol CYP3A5*1/
P450) P450) *3 (n=8)
1 23 174.2 65.0 97.3
CYP3A4 3.0 3.1 1.0 2 21 171.2 65.4 1021
CYP3AS 6.5 3.3 0.5 3 22 169.0 57.5 92.6
4 23 177.7 58.9 84.2
9 22 185.3 64.9 84.5
10 21 180.1 72.3 100.3
To obtain clinical evidence of CYP3AS polymoerphism, we 11 23 177.7 62.6 89.5
focused on nifedipine, a typical substrate of CYP3A4 and 12 23 163.3 49.8 87.4
CYP3A5,7? because a large individual difference was
observed in nifedipine disposition,’® which was thought to  Mean 223 174.8 62.1 92.2
be regulated by a genetic background rather than environ- D 0.9 6.9 6.7 7.0
ment.'! Consistently, using baculovirus-expressed human CYPIAS*3/
CYP3AS and CYP3A4, we confirmed their contribution to *3 (n=8)
the metabolism of nifedipine (Table 1). These findings 5 22 170.8 56.1 88.0
suggested that CYP3AS contributes to the metabolism of 6 32 182.4 70.9 95.6
nifedipine with kinetics similar to CYP3A4, implying that 7 21 166.7 60.9 101.4
the interindividual differences in nifedipine disposition 8 20 179.5 66.1 92.4
might be explained in part by CYP3AS5 polymorphism. 13 22 1794 61.2 85.6
Thus, in the present study, we evaluated the influence of the 14 2] 175.0 62.9 93.2
CYP3A5 genotype on nifedipine disposition in healthy - 13 22 173.5 27.7 87.2
subjects to examine the polymorphic activities of CYP3AS 16 25 171.8 71.6 1108
n vive. Mean 231 174.9 63.4 94.3
sD 3.9 53 57 8.4

RESULTS

The subjects were genotyped and divided into two groups,
CYP3A5*1/#3 and CYP3A5*3/*3 (Table 2). No subject had the
other CYP3AS alleles, CYP345*5, CYP3A5*6 and CYP3AS5*7.
First, the plasma concentration profiles of nifedipine and M-
I were compared between *1/*3 and *3/*3 groups. Unexpect-
edly, the time profiles of both plasma nifedipine and M-I
were not significantly different between the two genotypes
(Figure 1). Moreover, plasma nifedipine and M-I showed a
large intragroup variation. Next, the typical pharmacoki-
netic parameters of nifedipine, such as the area under the
plasma concentration-time curve from 0 to 12h after
administration (AUCq.121), the peak plasma concentration
{Cmax), terminal half-life (t,;) and clearance (CL/F) were
calculated (Table 3). The AUCqy ;21 values showed large
intragroup variations without significant differences be-
tween the two genotypes (218.8480.9ngh/ml in
CYP3A5*1/*3 subjects, 178.7 +£92.8ngh/ml in CYP3A5*3/3
subjects; mean+$SD). Furthermore, the ratio of the nifedi-
pine AUCgizn to the M-I AUC(4.77 in CYP3A5*1/3
subjects, 3.62 in CYP345*3/*3 subjects; mean} also showed
large intragroup variations with no significant differences
between the two genotypes (Figure 2). The differences in the
Cnax tiyz and CL/F of nifedipine between the two groups
were not significant.

Finally, we measured systolic and diastolic blood pressure
and pulse rate to estimate the significance of CYP3AS
polymorphism in the pharmacodynamics of nifedipine.
Consistent with the pharmacokinetics, there were no

significant differences in the pharmacodynamics between
the two genotypes (Figure 3 and Table 4}).

DISCUSSION

In the present study, we examined the effects of CYP3AS
genotype on nifedipine pharmacckinetics, and demon-
strated that an interindividual variation of plasma nifedi-
pine concentration was not over-tidden by the CYP3AS
genotype. The interindividual variation was not beyond our
conception and was almost similar to that described in the
previous report following the administration of a 10-mg
capsule.’? The present finding suggests that CYP3AS poly-
morphism is unlikely to be responsible for interindividual
variation in the plasma level of nifedipine because the
remaining CYP3AS alleles, CYP3A5*5, CYP3A5*6 and
CYP3A5*7, were not found in the present subjects.

With respect to nifedipine metabolism, nifedipine dis-
position is slightly affected by the expression of intestinal
CYP3As because grapefruit juice influences nifedipine
dispesition significantly but to a lesser extent than felodi-
pine or nisoldipine,*®**!* suggesting that nifedipine is
mainly metabolized not in the intestine but in the liver. In
addition, it is hypothesized that P-glycoprotein (P-gp) is
responsible for the large interindividual difference in

www,nature.com/tpj
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CYP3A-mediated drug disposition, since P-gp exists in the
similar tissue to CYP3A4. However, this hypothesis is not
the case with nifedipine disposition because nifedipine is
not a substrate of P-gp.'**¢ Therefore, nifedipine pharma-
cokinetics must be crucially determined by the total liver
CYP3A activities,

It was reported that nifedipine, as well as midazolam, were
not only metabolized by CYP3A4 but also by CYP3AS in
vitro.”"%-17 Prior to clinical study, we conducted kinetic study
on the formation of M-I using recombinant microsomes
(CYP3A4 and CYP3AS) because previous reports provided
the oxidation activity at a single high concentration of
nifedipine. We confirmed the contribution of CYP3AS
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Figure 1 Plasma concentration-time curves of nifedipine (a) and
M-1 (b) in the CYP345*i/3 and CYP3A5*3#3 subjects. Values
represent the means with 5D (n=28).

toward the metabolism of nifedipine at relatively low
concentrations.

We, however, observed a discrepancy between the in vitro
and in vivo contribution of CYP3AS to nifedipine metabo-
lism in the present study. Interestingly, a similar result has
been obtained in the case of midazolam, a typical CYP3AS
substrate. Namely, midazolam pharmacokinetics was also
hardly influenced in vive by the genotype of CYP3AS5,18
although midazolam is metabolized in vitro by CYP3AS
rather than CYP3A4.3171% Several possibilities can be
proposed to explain these discrepancies between the in vitro
and in vivo data.

It was previously reported that total CYP3A activity
showed an interindividual variation,® and the ratio of
CYP3A4 to CYP3AS might also vary interindividually in
the liver.>° Recently, Westlind-Johnsson et al*! reported that
CYP3AS did not contribute to total CYP3A activity using
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Figure 2 Individual {dot) and mean (line) values with SD of the
=AUCq.121, of nifedipine (2) and the ratio of the nifedipine =
AUCq_y2p, to the M-I =AUC, 454, {b) in the two genotypes.

Table 3 Pharmacokinetic parameters of nifedipine after oral administration to subject with CYP3A5*1/*3 and CYP3AS*3/*3

genotypes (mean+ 5D)

Genotype Conox (ng/ml) tip (h) AUCp_3 5 (ng h/mi} CL/F (mi/min)
CYP3A5*1/*3 (n=8) 116+43.3 1.77+0.66 2191+80.9 8774375
CYP3A5*3/*3 (n=8) 111+53.8 1.81+1.09 1784928 1246+ 837
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