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Aims To evaluate the potency and specificity of valproic acid as an inhibitor of the
activity of different human CYP isoforms in liver microsomes.

Methods Using pooled human liver microsomes, the eftects of valproic acid on seven
CYP isoform specific marker reactions were measured: phenacetin O-deethylase
(CYP1A2), coumarin 7-hydroxylase (CYP2AO6), tolbutamide hydroxylase (CYP2C9),
S-mephenytoin  4’-hydroxylase (CYP2C19), dextromethorphan O-demethylase
(CYP2D6), chlorzoxazone 6-hydroxylase (CYP2E1) and midazolam 1'-hydroxylase
(CYP3A4).

Results Valproic acid competitively inhibited CYP2C9 activity with a K; value of
600 pM. In addition, valproic acid slightly inhibited CYP2C19 activity (K; =8553 pm,
mixed inhibition) and CYP3A4 activity (K;=7975 pm, competitive inhibition).
The inhibition of CYP2A6 activity by valproic acid was time-, concentration- and
NADPH-dependent  (K;=9150 pM,  Kju.=0.048 mjnfl), consistent  with
mechanism-based inhibition of CYP2A6. However, minimal inhibition of CYP1A2,
CYP2D6 and CYP2ET1 activities was observed.

Conclusions Valproic acid inhibits the activity of CYP2C9 at clinically relevant
concentrations in human liver microsomes. Inhibition of CYP2C9 can explain
some of the effects of valproic acid on the pharmacokinetics of other drugs, such
as phenytoin. Co-administration of high doses of valproic acid with drugs that are

primarily metabolized by CYP2C9 may result in significant drug interactions.
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Introduction

Valproic acid is a widely used anticonvulsant agent. It
can affect the pharmacokinetics of several drugs including
phenytoin [1-3], phenobarbitone [4-7], diazepam 8],
nimodipine [9], amitriptyline [10] and clomipramine [11],
consistent with inhibition of their metabolism. These drugs
are mainly metabolized by different cytochrome P450
(CYP) isoforms. However, only limited studies about the
inhibitory eftects of valproic acid on the activities of CYP
isoforms in vitro have been published [12, 13].

Valproic acid is eliminated via extensive hepatic metabo-
lism to several metabolites [14]. Its major metabolic
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pathways are glucuronidation and mitochondrial
B-oxidation, while CYP-dependent oxidation is only a
minor pathway [15]. The steady-state plasma concentra-
tions of the metabolites are at least 100-fold lower
than those of the parent compound [16]. Thus, it is
unlikely that the metabolites would significantly alter
CYP-dependent drug metabolism in vivo.

In this study, we investigated the in vitro inhibitory
effects of valproic acid on major CYP isoform activities in
human liver microsomes using selective marker reactions

for CYP1A2, CYP2A6, CYP2C9, CYP2C19, CYP2D6
and CYP3A4.

Methods
Materials

Valproic acid (sodium salt), phenacetin, paracetamol,
coumarin, 7-hydroxycoumarin, tolbutamide, chlorzoxa-
zone, quinidine, sulfaphenazole, tranylcypromine, pyridine,
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troleandomycin (TAO) and NADPH were purchased
from Sigma Chemical Co. (St Louis, MO, USA). Hydroxy-
tolbutamide, 6-hydroxychlorzoxazone, S-mephenytoin,
4'-hydroxymephenytoin and furafylline were purchased
from Ultrafine Chemicals (Manchester, UK). Dextro-
methorphan and dextrorphan were obtained from Orion
Pharma (Espoo, Finland). Midazolam and 1'-hydroxymi-
dazolam were kindly provided by Hoftmann-La Roche
(Basel, Switzerland). Pooled human liver microsomes
(prepared from five male and five female human liver
microsomal samples) known to contain high levels of
CYP1A2, CYP2A6, CYP2C9, CYP2C19, CYP2De6,
CYP2E1 and CYP3A4 were obtained from Gentest Corp.
(Woburn, MA, USA). The liver samples were obtained
from several organ procurement organizations, which
collect tissues in accordance with all pertinent regulations
and obtain permission from the donors’ families prior to
organ collection. The procedures of these organizations
have all been reviewed and approved by their respective
institutional Human Subjects Committee. Other chemi-
cals and reagents were obtained from Merck (Darmstadt,
Germany).

Inhibition studies

The effects of valproic acid on seven different CYP
isoform-specific marker reactions were studied. Phenace-
tin O-deethylation was used to probe for CYP1A2,
coumarin 7-hydroxylation for CYP2AG6, tolbutamide

hydroxylation for CYP2C9, S-mephenytoin 4'-hydroxy-
lation for CYP2C19, dextromethorphan O-deethylation
for CYP2D6, chlorzoxazone 6-hydroxylation for
CYP2E1 and midazolam 1-hydroxylation for CYP3A4.
The incubation conditions used to study the metabolism of
the wvarious substrates were adapted from reported
procedures [17-20] and are specified in Table 1. The
time of incubation (see Table 1) and concentration of
microsomal protein (100 pg ml~ ") were determined to
be in the linear range for the rate of metabolite formation
for each substrate.

Valproic acid (sodium salt) (final concentrations ranged
from 0 to 25 mm) was dissolved in 0.1 M sodium phos-
phate buffer (pH 7.4). Addition of valproic acid (sodium
salt) had no effect on the pH of the incubation matrix,
which was between 7.4 and 7.5 in all incubations. The
unbound concentrations of valproic acid in the incubation
medium were determined using an ultrafiltration method
[21, 22]. The unbound concentrations were essentially
unaffected by the addition of human liver microsomes
(protein concentration 0.1 mg ml™") when studied at
the wvalproic acid concentrations used (50 pm—25 mm),
suggesting that nonspecific microsomal binding did not
affect our results.

The same pooled batch of human liver microsomes
was used in all experiments. All our results represent the
average of duplicate determinations, and data showing
more than a 10% difference between the duplicate
assays were excluded, to assure reproducibility of the

Table 1 Summary of the reaction conditions and estimated Michaelis-Menten parameters of the CYP isoform-selective marker reactions

Substrate/solvent Substrate concentration Incubation time K,.1 (K,2) Viaxt (Vinax2)

cYyp Inhibitor/solvent in assay (range) (um)* (min) Quenching method (ILI,M)/’ (pmol mg_1 min~ I)h

CYP1A2  Phenacetin/methanol 10 (5-250) 30 100 pl acetonitrile 19 (556) 836 (824)
Furafylline/methanol

CYP2A6  Coumarin/methanol 0.5, 1, 5 (0.1-50) 10 20 pl 70% perchloric acid 1.1 1303
NA®

CYP2C9  Tolbutamide/ethanol 25, 50, 100, 250 (10-250) 60 20 pl 85% phosphoric acid 65 194
Sulfaphenazole/methanol

CYP2C19 S-mephenytoin/methanol 25, 50, 75, 100 (10-250) 60 20 wl 85% phosphoric acid 39 102
Tranylcypromine/water

CYP2D6  Dextromethorphan/water 1.5 (0.5-50) 20 20 pl 70% perchloric acid 1.5 227
Quinidine/methanol

CYP2E1  Chlorzoxazone/methanol 30 (5-250) 30 20 pl 85% phosphoric acid 27 807
Pyridine/water

CYP3A4  Midazolam/acetonitrile 2,5, 10, 15 (0.5-50) 6 200 @l methanol 1.4 1858

Troleandomycin/methanol

*Concentrations used in the inhibition study were chosen around appropriate apparent K,, values. Values in parenthesis are the substrate concentration

ranges used for characterization of K, and V.

A two-enzyme Michaelis-Menten equation was best fitted to data for phenacetin O-deethylation (the apparent kinetic data for CYP1A2 are shown

without parentheses), in agreement with previous studies. A single Michaelis-Menten equation was best fitted to data for the other marker reactions.

“Chemical (8-methoxypsoralen) not available.
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experiments. Briefly, each incubation consisted of 20 g
pooled human microsomal protein in an incubation
medium containing 0.1 m phosphate buffer (pH 7.4),
5 mm MgCl, and 1.0 mm NADPH. The final incubation
volume was 0.2 ml. Valproic acid was added to the
incubation medium and the reaction was started by the
addition of the substrate either without or after a 15 min
preincubation at 37° C, except in studies with coumarin
7-hydroxylase, when valproic acid was preincubated for 0,
2, 5, 10 or 15 min. The substrate stock solutions were
prepared in different solvents as specified in Table 1 and
the final organic solvent content in each sample did not
exceed 1% (v/v). An equal volume of solvent was added to
control incubations not containing inhibitor. Reactions
were terminated as indicated in Table 1. After centrifuga-
tion at 10000 g for 5 min, an aliquot of the supernatant
was subjected to analysis by high-performance liquid
chromatography (h.p.l.c.).

Six isoform-selective CYP inhibitors were used as
positive controls at appropriate concentrations (Table 1).
The final concentrations of the inhibitors used in the
incubations were chosen according to previous publica-
tions [23-26]. Furafylline and troleandomycin were
preincubated with the incubation medium for 15 min.
The apparent kinetic parameters (K,,, Vi) of the pooled
human liver microsomes used in these experiments
(Table 1) and the effects of isoform-selective inhibitors
on CYP activities were similar to those reported
previously [17-20, 23-26].

H.p.l.c. analysis

Metabolites were assayed by h.pl.c.,, as described
previously [17-19, 27, 28]. The intraday and interday
coefficients of variation (CV) were <7% at relevant
concentrations (n=0).

Analysis of data

The apparent kinetic parameters, i.e. V. and K,, for each
specific CYP isoform-catalysed marker reaction and the
inhibitory constant (K;) values were calculated using the
nonlinear regression analysis program Enzfitter (Biosoft,
Cambridge, UK). An assessment of goodness of fit of the
models was made using the size of the residual sum of
squares and the random distribution of the residuals, the
standard error and the 95% confidence interval of the
parameter estimates. When necessary, an F-test was per-
formed to determine whether there was a significant dif-
ference in the size of the residual sum of squares between
models [29]. In the case of time-dependent CYP
inactivation, the apparent half-life for inactivation (fy,5)
was estimated from linear regression analysis of the natural

©2001 Blackwell Science Ltd Br J Clin Pharmacol, 52, 547-553
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logarithm of residual enzyme activity against preincuba-
tion time. The concentration required for half~maximal
inactivation (Kj) and the maximal rate of inactivation at
saturation (Kj,..) were calculated from the double-
reciprocal plot of the rate of inactivation of metabolite
formation as a function of inhibitor concentration.

Results

Valproic acid preferentially inhibited CYP2C9-catalysed
tolbutamide hydroxylation (Figure 1). The double recip-
rocal plots, Dixon plots and the secondary plot of the slopes
of double reciprocal plots vs valproic acid concentration
indicated that wvalproic acid competitively inhibited
CYP2C9 activity, with an apparent K; value of 600 pm
(Figure 2, Table 2).

With concentrations ranging from 50 to 1000 um,
valproic acid showed minimal inhibitory effects on
CYP1A2, CYP2A6, CYP2C19, CYP2D6, CYP2ET and
CYP3A4 activities (Figure 1). However, with concentra-
tions higher than 1000 pm, valproic acid exhibited weak
reversible inhibitory effects on CYP2C19 and CYP3A4
activities. The apparent K; values of valproic acid for
these CYP activities and the types of inhibition are listed
in Table 2.

Inhibition of coumarin 7-hydroxylation by valproic
acid was found to be time-and concentration-dependent
(Figure 3), indicating a probable mechanism-based inhibi-
tion of CYP2A6 activity. In addition, the presence of
NADPH was found to be a necessary prerequisite for
CYP2A6 inactivation by valproic acid (data not shown).
The K,,,.. and K; were estimated to be 0.048 min
9150 pM, respectively. The time required for half of
the enzyme to become inactivated (f1,,) was 14 min. The
inhibitory eftects of valproic acid on the other CYP

and

activities were not significantly altered by preincubation
of microsomes with valproic acid and NADPH for
15 min (Figure 1).

Discussion

The results of the present study showed that valproic acid
competitively inhibited CYP2C9 with a K; of 600 pm,
which is in the range of plasma concentrations of valproic
acid observed in clinical practice (<1000 um). In addi-
tion, valproic acid exhibited weak reversible inhibitory
effects on CYP2C19 and CYP3A4 activities and probable
mechanism-based inhibition of CYP2A6, but the K
values were at least an order of magnitude higher than the
K; for CYP2C9. Valproic acid had no appreciable effect
on CYP1A2, CYP2D6 and CYP2E1 activities even at
5000 pM. The results are in agreement with previous

in wvitro studies showing that 100 um and 250 um
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Figure 1 Effects of valproic acid on CYP-catalysed reactions

in pooled human liver microsomes incubated with phenacetin
(10 pm), coumarin (1 pm), tolbutamide (50 pm), S-mephenytoin
(50 M), dextromethorphan (1.5 M), chlorzoxazone (30 pm) or
midazolam (2 wm) with valproic acid (0-5000 pm) either with (b)
or without (a) a 15 min preincubation as described in the
Methods. The enzyme reactions evaluated were CYP1A2-
catalysed phenacetin O-deethylation (@), CYP2C9-catalysed
tolbutamide hydroxylation (O), CYP2C19-catalysed
S-mephenytoin 4'-hydroxylation (H), CYP2D6-

catalysed dextromethorphan O-demethylation ([J),
CYP2E1-catalysed chlorzoxazone 6-hydroxylation (A)

and CYP3A4-catalysed midazolam 1"-hydroxylation (A\).

(c) Inhibition of CYP2A6-catalysed coumarin 7-hydroxylation
by valproic acid (0—25000 wm) with (O) or without (@)

a 15 min preincubation in the presence of NADPH. Each data
point represents the mean of duplicate determinations.
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valproic acid had no eftect on the CYP3A4-mediated
cyclosporin oxidation [13] and on the CYP2D6-mediated
hydroxylation of mexiletine [12], respectively. It should be
noted that because we used pooled microsomes, any
conclusions about interindividual variability in the
inhibitory potency of valproic acid cannot be drawn
from this study.

In in wvivo studies, valproic acid has been found to
decrease the metabolic clearance of the CYP2C9 substrate
phenytoin [1-3]. In one study, valproic acid at a serum
concentration of about 400 pum reduced the systemic
clearance of unbound phenytoin by 23% [2]. This decrease
is at least three times larger than what would be expected
on the basis of unbound valproic acid concentrations
(assuming a 10% unbound fraction [14]) and a K of
600 pMm for CYP2CY9 [30]. Thus, the concentrations of
valproic acid to which the enzyme is exposed in the liver
may be even higher than its unbound plasma concen-
trations. Thus, predictions based on unbound plasma
concentrations of valproic acid may underestimate its
inhibitory potency.

Some patients may require valproic acid concentrations
even higher than 700 pm, the upper limit of the ther-
apeutic range, to achieve seizure control [14]. Because the
free fraction of valproic acid increases nonlinearly when
the total plasma concentrations exceed 550 um [14], it is
likely that the concentrations of valproic acid at the
enzyme in the liver could be disproportionately higher
with large doses of valproic acid, leading to even greater
reduction in hepatic CYP2C9 activity. Furthermore, as
CYP2C9 is expressed in human small intestine [31],
valproic acid may also cause interactions by inhibiting
intestinal CYP2C9.

The observation that inactivation of CYP2AG6 activity
by valproic acid is time-, concentration- and NADPH-
dependent suggests that it is a mechanism-based inactivator
of this CYP isoform, a conclusion supported further by the
finding that the formation of 4-ene-valproic acid, a minor
metabolite of valproic acid, was mediated by CYP2A6
and CYP2C9 in vitro [32]. However, as the inhibitory
effect was weak (K; 9150 pM and Kj,,e 0.048 min 1), itis
unlikely that valproic acid would significantly inactivate
CYP2AG6 at clinically relevant concentrations.

In this study, the estimated apparent K; values of
valproic acid for CYP3A4 (7975 um) and CYP2C19
(8553 M) were about 10 times as high as the K; for
CYP2C9. Furthermore, valproic acid had virtually no
effect on CYP1A2, CYP2D6 and CYP2E1 activities.
Therefore, valproic acid is not expected to inhibit hepatic
drug metabolism mediated by these CYP isoforms. This is
also in agreement with studies showing that valproic acid
had no effect on the plasma concentrations of the CYP1A2
substrates cafteine [33] and clozapine [34] or the CYP2D6
and CYP3A4 substrate haloperidol [35]. However, the

©2001 Blackwell Science Ltd Br J Clin Pharmacol, 52, 547-553
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Figure 2 Inhibitory effect of valproic acid on CYP2C9-catalysed tolbutamide hydroxylation in pooled human liver microsomes.

(a) A representative Dixon plot obtained from a 60 min incubation with 25 pm (H), 50 pm (A), 100 pm (V) and 250 pm (@) of
tolbutamide in the absence or presence of valproic acid (500—4000 um). (b) A double-reciprocal plot obtained from a 60 min incubation
of human liver microsomes with NADPH and tolbutamide (25-250 pm) in the absence (M) or presence of 500 um (A), 1000 pm (V),
2000 pm (@) or 4000 pm (Q) valproic acid. (c) A secondary plot of slopes taken from double-reciprocal plots vs valproic acid
concentration. Each data point represents the mean of duplicate determinations.

Table 2 Inhibitory types and kinetic constants of valproic acid for

4.5 ® —q
human CYP activities
)
K (o) £ 0]
i UM, =
! b o < 4.0
CYP Ky Koo Type of inhibition IS
o
>
CYP2A6 12372 («°=3.2) mixed § 4
[9150 pm, 0.048 rnirfl]b [mechanism-based] % 35+ >
CYP2C9 600 competitive X
CYP2C19 8553 (a"=2.5) mixed S
CYP3A4 7975 competitive £
- . - . 3 C 1 1
*Values are derived from nonlinear regression analysis based on 0.0 5 10 15

coincubation of the respective CYP specific substrates with various o )
concentrations of valproic acid without preincubation at 37° C (see the Incubation time (min)
Methods and Table 1 for details).

PInhibition of CYP2A6 was preincubation-time dependent. The Figure 3 Time- and concentration-dependent inactivation of the

. e . . . YP2A6-medi -hydroxylation of marin valproi 1
parameters for mechanism-based inhibition are given in parenthesis c 6-mediated 7-hydroxylation of coumarin by valproic acid

(see Methods for details).
“The factor by which K,, changes when inhibitor occupies the enzyme

in pooled human liver microsomes. The incubation medium was
preincubated with 0 mm (@), 1 mM (O), 2 mm (W), 4 mm (L),
12.5 mm (A) and 25 mm (A) valproic acid for 0, 2, 5, 10 and
15 min at 37° C in the presence of NADPH before adding 1 um
coumarin. Each data point represents the mean of duplicate

site.

concentration of valproic acid may be very high in the  determinations.

enterocytes during absorption and consequently inhibition

of intestinal CYP3A4 activity cannot be totally excluded. the clearance of unbound diazepam [8]. The metabolism
In one study in epileptic patients and control subjects, ~ of phenobarbitone involves glucosidation, glucuronida-
treatment with valproic acid was associated with an  tion [37] and CYP2C19-mediated oxidation [38], but the

increase in the AUC (about 50%), but not in the half-life, ~ contributions of other CYP isoforms are not known.
of nimodipine [9], suggesting inhibition of CYP3A4-  CYP2C19, CYP2D6 and CYP3A4 seem to be the major
mediated presystemic metabolism of nimodipine. enzymes mediating the metabolism of amitriptyline, but

Valproic acid decreases the metabolic clearances of ~ CYP2C9 is also involved [39] and a small fraction of
diazepam, phenobarbitone and amitriptyline by 25-40%  the dose is eliminated via direct glucuronidation [40].
[4-8, 10]. The metabolism of diazepam is mediated mainly =~ Consequently, the inhibitory effects of valproic acid on
by CYP2C19 and CYP3A4, but CYP2C9 may also be ~ CYP2C9 and UDP-glucuronyltransferases [37, 41] prob-
involved [36]. Therefore, inhibition of CYP2C9 by val-  ably explain the valproic acid-phenobarbitone [4-7] and
proic acid may explain the reported modest reduction in  valproic acid—amitriptyline interactions [10].

©2001 Blackwell Science Ltd Br J Clin Pharmacol, 52, 547-553 551
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In conclusion, valproic acid inhibits CYP2C9 activity
in vitro in human liver microsomes, with an apparent K;
value of 600 pm. It may also inhibit CYP2CY activity
in vivo especially in patients requiring high doses of
valproic acid. Although valproic acid is a weak inhibitor of
CYP3A4, the possibility of inhibition of the intestinal
enzyme can not be completely excluded. With the absence
of an inhibitory effect on CYP1A2, CYP2D6 and
CYP2E1 activities, and weak inhibition of CYP2A6 and
CYP2C19 activities, valproic acid is unlikely to produce
clinically relevant interactions by inhibiting these CYP
isoforms.
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by grants from the Helsinki University Central Hospital Research
Fund and the National Technology Agency of Finland (Tekes).
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