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Aims To determine the cytochrome P450 (CYP) isoforms involved in the oxidation

of propofol by human liver microsomes.

Methods The rate constant calculated from the disappearance of propofol in an

incubation mixture with human liver microsomes and recombinant human CYP

isoforms was used as a measure of the rate of metabolism of propofol. The correlation

of these rate constants with rates of metabolism of CYP isoform-selective substrates

by liver microsomes, the effect of CYP isoform-selective chemical inhibitors

and monoclonal antibodies on propofol metabolism by liver microsomes, and its

metabolism by recombinant human CYP isoforms were examined.

Results The mean rate constant of propofol metabolism by liver microsomes obtained

from six individuals was 4.2 (95% con®dence intervals 2.7, 5.7) nmol minx1 mgx1

protein. The rate constants of propofol by microsomes were signi®cantly correlated

with S-mephenytoin N-demethylation, a marker of CYP2B6 (r=0.93, P<0.0001),

but not with the metabolic activities of other CYP isoform-selective substrates. Of the

chemical inhibitors of CYP isoforms tested, orphenadrine, a CYP2B6 inhibitor,

reduced the rate constant of propofol by liver microsomes by 38% (P<0.05), while

other CYP isoform-selective inhibitors had no effects. Of the recombinant CYP

isoforms screened, CYP2B6 produced the highest rate constant for propofol metab-

olism (197 nmol minx1 nmol P450x1). An antibody against CYP2B6 inhibited the

disappearance of propofol in liver microsomes by 74%. Antibodies raised against other

CYP isoforms had no effect on the metabolism of propofol.

Conclusions CYP2B6 is predominantly involved in the oxidation of propofol by

human liver microsomes.
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Introduction

Propofol is a short-acting anaesthetic commonly used in

clinical practice. It is rapidly eliminated from the body, and

glucuronidation in the liver is the major pathway of

metabolism [1±3]. However, the oxidation of propofol via

ring hydroxylation [3] accounts for approximately 40% of

the dose [1], and this reaction is catalysed by cytochrome

P450 (CYP) [4]. Propofol is frequently used in combina-

tion with other agents such as opioids and other anae-

sthetics, and has been shown to inhibit their metabolism

and those of those compounds [5±9]. Since inhibition

of the metabolism of simultaneously administered drugs

is often observed when both agents are metabolized

by the same CYP isoforms [10, 11], it is important to

elucidate the CYP isoforms involved in the metabolism

of propofol to predict possible CYP-mediated drug

interactions between this with other agents. Although

there have been a large number of reports regarding the

pharmacokinetics of propofol [1±3], few studies have been

performed to elucidate the hepatic CYP isoforms involved

in its metabolism [4]. The aim of the present study was to
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elucidate the CYP isoforms involved in the metabolism

of propofol using human liver microsomes, recombi-

nant human CYP isoforms and selective CYP antibodies

in vitro.

Methods

Materials

The study protocol was approved by the Institu-

tional Human Investigational Committee, Osaka City

University Medical School, Osaka, Japan. Propofol was

obtained from Aldrich (Milwaukee, WI, USA). Reduced

nicotinamide adenine dinucleotide phosphate (NADPH),

phenacetin, paracetamol (acetaminophen), thymol, orphe-

nadrine, quinidine, diethyldithiocarbamate (DDC) and

troleandomycin (TAO) were obtained from Sigma

Chemical Co. (St Louis, MO, USA). Midazolam and

1k-hydroxymidazolam (1k-OH MDZ) were kind gifts

from Hoffmann-La Roche Ltd. (Nutley, NJ, USA).

S-mephenytoin, nirvanol, 4k-hydroxymephenytoin and

furafylline were obtained from Ultra®ne Chemicals

(Manchester, UK). Sulfaphenazole was a kind gift from

Meiji Yakuhin Co. Ltd (Tokyo, Japan). Human liver

microsomes were obtained from the International Institute

for the Advancement of Medicine (Scranton, PA, USA).

Recombinant human P450s expressed in human lympho-

blast cells with NADPH-cytochrome P450 reductase were

obtained from Gentest (Woburn, MA, USA). Mono-

clonal antibodies raised against CYP1A2, 2B6, 3A4

and a polyclonal antibody raised against CYP2C were

also obtained from Gentest. The selectivities and inhib-

itory activities of these antibodies were con®rmed and

described in the accompanying instruction manuals. Anti-

body raised against CYP2C inhibits both CYP2C9

and CYP2C19 activities. A reverse-phase octadecasilyl

column used for high-performance liquid chromatogra-

phy (h.p.l.c.) was obtained from the Tosoh Corp. (Tokyo,

Japan). Other reagents and organic solvents were obtained

from Wako Pure Chemical Industries (Osaka, Japan).

Incubation conditions

The incubation mixture consisted of human liver

microsomes containing 0.1 mg protein, 4 mM NADPH,

and propofol in the presence or absence of one of the

chemical inhibitors of CYP isoforms in 100 mM potassium

phosphate buffer (pH 7.4) made up to a ®nal volume of

0.5 ml. When recombinant CYP isoforms were used

instead of liver microsomes, the incubations contained

30 pmol CYP. Propofol was initially prepared in methanol

solution, and the ®nal concentration in the incubation

mixture was adjusted to 20 mM. The ®nal concentration

of methanol was less than 0.4%. The concentrations of

propofol used in our study were based on those observed

in clinical practice [7].

The mixture was incubated at 37uCC for 0, 5, 10

and 15 min. Incubations were performed in individual

tubes for each time point. When recombinant CYP2B6

was used, 2 pmol CYP was incubated with propofol

and NADPH for 0, 2, 4 and 6 min. Incubations were

terminated by addition of 1 M NaOH (50 ml) and cooled

on ice. Thymol (10 ml of a 6 mM in methanol solution)

as an internal standard and ethyl acetate 1 ml were added

to the mixture, which was then vortexed for 10 min and

centrifuged at 3000 rev minx1 for 10 min. An aliquot of

the ethyl acetate layer (80 ml) was mixed with 160 ml

of the h.p.l.c. mobile phase, and 150 ml of this mixture was

injected onto the h.p.l.c. system described by Plummer

[12]. The limit of detection of propofol was 0.05 mM. The

intra- and inter- assay coef®cients variation measured were

4.5 and 6.2% at 0.1 mM and 3.5 and 4.0% at 10 mM,

respectively (n=6 replicates).

Measurement of the disappearance rate constant
for propofol metabolism and of the metabolic activity
of CYP-selective substrates

The rate constant of propofol metabolism by human

microsomes and recombinant CYP isoforms was estimated

from its initial concentration in the incubation medium

(C ) and the half-time of substrate disappearance (tK) using

the following equation [13]:

Rate constant=Cr0.693/tK

The half-life of substrate disappearance was calculated

from linear regression analysis of semilogarithmic plots

of the mean of the residual concentrations of propofol

of three experiments at each incubation time. Phenacetin

O-deethylation, S-mephenytoin N-demethylation and

4k-hydroxylation and midazolam 1k-hydroxylation activ-

ities in human liver microsomes obtained from 11

individuals were quanti®ed to measure CYP1A2, 2B6,

2C19 and 3A4 activities, respectively, using previously

reported methods [11, 14±16].

Studies with chemical inhibitors and inhibitory antibodies

The effects of a series of CYP isoform-selective inhibitors

on the metabolism of propofol were examined using liver

microsomes obtained from six individuals. Chemical

inhibitors were used at the following ®nal concentrations:

furafylline (CYP1A2 inhibitor, 20 mM), orphenadrine

(CYP2B6 inhibitor, 50 mM), sulfaphenazole (CYP2C9

inhibitor, 20 mM), quinidine (CYP2D6 inhibitor, 5 mM),

DDC (CYP2E1 inhibitor, 100 mM) and TAO (CYP3A

inhibitor, 100 mM). The concentrations of the chemical

inhibitors employed in the present study were similar
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to those reported previously [17, 18]. Furafylline,

orphenadrine and troleandomycin were preincubated for

15 min with microsomes and NADPH prior to addition

of substrate. Experiments with inhibitory monoclonal

antibodies were performed as reported previously [19].

Statistical methods

Statistical comparisons were made using unpaired t-test.

the relationships between the rate constant for propofol

metabolism and phenacetin O-deethylation, S-mepheny-

toin N-demethylation and 4k-hydroxylation and midazo-

lam 1k-hydroxylation activities were determined by linear

regression analysis using StatView ver 4.5 (Abacus

Concepts Inc., CA, USA). All values are presented as

means (95% con®dence intervals). P values <0.05 were

considered statistically signi®cant.

Results

There was an inverse linear correlation between incuba-

tion time and the logarithm of the concentration of

propofol remaining in the mixture when initial substrate

concentrations were between 0.5 and 50 mM, incubation

times were 15 min or less and the concentrations of

microsomal protein and CYP were less than 0.2 mg and

50 pmol, respectively, which is indicative of ®rst-order

kinetics. The mean rate constant for propofol metabolism

by human liver microsomes obtained from six individuals

was 4.2 (2.7, 5.7) nmol minx1 mgx1 protein. The rate

constants correlated signi®cantly with S-mephenytoin

N-demethylation activity, a marker of CYP2B6 (r=0.93,

P<0.0001), but not with phenacetin O-deethylation

activity, a marker of CYP1A2 (r=0.41, P=0.22), nor

with S-mephenytoin 4k-hydroxylation activity, a marker

of CYP2C19 (r=x0.22, P=0.53), or midazolam

1k-hydroxylation activity, a marker of CYP3A4

(r=x0.21, P=0.55) (Figure 1). The mean rate constant

for propofol metabolism by liver microsomes from six

individuals incubated with orphenadrine was 2.6 (1.8,

3.4) nmol minx1 mgx1 protein, which was signi®cantly

lower than the control value without inhibitors (P<0.05).

Mean data from incubations containing furafylline,

Disappearance rate constant for propofol metabolism (nmol min–1
 mg–1

 protein)
0 2 4 6

c

S
-m

ep
he

ny
to

in
 4

´-
hy

dr
ox

yl
at

io
n

(p
m

ol
 m

in
–1

 m
g–1

 p
ro

te
in

)

150

100

50

0

r =–0.22
P =0.53

8 0 2 4 6

d

M
id

az
ol

am
 1

´-
hy

dr
ox

yl
at

io
n

(n
m

ol
 m

in
–1

 m
g–1

 p
ro

te
in

)

12

8

4

0

r =–0.21
P =0.55

8

0 2 4 6

a

P
he

na
ce

tin
 O

-d
ee

th
yl

at
io

n
(n

m
ol

 m
in

–1
 m

g–1
 p

ro
te

in
)

1.5

1.0

0.5

0.0

r =0.41
P =0.22

8 0 2 4 6

b
S

-m
ep

he
ny

to
in

 N
-d

em
et

hy
la

tio
n

(p
m

ol
 m

in
–1

 m
g–1

 p
ro

te
in

)

800

400

200

0

r =0.93
P <0.0001

8

600

Figure 1 Correlations of the disappearance rate constant for propofol metabolism with (a) phenacetin O-deethylation, a marker of

CYP1A2, (b) S-mephenytoin N-demethylation, a marker of CYP2B6, (c) S-mephenytoin 4k-hydroxylation, a marker of CYP2C19 and

(d) midazolam 1k-hydroxylation, a marker of CYP3A4, by human liver microsomes from 11 individuals. Concentrations of phenacetin,

S-mephenytoin and midazolam were 200 mM, 1 mM and 10 mM, respectively. The amount of microsomal protein was 400 mg and

incubation time was 20 min. Each plot depicts the mean of three experiments.
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sulfaphenazole, quinidine, DDC and TAO were 3.6 (1.9,

5.3), 4.4 (2.7, 6.1), 5.2 (3.9, 6.5), 4.0 (2.7, 5.3) and 4.6 (3.2,

6.0), respectively. None of these was signi®cantly different

from the control value.

The rate constants for propofol metabolism by recom-

binant CYP1A2, 2B6, 2C9 and 2C19 were 11.2, 26.6,

0.2 and 2.8 nmol minx1 mgx1 protein (54.8, 196.8,

0.54 and 7.8 nmol minx1 nmolx1 P450) (mean of two

experiments). CYP2A6, 2D6, 2E1 3A4 and 3A5 showed

no detectable activity towards propofol. Experiments

using inhibitory antibodies raised against CYP1A2, 2B6,

2C and 3A4 were also used to determine the contribution

of these CYP isoforms to the metabolism of propofol by

human liver microsomes. Of these only the CYP2B6

antibody inhibited its metabolism, decreasing the rate

constant by 74% (mean of two experiments). Antibodies

raised against CYP1A2, 2C and 3A4 had no effect

(Figure 2).

Discussion

The activity of CYP isoforms has traditionally been

examined by measuring the rates of formation of

metabolites formed from the drug of interest. In our

experiments, we studied the CYP isoforms involved in

the metabolism of propofol by monitoring the rate of

disappearance of the parent drug from an incubation

mixture containing human liver and recombinant human

CYP microsomes [13]. This method is useful for assessing

the overall elimination of a drug, particularly when its

metabolic pro®le is not completely known [20], or when

a metabolite is unstable or dif®cult to measure.

Several lines of evidence obtained in the present study

suggest that CYP2B6 is the principal CYP isoform

involved in the metabolism of propofol by human

liver: (1) the disappearance rate constants of propofol

by 11 different human liver microsomes were highly

correlated with S-mephenytoin N-demethylation activity,

a marker of CYP2B6, (2) orphenadrine, an inhibitor

of CYP2B6, signi®cantly inhibited the metabolism of

propofol, (3) recombinant human CYP2B6 exhibited

the highest propofol metabolic activity towards propofol

compared with the other recombinant CYPs tested

and (4) propofol metabolism by human liver microsomes

was inhibited by a monoclonal antibody raised against

CYP2B6.

Recombinant CYP1A2, 2C9 and 2C19 also metab-

olized propofol, but at a lower rate than CYP2B6.

Furthermore, chemical inhibitors of CYP1A2 and 2C9

activity or antibodies raised against these CYP isoforms

had no effect on propofol metabolism. Guitton et al. [4]

have suggested that CYP2C9 plays a role in the

metabolism of propofol. However, CYP2B6 was not

examined in their study, probably because the content

of CYP2B6 in human liver microsomes is low [21]. The

contribution of CYP2B to the hydroxylation of propofol

has also been established in experimental animals [22].

The elimination of propofol from the body after

intravenous injection depends primarily on hepatic blood

¯ow rather than on metabolic activity in the liver, since its

hepatic extraction ratio is more than 70% [23]. However,

identifying the speci®c enzymes involved in the metab-

olism of propofol is required to elucidate potential

metabolic interactions between propofol and other

agents. We have shown recently that propofol competi-

tively inhibits the metabolism of midazolam [7], which

is selectively metabolized by CYP3A4 both in vitro and

in vivo [24]. Competitive inhibition of metabolism is

often observed when two agents are metabolized by the

same CYP isoforms [10, 11]. However, the present in vitro

study revealed that CYP3A4 was not involved in the

metabolism of propofol. The reasons for the discrepancies

in ®ndings between our recent and the present study

remain unknown. However, it is possible that CYP2B6

is involved to a certain extent in the metabolism of

midazolam, since CYP2B6 has signi®cant metabolic

activity towards some substrates thought to be catalysed

predominantly by CYP3A4, such as lignocaine and

dextromethorphan as well as midazolam [25±27].

In summary, we have shown that CYP2B6 is the

predominant CYP isoform involved in the oxidation of

propofol by human liver microsomes.
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Figure 2 Effect of antibodies raised against CYP1A2 (&), 2B6

($), 2C (m) and 3A4 (2) on the disappearance rate constant

for propofol metabolism by human liver microsomes. The

concentration of propofol was 20 mM. The amount of protein

in liver microsomes in each incubation mixture was 100 mg.

Microsomes and antibodies were preincubated at room

temperature for 20 min, followed by addition of propofol and

NADPH. The total amount of protein in the antibodies and

preimmune immunoglobulin G was 50 mg. The results of

duplicate determinations at each concentration of antibodies

added to microsomes are shown. The mean (95% CI) rate

constant for propofol metabolism in the absence of antibodies

was 4.2 (2.7, 5.7) nmol minx1 mgx1 protein.
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