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Cytochrome P450 mediated bioactivation of methyleugenol to
19-hydroxymethyleugenol in Fischer 344 rat and human liver
microsomes

Iain Gardner 1, Hiroshi Wakazono1, Pauline Bergin1, to methyleugenol is of toxicological concern because this
compound has been shown to be a genotoxic rodent carcinogenIsabelle de Waziers2, Phillippe Beaune2,

J.Gerald Kenna1,3 and John Caldwell1 (as have the structurally related allylbenzene compounds safrole
and estragole) (1,2).1Pharmacology and Toxicology, Imperial College School of Medicine at

Although the allylbenzenes themselves are not genotoxic,St. Mary’s, Norfolk Place, London, W2 1PG, UK and2Biochimie
they undergo two-step bioactivation to yield chemically react-Pharmacologique et Metabolique, Universite Rene Descartes-INSERM U

75, Paris, France ive electrophiles. The first step is hydroxylation at the 19
position of the allyl side chain, which is catalyzed by the3To whom correspondence should be addressed
cytochrome P450 enzyme system (3). The 19-hydroxy metabol-Cytochrome P450 mediated metabolism of methyleugenol
ites are then sulfated, yielding 19-sulfooxy metabolites (4)to the proximate carcinogen 19-hydroxymethyleugenol has
which decompose spontaneously in an aqueous environmentbeen investigatedin vitro. Kinetic studies undertaken in
to electrophilic carbonium ions that bind covalently to DNAliver microsomes from control male Fischer 344 rats
(2,5) and to other cellular macromolecules, including pro-revealed that this reaction is catalyzed by high affinity (Km teins (6).of 74.9 K 9.0 µM, Vmax of 1.42 K 0.17 nmol/min/nmol

Currently, little is known concerning the kinetics of the 19-P450) and low affinity (apparent Km several mM) enzymic
hydroxylation of allylbenzenes or of the cytochrome P450components. Studies undertaken at low substrate concen-
isozymes which catalyze the reaction. This is an importanttration (20 µM) with microsomes from livers of rats treated
issue since individual cytochrome P450 isozymes show markedwith the enzyme inducers phenobarbital, dexamethasone,
species differences, have different substrate specificities andisosafrole and isoniazid indicated that a number of
also have different modes of regulation (reviewed in 7).cytochrome P450 isozymes can catalyze the high affinity
Variability in expression of P450s in the human populationcomponent. In control rat liver microsomes, 19-
could lead to marked inter-individual variability in susceptibil-hydroxylation of methyleugenol (assayed at 20µM sub-
ity to methyleugenol induced toxicity. Moreover, a rational,strate) was inhibited significantly (P < 0.05) by diallylsulfide
mechanism-based assessment of the risk posed to the human(40%), p-nitrophenol (55%), tolbutamide (30%) and α-
population by ingestion of low levels of allylbenzenes will onlynaphthoflavone (25%) but not by troleandomycin, furafyl-
be possible once the similarities and/or differences betweenline, quinine or cimetidine. These results suggested that
bioactivation of methyleugenol in rodents and humans havethe reaction is catalyzed by CYP 2E1 and by another as
been established.yet unidentified isozyme(s) (most probably CYP 2C6), but

In the present study, the kinetics of 19-hydroxylation ofnot by CYP 3A, CYP 1A2, CYP 2D1 or CYP 2C11.
methyleugenol in rat liver microsomesin vitro have beenAdministration of methyleugenol (0–300 mg/kg/day for 5
investigated, as has the nature of the isozymes of cytochromedays) to rats in vivo caused dose-dependent auto-induction
P450 which catalyze the reaction and the influence of treatmentof 19-hydroxylation of methyleugenol in vitro which could
of rats for 5 days with methyleugenol on this bioactivationbe attributed to induction of various cytochrome P450
process. In addition, the ability of a panel of 13 humanisozymes, including CYP 2B and CYP 1A2. Consequently,
liver microsomal preparations to catalyze formation of 19-high dose rodent carcinogenicity studies are likely to over-
hydroxymethyleugenol has been investigated. The resultsestimate the risk to human health posed by methyleugenol.
obtained suggest that the rodent lifetime carcinogenicity bio-The rate of 19-hydroxylation of methyleugenol in vitro in
assay undertaken recently, by the National Toxicology Program,13 human liver samples varied markedly (by 37-fold), with
could markedly overestimate the risk to human health posedthe highest activities being similar to the activity evident
by dietary ingestion of methyleugenol, and furthermore thatin control rat liver microsomes. This suggests that the risk
this risk could vary markedly between individuals.posed by dietary ingestion of methyleugenol could vary

markedly in the human population.
Materials and methods

Materials
Introduction p-Nitrophenol (PNP*), tolbutamide, testosterone, NADP1, glucose-6-phos-

phate and glucose-6-phosphate dehydrogenase were purchased from SigmaMethyleugenol (3,4-dimethoxyallylbenzene) is a natural fla-
Chemical Co. (Poole, UK). Methyleugenol and 11α-hydroxyprogesterone

vour present in a number of herbs and spices (e.g. basil, sweetwere purchased from Aldrich Chemical Co. (Gillingham, UK). 16α-, 6β-, 7α-
bay, cloves and lemon grass) which are consumed at lowand 2α-hydroxytestosterone and 4-MA (17β-N,N-diethylcarbamoyl-4-methyl-

4-aza-5α-androstan-3-one) were gifts from Dr A.G.Parkinson (Kansaslevels in the human diet and also is approved for commercial
University Medical Center, USA). 7-Ethoxy-, 7-methoxy- and 7-pentoxyreso-use as a fragrance and flavouring agent. Human exposure
rufin were purchased from Cambridge Bioscience (Cambridge, UK). N,O-
bis(trimethylsilyl)trifluoroacetamide (BSTFA) was purchased from Pierce and
Warriner, (Chester, UK). Furafylline was purchased from Ultrafine Chemicals*Abbreviations: PNP, p-nitrophenol; ECL, enhanced chemiluminescence;

PROD, 7-pentoxyresorufin-O-depentylase; MROD, methoxyresorufin-O- (Manchester, UK). 19-Hydroxymethyleugenol and 19-hydroxysafrole were
synthesised according to Borchertet al. (8).demethylase.
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Table I. Induction of liver microsomal 19-hydroxylation of methyleugenol by pre-treatment of male Fischer 344 rats with compounds which induce
cytochromes P450

Inducer Cytochrome P450 content 19hydroxymethyleugenol formation
(nmol/mg protein)

(nmol/min/mg protein) (nmol/min/nmol P450)

Saline control 0.706 0.05 0.366 0.03 0.516 0.04
Phenobarbitone 1.826 0.09* 2.116 0.14* 1.166 0.08*
Isoniazid 0.866 0.07* 0.736 0.09* 0.856 0.10*
Tricaprylin control 0.736 0.09 0.316 0.02 0.426 0.03
Dexamethasone 1.336 0.15* 2.036 0.10* 1.526 0.08*
Isosafrole 1.166 0.04* 1.916 0.26* 1.656 0.22*

Activities are mean6 SD of at least four replicate determinations and were determined at 20µM substrate. *Significantly different from control values,P , 0.05.

Animals and treatments with inducers of cytochromes P450 reported extinction coefficient of 91 mM/cm. Protein content was determined
using a bicinchonic acid assay kit (Pierce and Warriner, Chester, UK) withMale Fischer 344 rats (200–250 g), or age matched female Fischer 344 rats,
bovine serum albumin as standard.were purchased from Harlan-Olac (Oxford, UK). The animals had access to

water and laboratory chowad libitum. For the experiment shown in Table I, Measurement of 19-hydroxymethyleugenol formation
inducers of cytochromes P450 were administered i.p.: sodium phenobarbitalMethyleugenol (1–2000µM) was incubated with microsomal suspensions
(100 mg/kg/day for 3 days;n 5 3) and isoniazid (100 mg/kg/day for 10 days; (0.5 mg protein/ml) from untreated rats in the presence of an NADPH
n 5 6) were administered in saline, while dexamethasone (80 mg/kg/day forgenerating system (1 mM NADP1, 10 mM glucose-6-phosphate and 0.5
3 days; n 5 3) and isosafrole (150 mg/kg/day for 3 days;n 5 3) were unit glucose-6-phosphate dehydrogenase). Control experiments consisted of
administered in tricaprylin. Control animals received equivalent volumesincubations performed with (i) methyleugenol and microsomes in the absence
(,1 ml/kg per rat) of the saline or tricaprylin dose vehicles alone. of the NADPH generating system, (ii) methyleugenol and the generating
In vivo administration of methyleugenol system without microsomes and (iii) microsomes and generating system

without methyleugenol. Reactions were stopped after 5–30 min by additionAfter seven days acclimatisation, male Fischer 344 rats were assigned to one
of 1 ml of ice cold 0.05 M sodium phosphate buffer, pH 4.5. Followingof five treatment groups (n 5 5 per group). These animals were weighed, on
addition of the internal standard (19-hydroxysafrole, 10µg) the incubationa daily basis, for three days then dosed by i.p. injection with either 10, 30,
mixture was shaken mechanically for 60 min with 5 ml ether. After centrifuga-100 or 300 mg methyleugenol/kg/day (dissolved in tricaprylin, which was
tion at 17003g for 10 min, the ether layer was removed by aspiration andadministered as a constant dose of 1 ml/kg) for each of five days. Control
was evaporated to dryness under a stream of nitrogen. The residue wasanimals (n 5 5) received tricaprylin alone.
dissolved in 100µl acetonitrile and derivatised by heating at 60°C for 10 minEffect of pre-treatment with dexamethasone on bioactivation of methyleu-
with 200µl BSTFA. Aliquots (2µl) were then analysed by GC-MS using agenol in vivo
HP5890 series II gas chromatograph connected to a HP5971 Mass Selective

Male Fischer 344 rats (n 5 6 per group) were dosed i.p. with dexamethasone Detector (ionization energy 70 eV). The column was 30 m30.25 mm i.d.,
(80 mg/kg/day, for 3 days) dissolved in tricaprylin, or an equivalent volume0.25µm film thickness, HP5MS (Hewlett-Packard Ltd, Bracknell, UK) and
of tricaprylin vehicle alone. Twenty-four hours after the last dose, the animalshelium carrier gas flow was 1 ml/min. The GC temperature programme was
received either a single i.p. dose of methyleugenol (100 mg/kg) dissolved inheld at 80°C for 3 min and then increased at 20°C/min to 270°C. Monitoring
tricaprylin (3 animals from the control group and 3 animals from the was performed in the single ion mode at m/z 250 (for 19-hydroxysafrole-TMS)
dexamethasone pretreatment group) or an equivalent volume of tricaprylinand m/z 266 (for 19-hydroxymethyleugenol-TMS). 19-Hydroxymethyleugenol
(the remaining animals) and were killed after a further 4 h. was quantitated using a calibration curve prepared by adding known amounts

of 19-hydroxymethyleugenol to boiled microsomes, then processing thesePreparation of hepatic microsomes
samples as described above. Initial experiments verified that reaction ratesAnimals were killed by cervical dislocation and the livers were removed and
were linear with respect to protein concentration and time.placed in ice cold sucrose buffer (0.25 M sucrose, 15 mM Tris2HCl, 0.1 mM

EDTA, pH 6.8). All subsequent steps were performed at 4°C. Livers wereInhibition studies
blotted to remove excess buffer, weighed, then minced thoroughly withThese experiments were performed at 20µM methyleugenol, using the
scissors. Five volumes of fresh sucrose buffer were added and homogenatesconcentration of the inhibitors listed in Table II. Troleandomycin, furafylline
were prepared using eight strokes of a Potter homogenizer, at 1000 rpm. Theand cimetidine are mechanism-based inhibitors (11–13) and so were pre-
homogenates were strained through muslin and centrifuged at 10 0003g for incubated with microsomes, in the presence of the NADPH generating
20 min, the pellets were resuspended in fresh sucrose buffer and re-centrifuged.system described above, for 15 min at 37°C prior to addition of methyleugenol.
The combined 10 0003g supernatants were centrifuged at 100 0003g for All other inhibitors (PNP, diallylsulfide,α-naphthoflavone, quinine and
60 min to sediment the microsomal fraction. Microsomal pellets weretolbutamide) were incubated with methyleugenol and microsomes at 37°C for
resuspended in buffer (100 mM potassium phosphate, pH 7.4, 0.1 mM EDTA),5 min, then reactions were started by addition of the NADPH generating
then snap frozen in liquid nitrogen and stored at280°C until use. system.
Human liver microsomes

Determinations of other microsomal catalytic activities
Human liver samples were obtained from kidney donors, in compliance with

Microsomal incubations were performed in a final volume of 1 ml andFrench legal requirements and with permission from the relevant ethical
contained 0.5 mg of microsomal protein plus the NADPH generating systemcommittee. Liver samples were obtained within 1 h of circulatory arrest and
described previously. Preliminary experiments ensured that reaction rates forsmall portions (~1 cm3) were cut, snap-frozen by immersion in liquid nitrogen,
each assay were linear with respect to time and protein concentration.then stored at280°C. Subsequently, liver samples were thawed and microsomal
Hydroxylation of PNP to 4-nitrocatechol was determined spectrophoto-fractions were isolated as described previously (9). The following clinical
metrically according to Koop (14), using a substrate concentration of 100µM.details were available: HL1 (male, 35 yr, death by head trauma, treated with

Dealkylation of 7-ethoxyresorufin (5µM), 7-methoxyresorufin (1.25µM)dopamine); HL2 (male cirrhotic; gunshot suicide); HL3 (female, 45 yr, heavy
and 7-pentoxyresorufin (5µM) were determined by fluorometric measurementalcohol intake, death by vascular accident); HL4 (male, 13 yr, death by head
of resorufin according to Lake (15). Testosterone hydroxylation was determinedtrauma, treated with dopamine, nembutal and phenytoin); HL5 (male, 64 yr,
according to Arlottoet al. (16), at a substrate concentration of 0.25 mM, inheavy alcohol intake, death by head trauma, treated with phenylephrine and
the presence of the 5-α-steroid reductase inhibitor 4-MA (10µM). In thesedopamine). Specific cytochrome P450 contents were determined in 10 of the
experiments, microsomes were incubated with testosterone for 5 min andhuman liver preparations (see Results for details).
reactions were started by addition of NADPH generating system, then stopped

Determination of microsomal cytochrome P450 and protein content after 10 min by addition of 6 ml dichloromethane. 11-α-Hydroxyprogesterone
(2.5µg) was added as internal standard. Following extraction and reconstitutionMicrosomal cytochrome P450 content was determined by the reduced carbon

monoxide difference spectrum method of Omura and Sato (10) using the in mobile phase A (methanol: water: acetonitrile, 39:60:1), testosterone
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Table II. Influence of isozyme-selective inhibitors of cytochromes P450 on
bioactivation of methyleugenol in microsomes from livers of untreated rats

Inhibitor 19-hydroxymethyleugenol formation
(percent of control activity)

p-Nitrophenol (50µM) 78 6 5*
p-Nitrophenol (200µM) 46 6 12*
Diallylsulfide (200µM) 88 6 10
Diallysulfide (1 mM) 636 0*
Tolbutamide (200µM) 83 6 10
Tolbutamide (500µM) 73 6 7*
Tolbutamide (1 mM) 606 7*
α-naphthoflavone (1µM) 88 6 7
α-naphthoflavone (10µM) 76 6 2.5*
Troleandomycin (50µM) 111 6 9
Troleandomycin (200µM) 89 6 10
Furafylline (25µM) 100 6 3
Furafylline (100µM) 89 6 5
Quinine (1µM) 100 6 0.2
Quinine (10µM) 98 6 1
Cimetidine (50µM) 90 6 9.8

Fig. 1. Kinetics of 19-hydroxylation of methyleugenol in control rat liver
microsomes. Methyleugenol (1–2000µM) was incubated with microsomesResults were obtained using 20µM substrate and are percentages (6 SD) of
from livers of male Fischer 344 rats in the presence of an NADPHthe rate of metabolism of methyleugenol in the absence of inhibitors (which
generating system. Data points are mean6 SD of at least 3 differentwas 0.416 0.04 nmol 19-hydroxymethyleugenol/min/nmol P450).
microsome preparations. The line represents the estimates of the high*Significantly different from control value,P , 0.05.
affinity, low Km site as predicted by NON-LIN.

metabolites were quantified by HPLC with reference to calibration curves
Statisticsprepared with standard reference compounds. HPLC analysis was performed
Kinetic analysis was performed using PC-Non Lin with a weighting of 1/y2.using a gradient elution system consisting of two Shimadzu LC6A pumps, a
Ki was determined mathematically and graphically from Dixon plots. StatisticalShimadzu SIL-6A autoinjector and a Shimadzu SPD-6A UV spectrophoto-
significance was assessed either by two-way analysis of variance followed bymetric detector (254 nm) (Shimadzu, Kyoto, Japan). Analysis was performed
the least significant difference test or by the non-parametric Mann–Whitneyon a 5µm C18 reverse phase column (Hichrom, Reading, UK). The samples
U-test, as appropriate. The level of statistical significance was set atP , 0.05.were eluted with an initial mobile phase composition of 30% mobile phase B

(methanol:water:acetonitrile, 80:18:2), 70% mobile phase A, for 15 min,
increasing linearly to 35% B at 22 min, then 50% B at 27 min and 90% BResults
at 30 min.

Kinetics of formation of 19-hydroxymethyleugenolSDS-PAGE and immunoblotting
Analysis of the kinetics of 19-hydroxylation of methyleugenolMicrosomal protein samples were diluted in distilled water to the required
formation in control male F344 rat liver microsomes yieldedprotein concentration, then diluted 1:1 with sample buffer (8% w/v SDS; 20%

w/v glycerol; 0.1% w/v bromophenol blue in 0.25 M Tris2HCl buffer, pH a non-linear Eadie-Hofstee plot (Figure 1), indicating the
6.8) and boiled for 5 min in the presence of 6 mg/ml dithiothreitol prior to existence of distinct high and low affinity enzymic reactions.
loading onto polyacrylamide slab gels. The stacking gels contained 4%

The high affinity activity exhibited aKm of 74.96 9.0µMacrylamide and the resolving gels contained 10% acrylamide. The discontinu-
and aVmax of 1.426 0.17 nmol/min/mol P450 (mean6 SDous buffer system of Laemmli (17) was employed and electrophoresis was

performed at 30 mA per gel and 15°C. Resolved proteins were transferredof three experiments undertaken with different microsomal
electrophoretically to nitrocellulose at 200 V and 4°C for 1 h (6). Nitrocellulosepreparations). Due to the low solubility of methyleugenol it
membranes were blocked overnight at room temperature in buffer comprisingwas not possible to define the kinetics of the low affinity
2.5% (w/v) casein, 0.15 M NaCl, 0.5 mM Thimerosal and 10 mM Tris2HCl,

reaction accurately, but it had an apparentKm . 2 mM. ThepH 7.6.
rate of formation of 19-hydroxymethyleugenol exhibited aThe antisera and techniques used to detect methyleugenol-modified polypep-

tides have been described in detail previously (6). Immunodetection ofsmall but statistically significant increase (P , 0.05) in liver
cytochrome P450 isozymes was performed by incubating the blocked nitrocel-microsomes prepared from female rats, when assayed at a low
lulose for 3 h at room temperature with primary antisera (anti-CYP 3A, anti-substrate concentration (20µM) (female, 0.436 0.03 nmol/CYP 2B1/2, anti-CYP1A1 or anti-CYP 1A2, from Amersham International

min/nmol P450; male, 0.346 0.03). This difference was notPlc, Bucks., UK) diluted 1:1000 in wash buffer (10 mM Tris2HCl, pH 7.4
evident when activities were determined at a high substratecontaining 0.5% w/v casein, 0.15 M NaCl and 0.5 mM Thimerosal). The

nitrocellulose was washed for 5 min in wash buffer containing 0.1% (w/v)concentration (500µM) (female, 1.546 0.03 nmol/min/nmol
SDS and 0.5% (w/v) Triton X2100 in wash buffer, then in wash buffer alone P450; male, 1.546 0.08 nmol/min/nmol P450).
for 2310 min. Subsequently, nitrocellulose was incubated for 2 h in secondary

Effect of cytochrome P450 inducers on 19-hydroxylation ofantiserum (goat anti rabbit IgG, HRP conjugate; Serotec, UK) diluted in wash
buffer (1:10 000). After further thorough washing in wash buffer (3310 min), methyleugenol
then 0.2 M NaCl, 50 mM Tris2HCl pH 7.4 (335 min), bound secondary When assayed at a low concentration of methyleugenolantibodies were detected by enhanced chemiluminescence (ECL), using

(20 µM), formation of 19-hydroxymethyleugenol was increasedcommercial ECL Western blotting detection reagents (from Amersham Interna-
significantly (P , 0.05) in microsomes prepared from thetional Plc, Bucks, UK). Finally, nitrocellulose membranes were wrapped in

Saran wrap (from ROTEC, Bucks, UK) and exposed to X-ray film (Hyperfilm, livers of rats pre-treated with phenobarbital (2.3-fold greater
from Amersham International Plc) in an autoradiography cassette for betweenthan control, when expressed per nmol P450), dexamethasone
10 s and 5 min. X-ray films were developed according to the manufacturer’s(3-fold), isosafrole (3.2-fold) and isoniazid (1.7-fold) (Table I).instructions and relative intensities of immunoblot signals were determined by

These treatments were shown to result in the expected patterndensitometric scanning using a CS-930 Dual Wavelength Scanner (Shimadzu,
Kyoto, Japan) coupled to a DR-2 data recorder (Shimadzu, Kyoto, Japan). of isozyme selective cytochrome P450 catalytic activities.
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Fig. 2. Influence of dexamethasone pre-treatment on methyleugenol protein
adduct formationin vivo, in livers of male Fischer 344 rats. Rats (n 5 3 per
group) were pre-treated i.p. with dexamethasone (80 mg/kg/day) in
tricaprylin for 3 days (B), or tricaprylin vehicle alone (A), then given single
i.p. doses of methyleugenol (100 mg/kg) in tricaprylin (ME), or tricaprylin

Fig. 3. Inhibition by methyleugenol of metabolism ofp-nitrophenol to 4-alone (C), and killed after a further 4 h. Liver microsomal samples from
nitrocatechol in liver microsomes from male Fischer 344 rats. Microsomesthese animals were analyzed by immunoblotting, using an anti-
were pre-incubated at 37°C for 5 min withp-nitrophenol and methyleugenol(methyleugenol adduct) antiserum. Protein loading was 40µg per lane.
(ME, at the concentrations indicated), then activities (nmol f-nitrocatechol
formed/min/mg/protein) were assayed after addition of an NADPH
generating system. Each data point is the mean6 SD of 4 replicate

When compared with the activities measured in control micro-determinations.
somes and expressed per nmol P450, phenobarbital produced
a 21.6-fold increase in 7-pentoxyresorufin-O-depentylase

inhibitor of the metabolism of PNP to 4-nitrocatechol (apparent(PROD) activity (catalyzed by CYP 2B1/2), while dexametha-
Ki 33 µM; Figure 3).sone increased 6β-hydroxytestosterone activity by 7.4 fold

(CYP 3A1/2), isosafrole increased methoxyresorufin-O- Auto-induction of bioactivation in rats treated in vivo with
demethylase (MROD) activity by 7.2-fold (CYP 1A1/2) and methyleugenol
isoniazid increased 4-nitrocatechol formation from PNP byRats which had been treated i.p. with methyleugenol for 5 days
4.2-fold (CYP 2E1). The control activities (means6 SD of 4 exhibited dose-dependent auto-induction of 19-hydroxylation of
replicate determinations, expressed as pmol product/min21/ the compound (Table III). This auto-induction was statistically
nmol P45021) were: PROD 8.76 1.4; testosterone 6β- significant even at doses as low as 30 mg methyleugenol/kg/
hydroxylase 2406 45.7; MROD 14.36 1.4; PNP hydroxylase day (P , 0.01)), while the greatest increase (1.7-fold over
7006 57.1. control) was at the highest dose level tested (300 mg/kg/day).

However, no auto-induction was evident following treatmentEffect of pre-treatment with dexamethasone on the formation
of rats with methyleugenol at 10 mg/kg/day (Table III).of methyleugenol protein adducts in vivo.

The group of rats dosed with methyleugenol at 300 mg/kg/Previously we have reported that livers from rats treated
day for 5 days exhibited significantly lower body weights andi.p. with methyleugenol express novel, reactive metabolite-
absolute liver weights than control animals (Table III). Thesemodified protein adducts, which can be detected using methyl-
changes were not evident in animals given lower doses of theeugenol adduct-specific rabbit antisera (6). Generation of
compound (10, 30 or 100 mg/kg/day). Although no statisticallythese adducts, which were not expressed in livers from
significant change in total liver microsomal cytochrome P450control rats, was found to require bioactivation of methyl-
content was detected following administration of methyleug-eugenol via the 19-hydroxymetabolite (6). Livers from rats
enol to the rats (Table III), dose-dependent alterations in severaltreated i.p. with methyleugenol (100 mg/kg), after pre-treat-
isozyme-selective catalytic activities were observed, whilement for 3 days with dexamethasone (80 mg/kg/day), exhibited
immunoblotting studies performed using specific antiseramarkedly higher levels of these adducts than livers of rats
revealed induction of expression of two isozymes. Of thegiven methyleugenol without dexamethasone pre-treatment
activities assayed, PROD exhibited the greatest maximal induc-(Figure 2).
tion (5-fold over control, when expressed per nmol P450;

Effect of isozyme selective cytochrome P450 inhibitors on 19- Table IV). Indeed, PROD activity was increased significantly
hydroxylation of methyleugenol even in livers of rats given the lowest dose of methyleugenol

(P , 0.01). Significant (P , 0.01) dose-dependent inductionAssays undertaken at a low methyleugenol substrate concentra-
tion (20µM) revealed that formation of 19-hydroxymethyleug- of EROD (1.9-fold greater than control) and testosterone

7α- (1.6-fold) and 6β- (2.5-fold) hydroxylase activities byenol was inhibited significantly (P , 0.05) and in a
concentration-dependent manner by PNP, diallylsulfide, tolbut- methyleugenol was also observed, as was a very modest but

significant (P , 0.05) induction of MROD activity (1.1-fold).amide and α-naphthoflavone, but not by troleandomycin,
furafylline, quinine or cimetidine (Table II). PNP was the A 1.2-fold induction of PNP hydroxylation was evident at the

highest dose of methyleugenol (300 mg/kg/day). In addition, amost potent inhibitor, causing 54% inhibition, followed by
tolbutamide (40%), diallylsulfide (37%) andα-naphthoflavone very modest (1.1-fold) but significant induction of testosterone

16α- and 2α-hydroxylase was evident in microsomes from(24%). Furthermore, methyleugenol was a potent competitive
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Table III. Autoinduction of bioactivation of methyleugenol in rats treated with the compoundin vivo for 5 days

Parameter Dose of methyleugenol (mg/kg/day)

0 10 30 100 300

Rate of 19-hydroxylation of methyleugenol 0.426 0.03 0.436 0.04 0.586 0.07** 0.616 0.09** 0.706 0.13**
(nmol/min/nmol P450)
Cytochrome P450 content (nmol/mg protein) 0.736 0.09 0.726 0.09 0.736 0.09 0.746 0.03 0.866 0.10
Final liver weight (g) 11.86 1.3 11.56 0.5 11.66 1.0 10.96 1.5 8.96 0.7**
Final body wt (g) 2686 18 2636 9 2686 11 2546 17 2106 11**
Ratio, final liver wt/100 g body wt 4.40 4.37 4.31 4.28 4.24

Rats (n 5 5 per group) were treated i.p. with methyleugenol, at the doses indicated, for each of 5 days. Rates of formation of 19-methyleugenol, which were
assayed using 20µM methyleugenol, and cytochrome P450 contents, were determined using pooled liver microsomes and are means6 SD of at least four
replicate determinations. **Significantly different from values in control rats,P , 0.01.

Table IV. Cytochrome P450-dependent catalytic activities of microsomes from livers of rats treated with methyleugenolin vivo for 5 days, assessed using
isozyme-selective substrates

Activity Dose of methyleugenol (mg/kg/day)

0 10 30 100 300

p-Nitrophenol hydroxylase 12746 41 12786 28 (100) 12336 68 (97) 12846 95 (101) 15356 47** (120)
7-Ethoxyresorufin-O-dealkylase 15.36 0.4 16.16 0.3 (105) 19.36 0.3** (126) 23.66 0.4** 28.4 6 0.2** (185)
7-Methoxyresorufin-O-dealkylase 28.96 1.4 32.86 3.2 (113) 29.66 2.1 (102) 34.26 2.2** (118) 31.56 1.3* (109)
7-Pentoxyresorufin-O-dealkylase 7.46 0.4 8.66 0.4** (116) 10.86 0.1** (146) 21.56 0.4** (291) 37.46 0.6** (506)
Testosterone 7-α-hydroxylase 5606 44 5686 58 (101) 6516 36 (116) 7076 26** (126) 9026 69** (161)
Testosterone-6β-hyroxylase 4746 30 5326 60 (112) 6146 44** (129) 8236 23** (174) 11676 69** (246)
Testosterone 16α-hydroxylase 47016 232 48366 377 (103) 55426 200** (118) 43346 143 (92) 12996 92** (28)
Testosterone 2α-hydroxylase 38736 260 38836 300 (100) 43796 134* (113) 34496 172 (89) 10716 42** (28)

Results (pmol/min/nmol P450) are means6 SD of at least 4 replicate determinations. Numbers in parentheses represent data expressed as a percentage of
control values. *Significantly different to activities of control rat liver microsomes,P , 0.05; **P , 0.01.

kg/day), but was clearly evident in the animals given the
Table V. Bioactivation of methyleugenol by human liver microsomes higher doses (Figure 4A). Densitometric analysis revealed

that the levels of CYP 1A2 protein in livers of rats given
Human liver Cytochrome P450 content 19-hydroxymethyleugenol methyleugenol at 100 and 300 mg/kg/day were increasedsample (nmol/mg protein) formation

by 2.3-fold and 3.3-fold over control values, respectively(nmol/min21/mg protein21)
(Figure 4D). However, no induction of CYP 1A1 and CYP

HL1 0.75 0.346 0.08 3A isozymes was detected (Figure 4B and C).
HL2 0.32 0.116 0.02

19-Hydroxylation of methyleugenol in human liver microsomesHL3 0.50 0.946 0.12
HL4 n.d. 1.33 Investigations of 19-hydroxylation of methyleugenol in human
HL5 n.d. 0.55 liver microsomal fractions were undertaken using a concentra-
HL6 0.46 0.416 0.01

tion of substrate (200µM) approximately equivalent to theHL7 0.46 0.386 0.02
Vmax of the high affinity enzymic component identified in ratHL8 0.45 0.546 0.02

HL9 0.69 0.386 0.00 liver microsomes. These studies revealed a 37-fold variation in
HL10 0.33 0.056 0.01 the rate of the reaction (Table V). The rate of 19-hydroxylation
HL11 0.38 0.236 0.04 observed in the most active human liver (HL4; 13286 100HL12 0.64 0.416 0.00

pmol/min/mg protein) was similar to those seen in controlHL13 n.d. 0.81
male rat liver microsomes, when assayed at 200µM substrate

Activities are means of duplicate or triplicate determinations (6 SD for (1.286 0.23 nmol/min/mg protein). The variable rates of meta-
triplicates), assayed at 200µM substrate. n.d.5 not determined. bolism of methyleugenol by the human liver microsomal

samples did not correlate with their cytochrome P450 contents
(r 5 0.33, p 5 0.36), which for 10 of the preparations were

livers of rats given methyleugenol at 30 mg/kg/day, while thesedetermined by UV difference spectroscopy (see Table V).
activities were markedly depressed (by 3.6-fold) following
administration of methyleugenol at 300 mg/kg/day (Table IV).DiscussionThe immunoblotting studies demonstrated dose-dependent
induction of CYP 2B1/2 and CYP 1A2 isozymes in livers of The current studies have shown that 19-hydroxylation of

methyleugenol, which previously has been implicated in forma-the methyleugenol-treated rats. CYP 2B1/2 protein was not
detectable in liver microsomes from control animals or rats tion of DNA and protein adducts and thereby in the rodent

hepatotoxicity and carcinogenicity of the compound, is cata-that had received low doses of methyleugenol (10 or 30 mg/
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Fig. 4. Expression of cytochrome P450 isozymes in livers from male Fischer 344 rats treated with methyleugenol for 5 days. Liver microsomal fractions were
analyzed by immunoblotting, using antisera specific for CYP 2B1/2 (A), CYP 3A (B), CYP 1A1 (C) and CYP 1A2 (D) isozymes, respectively. Microsomes
from livers of male Fischer 344 rats that had been treated with phenobarbital (PB) (panel A), dexamethasone (DEX) (panel B),β-naphthoflavone (BNF) and
isosafrole (ISF) (panels C and D) were included as positive controls. Liver microsomes from methyleugenol-treated rats were analyzed using protein loadings
of 40 µg per lane.

lyzed in vitro by distinct high affinity (apparentKm of obtained using various isozyme-selective chemical inhibitors
indicate that, when assayed at low substrate concentration, 19-74.96 9.0µM; apparentVmax of 1.426 0.17 nmol/min/nmol

P450) and low affinity (apparentKm several mM) enzymic hydroxylation of methyleugenol in liver microsomes from
untreated rats is catalyzed predominantly by CYP 2E1 and bycomponents in microsomes from livers of untreated male

Fischer 344 rats (Figure 1). The NTP carcinogenicity bioassay one or more additional isozymes (most probably CYP 2C6).
Involvement of CYP 2E1 in 19-hydroxymethyleugenolon methyleugenol, which is under evaluation currently, involves

lifetime treatment of rats and mice with the compound at 0, formation is consistent with the inhibition of the reaction seen
in the presence of diallylsulfide and PNP (37% and 54%37, 75 or 150 mg/kg/day. In these chronic toxicity studies,

bioactivation of methyleugenol should be catalyzed predomin- inhibition, respectively), which selectively inhibit this isozyme
(25,26). This interpretation is further supported by the observa-ately by the high affinity, lowKm enzymic component. A

recent study has shown that concentrations of methyleugenol tion that methyleugenol competitively inhibited hydroxylation
of PNP to 4-nitrocatechol (Figure 3), which is a reactionin plasma of rats given the compound orally, at doses of 37

and 150 mg/kg, are ~1–7µg/ml (5.6–39µM), while peak catalyzed by CYP 2E1 (27). CYP 2E1 has been implicated
previously in the bioactivation and metabolism of a numberplasma concentrations of 20µg/ml (112µM) are reached

following i.v. dosing with methyleugenol at 37 mg/kg (18). of other hepatotoxins and carcinogens, including paracetamol,
benzene, nitrosamines and carbon tetrachloride (28,29).The marked increase in the rate of 19-hydroxylation of

methyleugenol that was evident in microsomes from rats Involvement of CYP 2C6 in 19-hydroxylation of methyleug-
enol seems likely in view of the significant (40%) inhibitiontreatedin vivo with phenobarbital, dexamethasone, isosafrole

or isoniazid, when assayed at a low substrate concentration of the reaction by tolbutamide, which has been shown to
inhibit CYP 2C6 mediated reactions (30) and byα-naphthofla-(20 µM) (Table I), implies that several cytochrome P450 iso-

zymes can catalyze the high affinity reaction. This is because vone (24% inhibition).α-Naphthoflavone has been shown to
inhibit tolbutamide hydroxylation (31) and to inhibit the N4-phenobarbital has been shown to induce CYP 2B1/2, CYP 2C

and CYP 3A isozymes (19,20), while dexamethasone is an hydroxylation of sulfamethoxazole, which is catalyzed by CYP
2C6 (30). Althoughα-naphthoflavone is known to be a potentinducer of CYP 3A and 2B isozymes (21), isosafrole induces

CYP 1A1 and CYP 1A2 isozymes (22), and isoniazid is a inhibitor of CYP 1A isozymes (32), 19-hydroxylation of
methyleugenol was not inhibited significantly by the potentselective CYP 2E1 inducer (23,24). However, the results
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CYP 1A2 inhibitor furafylline (12,33). This excludes the ent in rats can be attributed to induction of expression of
cytochromes P450. The profile of induced cytochrome P450possibility that CYP 1A2 makes a significant contribution to

catalysis of the high affinity component of 19-hydroxymethyl- apoproteins that was detected by immunoblotting, and of altered
cytochrome P450-dependent catalytic activities, indicates thateugenol formation in livers of untreated rats. The relatively

modest induction of 19-hydroxymethyleugenol formation evid- multiple mechanisms are involved. The elevated expression of
CYP 2B apoprotein, the elevated activities of PROD andent in microsomes from livers of rats treated with phenobarbital

(2.3-fold) is also consistent with induction of CYP 2C6 testosterone 7α- and 6β-hydroxylation, and the depression of
testosterone 16α- and 2α-hydroxylation, are all consistent(20,21,30,31). This may be contrasted with the very marked

(21.6-fold) induction of PROD activity, which is catalyzed by with a weak phenobarbital-like pattern of enzyme induction
(16,34,41,42). Moreover, the elevated MROD and ERODCYP 2B1/2 isozymes (34), that was evident in the phenobar-

bital-induced microsomes. Moreover, it should be noted that activities indicate dose-dependent induction of CYP 1A (34),
as does the elevated levels of CYP1A2 apoprotein, while theCYP 2B1/2 isozymes are expressed only at very low levels in

livers of untreated rats (34). Involvement of CYP 3A isozymes elevated PNP hydroxylase activity that was evident in livers
of rats treated with the highest dose of methyleugenol (300 mg/in the high affinity component of 19-hydroxylation of methyleu-

genol in untreated rat liver microsomes may be excluded since kg/day) implies induction of CYP 2E1 (23,26), which perhaps
is related to the weight loss seen in these animals.troleandomycin, which is a potent CYP 3A inhibitor (35), did

not inhibit the reaction. The other compounds which did not Recently it has been shown that long term (13 weeks)
administration of methyleugenol to rodents leads to increasedinhibit formation of 19-hydroxymethyleugenol were the CYP

2D1 inhibitor quinine (36) and cimetidine, which under the liver size (43), which is a characteristic of phenobarbital
administration. Perhaps methyleugenol, in addition to being aconditions used in the present study (50µM, with 15 min pre-

incubation) is a selective inhibitor of CYP 2C11 (11). genotoxic carcinogen, can exert epigenetic tumour promoting
effects when given to rodents at high doses for prolongedSince 19-hydroxylation is the first step in metabolic bioactiv-

ation of methyleugenol, any factor increasing the fraction of periods, as has been shown for phenobarbital (44,45). It should
be noted that phenobarbital does not appear to be a humana dose of methyleugenol metabolized by this pathway is likely

to increase the amount of electrophilic metabolite bound to hepatocarcinogen, even though it has been shown to induce
human cytochromes P450 (46). In future work, it will becellular DNA and protein, and thus increase the potency

of methyleugenol as a carcinogen and hepatotoxin. This important to investigate the contribution of epigenetic mechan-
isms to the overall carcinogenic potential of methyleugenolinterpretation is supported by the marked increase in methyleu-

genol-protein adduct formation that was evident when rats and to assess whether such mechanisms operate in human, as
well as rodent, tissues.were pre-treated with dexamethasone, to induce cytochrome

P450-dependent bioactivation, before administration of methyl- The primary objective of the studies undertaken using human
liver microsomes was to assess whether the cytochromes P450eugenol (Figure 2). Methyleugenol-protein adduct formation

has been shown to proceed via the 19-hydroxy metabolite (8), expressed in a panel of human livers had the capability
to catalyze 19-hydroxylation of methyleugenol. The resultsand so is a useful surrogate marker of bioactivation of the

compoundin vivo in the target organ for toxicity (the liver). obtained demonstrate that the first step in metabolic bioactiv-
ation of methyleugenol is catalyzed by the human enzymes.This finding confirms and extends previous investigations,

which showed that co-administration of cytochrome P450 These studies were undertaken using 200µM substrate. If
used in the studies of rat liver microsomes, this substrateinducers and the related allylbenzene safrole to rats resulted

in increased production of 19-hydroxysafrole and in increased concentration would have revealed catalytic activities that were
attributable primarily to the lowKm enzymic component andnumbers of hepatic tumours, when compared with rats given

safrole alone (37,38). We did not investigate the effects approximated to theVmax of this component. Consequently,
the 37-fold variation in the rate of 19-hydroxymethyleugenolof pre-treatment of rats with isoniazid and isosafrole on

methyleugenol-protein adduct formationin vivo because both formation observed in the 13 human liver preparations raises
the possibility that the toxic potential of the compound iscompounds bind to the active sites of the cytochrome P450

isozymes that they induce (7,39,40). subject to marked inter-individual variability in the human
population. Whether this is due to variable expression of CYPConsequently, our observation of auto-induction of 19-

hydroxylation of methyleugenol in microsomes from livers of 2E1, CYP 2C isozymes, or other isozymes of cytochrome
P450 is unclear. Although rat and human CYP 2E1 exhibit arats given the compoundin vivo for 5 days, at doses ranging

from 30–300 mg/kg/day, but not in rats given methyleugenol high degree of similarity in amino acid sequence and substrate
specificity (47), the structures and catalytic activities of CYPfor 5 days at a dose of 10 mg/kg/day, has important toxico-

logical implications. The high doses of methyleugenol adminis- 2C family members and of many other P450 isozymes exhibit
marked species variabilities (47,48). In future experiments ittered to rodents in the NTP carcinogenicity assay which is

under evaluation currently (37, 75 and 150 mg/kg/day) will will be important to define the human isozymes (cytochromes
P450 and sulfotransferases) which catalyze bioactivation ofhave caused significant auto-induction of bioactivation. Such

auto-induction will not occur in the human population, where methyleugenol. In combination with toxicity data which avoids
the problems posed byin vivo auto-induction of bioactivation,levels of dietary ingestion of the compound are of the order

of µg/kg/day. Thus, the results of the NTP carcinogenicity such information should greatly aid the assessment of the risk
to human health posed by dietary ingestion of this compound.bioassay are likely to significantly overestimate the risk to

humans posed by methyleugenol. The possibility that auto-
induction of bioactivation occurs during high dose rodentAcknowledgements
carcinogenicity studies should be considered for other allyl-The authors would like to thank Dr Karen Rowland, Pharmacology and
benzenes, and indeed other classes of compounds. Medicine, University of Sheffield, for help with the Non-Lin analysis. This
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