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Abstract

1.

The cytochrome P450-mediated metabolism of the tea tree oil ingredient p-cymene (p-isopropyltol-
uene) was studied by the application of in vitro enzymatic assays using different recombinant human
cytochrome P450 enzymes.

In total, four enzymatic products were identified by gas chromatography-mass spectrometry. The
enzymatic products identified were: thymol (2-isopropyl-5-methylphenol), p-isopropylbenzyl alco-
hol, p,a,a-trimethylbenzyl alcohol, and p-isopropylbenzaldehyde.

The enzymatic products of p-cymene resulted from catalysed enzymatic arene-epoxidation and
hydroxylation reactions by the studied cytochrome P450 enzymes.

An in vivo study could only confirm the formation of one enzymatic product, namely thymol. Thymol
was identified after enzymatic hydrolysis of glucuronide and sulphate conjugates in collected blood
and urine samples.

The obtained results may help to increase the understanding of cases where skin sensitization and
irritation by tea tree oil-containing products that are involved with allergic reactions of users of these
products. The results also indicate that skin sensitization and irritation reactions not only can be
explained by the frequently in literature reported auto-oxidation of tea tree resulting in bioactive
oxidized products, but also now by the formation of epoxide intermediates resulting from catalysed
arene-epoxidation reactions by selected human cytochrome P450 enzymes which are also located in
different organs in humans.

Keywords: Tea tree oil; p-cymene; arene-epoxidation; thymol; gas chromatography-mass spectrometry
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Introduction

The use of raw plant materials such as herbs, roots,
leaves, and spices to manufacture natural remedies,
also named complementary and alternative medicine,
is very old and dates back thousands of years. The earli-
est evidence of its use by humans dates to the time of
Neanderthal humans (Kleiner 1995). Approximately 15
years ago, already 30% of modern medicines were esti-
mated to contain raw plant materials (Kleiner 1995) as
(active) ingredients.

Moreover, very popular among the population in
Europe and the United States is the use of complemen-
tary and alternative medicine. This due to the revival of
a ‘back-to-nature’ movement. Tea tree oil (TTO) is a fre-
quently used complementary and alternative medicine
manufactured by steam distillation from the leaves of
the tree Maleleuca alternifolia. TTO is widely incorpo-
rated as active ingredient in topical formulations that
are used to treat several different cutaneous diseases. It
has anti-microbiological (Carson et al. 2006), antifun-
gal (Hammer et al. 2003, 2006) and cancer-suppressive
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properties (Knight & Hausen 1994; Papadopoulos et al.
2006; Edris 2007). Although many studies have been
undertaken, the (bioactive) mechanism of TTO is still
not (entirely) understood (Valero & Salmeron 2003;
Chorianopoulos et al. 2004; Nostro et al. 2004; Schelz
etal. 2006).

In contrast to its medicinal healing properties, TTO
is also reported to cause allergic skin-contact dermatitis
(Apted 1991; Knight & Hausen 1994; Bhushan & Beck
1997; Rubel et al. 1998; Rutherford et al. 2007; Aberer
2008), intoxication (Woolf 1999), ataxia, and even coma
(Hammer et al. 2006). Allergic contact dermatitis is a dis-
ease frequently observed in patients with (skin) allergic
reactions to (cosmetic) products containing plant extracts
or raw plant ingredients (Thomson & Wilkinson 2000;
Larsen et al. 2001; Rastogi et al. 2001; Jappe et al. 2005).

The chemical composition of TTO is only partly
known. Fifteen substances have been identified: twelve
are monoterpenes and the other three are sesquiter-
penes (Knight & Hausen 1994). Monoterpenes such as
v-terpinene, 1,8-cineole, p-cymene, a-pinene (Carson
and Riley 2001), and their oxidation products like
monoterpene epoxides and hydroperoxides (Hausen
et al. 1999; Skold et al. 2004; Johansson et al. 2008) are
under suspicion as being the causes of this contact
dermatitis. TTO contains several monoterpenes where
under p-cymene, its concentration varies depending
on the cultivation methods used and is, according to
1SO4730, to be between 0.5% and 12% (International
Organisation for Standardisation (ISO) 1996). Recently,
the present authors reported the detection of mono-
terpene oxidation products (alcohols) in urine samples
of humans after ingestion of a cough syrup contain-
ing monoterpenes (Meesters et al. 2008). Due to their
chemical activity, oxidation products may bind to skin
proteins and produce haptens with bioactive proper-
ties, as reported by Nilsson et al. (2001), that may result
in an allergic reaction of the skin. We reported the
enzymatic formation of bioactive allergens by CYP, A3-
carene-epoxide, an enzymatic product (CYP1A2) from
the monoterpene A3-carene (Duisken et al. 2005a) and
the enzymatic intermediate 6,7-epoxylinalool (CYP2D6)
(Meesters et al. 2007) from the monoterpene alcohol
linalool. The CYP-catalysed metabolism of mono-
terpenes, enzymes specialized in the detoxification of
exogenous substances (Baron & Merk 2001; Guengerich
2003), is for many monoterpenes still unknown. From
the elucidation of specific enzymatic reaction products
one can obtain information about potential bioreactive
oxidation products which could help in an understand-
ing of the observed allergic reactions caused in humans
after the application of TTO.

The aim of present study was (1) the elucidation of
the CYP-catalysed metabolism of p-cymene by human
recombinant CYP, (2) the possible confirmation of

in vitro enzymatic products by an in vivo experiment by
a volunteer with an orally intake of complementary and
alternativemedicine containing 1% TTO, and (3) obtaining
of results that probably will give an indication about the
formed enzymatic products and/or enzymatic intermedi-
ates that may possibly exhibit bioactive properties which
can result in the formation of allergens.

Materials and methods

Chemicals and enzymes

Chemicals, unless specified, were different from analyti-
cal grade quality or for biochemical use. Ethanol (100%,
EtOH) and thymol (97%, 2-isopropyl-5-methylphenol,
IMP) were purchased from Sigma Aldrich (Taufkirchen,
Germany), p-cymene (99%, p-isopropyltoluene,
IPT), p-isopropylbenzyl alcohol (97%, IPBA) and p,q,
a-trimethylbenzyl alcohol (99%, TBA), p-isopropyl-
benzaldehyde (98%, IBA), hydrochloric acid (HCI)
and trichloroacetic acid (TCA) were from Acros (Geel,
Belgium). Glucose 6-phosphate potassiumsalt (G6P), the
enzyme glucose 6-phosphate dehydrogenase (G6PDH;
EC 1.1.1.49) and nicotinamide adenine dinucleotide
phosphate sodium salt (NADP, 98%) were purchased
from Roche Diagnostics (Basel, Switzerland), ethyl ace-
tetate (EtOAc) was of residue analysis quality and was
purchased from LGC Promochem (Wesel, Germany).
Purified water (approximately 18 MQ) produced by a
Milli-Q water purification system (Millipore, Eschborn,
Germany) was applied for the preparation of phosphate
buffers. Di-sodium hydrogen phosphate dihydrate
(Na,HPO,.2H,0), sodium acetate (NaAc) and potassium
dihydrogen phosphate trihydrate (KH,PO,.3H,0) were
purchased from Sigma-Aldrich (Taufkirchen, Germany).
Chemical structures of the substrate p-cymene, identi-
fied enzymatic products and other monoterpenes are
presented in Figure 1.

Recombinant P450 enzymes and NADPH-regeneration
system

Recombinant human CYP enzymes (EC 1.14.14.1);
CYP1Al, CYP1A2, CYP2A6, CYP2B6, CYP2C8, CYP2C9,
CYP2C19, CYP2D6, CYP2E1l, CYP3A4, CYP3A5
and CYP4A11 (approximately 1 nmol) with co-expressed
CYP-reductase in Escherichia coli were obtained from
Cypex (Dundee, UK) and stored at-80°C until usage. The
enzyme G6PDH (1.5U ml™) in combination with NADP
(0.5mM)/G6P (4.7mM) prepared in phosphate buffer
(pH 7.2) was used as an NADPH-generation system in
the CYP-mediated enzymatic assays. Phosphate buffer
was prepared by a mixture (61:39, v/v%) of Na,HPO,
(0.05M) and KH,PO, (0.02M). The NADPH-generation
solution was prepared fresh on a daily base.
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Figure 1. Chemical structures of p-cymene (1), 2-isopropyl-5-methylphenol (2), p,a,a-trimethylbenzyl alcohol (3), p-isopropylbenzaldehyde
(4), p-isopropylbenzyl alcohol (5), (+)-menthol (6), terpinen-4-ol (7), 2-hydroxycineole (8), and 1,8-cineole (9).

P450-mediated enzymatic assays and gas
chromatography-mass spectrometry

The gas chromatographic separation and mass spectro-
metric determination (GC-MS) as well as application
and study of three different enzymatic assays (time
dependency, enzyme concentration dependency and
substrate dependency) were previously described by
Meesters et al. (2007).

In short, the substrate p-cymene was diluted in
phosphate buffer and the CYP enzyme and NADPH-
regeneration solution were added and the mixture incu-
bated at 37°C. The enzymatic reactions were stopped by
addition of 1ml ethyl acetate and enzymatic products
were extracted by vigorously shaking the solution with
a Vortex® shaker. The organic ethyl acetate layer was
removed and transferred into a brown-coloured glass
vial and injected into the GC-MS system. The applied
enzymatic assay is illustrated in Figure 2.

In the present paper, enzyme kinetics were determined
only for CYP1A2, CYP2A6, CYP2D6 and CYP3A5. Other
CYPs were only used to study the formation of the enzy-
matic products by each CYP. The applied CYP concentra-
tions in the enzymatic assays are presented in Table 1.

Determination of enzymatic product concentrations
and calibration curves

Enzymatic products and substrate stock solutions
were prepared at a concentration of 6.67M in EtOAc.
Calibration solutions for the preparation of calibration
curves were made by serial dilutions of the stock solu-
tion (6.67 M) with EtOAc at concentrations of 0.16, 0.32,
0.40,0.80 and 1.6 uM containing IMP, IPT, IPBA, TBA and

Enzymatic assay

Substrate p-cymene dissolved in
phosphate buffer (pH 7.2)

Addition of NADPH generation system

e N\
Addition of CYP enzyme
. J
e I N\
Incubation at 37 °C
A J
e I N\

Extraction of enzymatic products
by 1 mL of EtOAc

. J/
e I N\
Analysis by GC-MS
. J

Figure 2. Cytochrome P450 enzymatic assay.

IBA. The calibration curves were constructed by plotting
measured peak areas against known concentrations and
linear regression of the calibration points was carried
out. All calibration curves were shown to be linear in a
selected concentration range between 0.16 and 1.6 uM.
Regression coefficients (1) for the enzymatic products
TBA, IBA, IMP and IPBA were 0.993, 0.998, 0.996 and
0.999, respectively. The limit of detection (LOD) and the
limit of quantification (LOQ) for all enzymatic products
were determined using a signal/noise ratio of 3:1 and
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Table 1. Identified enzymatic products from the substrate p-cymene (marked by (+))

pa,a,- p-Isopropyl-
Cytochrome Concentration Thymol p-Isopropyl- Trimethyl- benzaldehyde
P450 (CYP) (pmol ml™) (IMP) benzyl-alcohol (IPBA) benzylalcohol (TBA) (IBA)
CYP1A1 15.7 (+) - - -
CYP1A2 104.9 - (+) (+) (+)
CYP2A6 21.0 (+) +) - -
CYP2B6 35.0 (+) (+) - -
CYP2C8 174.8 - +) (+) -
CYP2C9 104.9 (+) (+) - -
CYP2C19 78.7 (+) (+) - -
CYP2D6 52.4 (+) (+) - (+)
CYP2E1 69.9 (+) - - -
CYP3A4 73.4 (+) (+) - -
CYP3A5 26.2 (+) - - -
CYP4A11 125.9 (+) - - -

10:1 and were for all enzymatic products, 0.07 ymol L
and 0.21 ymol L, respectively.

In vivo study

Avolunteersubjectafter an overnightfastof12 hswallowed
35 tablets containing 1% TTO from biological cultivation
(Aurica, Schwabach, Germany) with tap water over 2h.
A control blood and urine sample before administration
(-10min) was collected and at fixed time intervals after
administration of the TTO pills (at 60, 130 and 145min)
urine samples were collected, while blood was only col-
lected at -10 and 130min after the start of the oral intake
of the TTO pills by the volunteer subject. Blood samples
were drawn from an arm vein, and urine samples were
collected into sterile plastic vessels. Urine samples were
directly frozen and stored at -20°C until analysis. Blood
samples (4 ml) were collected using a Vacuette blood-col-
lecting tube containing lithium heparin (Greiner bio-one,
Solingen, Germany). Plasma was isolated by centrifuga-
tion of the lithium heparin tubes for 10 min at 4000 rpm in
a cooled centrifuge at 4°C. Approximately 1.5ml plasma
were isolated and transferred into safety lock micro-tubes
(2.0ml) and plasma was deproteinized by the addition of
0.15ml of a TCA solution (3.1 M) and homogenized by a
Vortex mixer for 1 min and finally stored until analysis in
a freezer at -80°C.

Enzymatic hydrolysis of blood and urine samples

Urine samples were thawed at room temperature and
enzymatic hydrolysis of the glucuronide and sulphate
conjugates of the IPT metabolites was carried out by a
enzyme mixture (Merck, Darmstadt, Germany) con-
taining B-glucuronidase (EC 3.2.1.31, 30U ml™) and
arylsulphatase (EC 3.1.3.1, 60U ml™") both from Helix
pomatia as described previously by Meesters et al.
(2008). Therefore, 0.5ml of urine or deproteinized
plasma were transferred into a 2 ml safe-lock micro-tube

and mixed with 0.5 ml of a NaAC solution (pH 5.0, 0.1 M)
and the pH of the sample was adjusted to a pH 5.0 with
HCl solution (0.05 M). Then, 25 .l of the enzyme mixture
were added and samples were incubated and shaken
at a temperature of 37°C for approximately 24h on an
incubation shaker. After 4h of the start of the incuba-
tion, a surplus of 25 pl of the enzyme mixture was added
to ensure complete conjugate hydrolysis. Enzymatic
hydrolysis was stopped by the addition of 1.0 ml EtOAc.
Hydrolysed enzymatic products were extracted by vig-
orously mixing of the samples for 30 min and the EtOAc
layer was separated and transferred into brown-coloured
glass GC vials with septum screw caps.

Results

Identification of enzymatic products from in vitro
experiments

The enzymatic products from incubation assays of
p-cymene (Figure 1, (1)) and CYP enzymes were
extracted using the organic solvent EtOAc and an ali-
quot of 40 ul was injected into the GC-MS system. The
GC-MS chromatogram shown in Figure 3b illustrates the
chromatogram of a control incubation of the substrate
p-cymene (IPT) with an NADPH-generation system, but
without the addition of CYP enzyme. The chromatogram
in Figure 3a illustrates the formation of enzymatic prod-
ucts of the substrate by catalysed enzymatic reactions of
CYP1A2 enzyme.

The chromatogram illustrates the formation of three
different enzymatic products. Although the applica-
tion of other CYPs revealed the formation of thymol
(Figure 1, (2)), a fourth enzymatic product (Table 1).
The enzymatic formation of the enzymatic product thy-
mol was not catalysed by the CYP1A2 enzyme. Thymol
was identified as the main formed enzymatic product.
Ten out of twelve studied CYPs catalysed the formation
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Figure 3. Gas chromatography-mass spectrometry (GC-MS) total ion current (TIC) chromatogram after 40 min of incubation of p-cymene: (A)
with CYP1A2 (5.5nmol ml™), where (1) =p-cymene, (2) = p,«a,a-trimethylbenzyl alcohol, (3) =p-isopropylbenzaldehyde, and (4) = p-isopropyl-
benzyl alcohol; and (B) without CYP1A2 but in the presence of the B-nicotinamide adenine dinucleotide phosphate (NADPH)-regeneration

system, where (1) = p-cymene.

of thymol, while eight CYPs catalysed the formation
of p-isopropylbenzylalcohol (Figure 1, (5)) and just
two out of twelve CYPs catalysed the formation of
p,o,a-trimethylbenzylalcohol (Figure 1, (3)) and/or
p-isopropylbenzaldehyde (Figure 1, (4)), respectively.
Identification of the enzymatic products was performed
by comparison of retention times and mass spectra of
the formed enzymatic products with retention times
and mass spectra of the purchased reference substances
and by a library search using the GC-MS mass spectra
library.

CYP-mediated enzyme kinetics

The formation of enzymatic products of p-cymene by the
different CYPs was studied using incubation time and
enzyme and substrate dependency enzymatic assays as
previously described by Meesters et al. (2007). The enzy-
matic assay showed that the time-dependent enzymatic
formation of all four enzymatic products was linear

(r*=0.93, standard deviation (SD) =0.03) with the studied
CYP concentrations. Concentrations of enzymatic prod-
ucts above the limit of quantitation (LOQ) of 0.21 uM
were calculated by the prepared calibration curves.

Increasing the CYP concentration by a factor of two
resulted in a doubling of enzymatic activity, which
was observed with all CYP enzymes (mean r*=0.98,
SD=0.02). The concentration dependency of IPT on
the enzymatic formation of the products was studied by
Lineweaver-Burk analysis and was found to be linear
for all CYP-catalysed formation of enzymatic products
(mean r*=0.82, SD=0.03). The Lineweaver-Burk analy-
sis was also used to calculate K_and V__ values. The
calculated specific enzyme properties of studied CYP
enzymes are presented in Table 2.

In vivo experiments

By means of GC-MS analysis, only thymol was identified
in both blood and urine samples. In contrast, in the urine
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Table 2. Michaelis-Menten values of studied recombinant human cytochrome P450 (CYP).

K, L. v JK K, K, /K,
CYP Enzymatic product mM mmol min~'mmol™ 1mmol™” min™ st s mmol™*
CYP1A2 Thymol 0.15 1.00 6.67 1.6 x 107 1.10 x 10%
CYP2A6 Thymol 0.12 0.45 3.75 3.6x10* 3.00x10%
CYP2D6 Thymol 0.50 0.42 0.84 1.30x 10? 2.70x 10*
CYP3A5 Thymol 0.10 1.10 11.0 7.00x10? 7.00x10°
CYP1A2 p-Isopropylbenzylalcohol 1.50 15.1 10.1 2.40x10° 1.60x10°
CYP2A6 p-Isopropylbenzylalcohol 0.12 0.80 6.67 6.00x 102 5.30x 10°
CYP2D6 p-Isopropylbenzylalcohol 1.10 22.1 20.1 7.00x10° 6.40x 10°
CYP3A5 p-Isopropylbenzylalcohol 0.13 1.30 10.0 8.30x10* 6.40x10°
CYP1A2 p-Isopropylbenzylaldehyde 0.12 1.00 8.33 1.60 x 10? 1.30x10°
CYP2D6 p-Isopropylbenzylaldehyde 0.15 0.45 3.0 1.40x 10* 9.5x10*

samples collected at 60 and 145 min, other monoterpenes
were identified by the GC-MS library such as menthol
(Figure 1 (6)), terpinen-4-ol (Figure 1 (7)), and 2-hydrox-
ycineole (Figure 1 (9)). The origin of these monoterpe-
nes might be the TTO pills themselves because these
monoterpenes were previously identified in TTO (ISO
1996). The thymol urine concentration increased from
0.47mol 1! measured at 60min to 1.08puM I in the
urine sample collected at 145min. The measured thy-
mol concentration in blood was 0.87 uM 17! (60 min).
Control blood and urine samples were measured and
no thymol (concentration less than the limit of detec-
tion (LOD)) was detected.

Discussion

Results from enzymatic assays showed that enzymatic
reactions catalysed by the different applied CYP resulted
in the formation of four different enzymatic products.
The enzymatic products were identified by the GC-MS
library and by comparison of retention times and mass
spectra of purchased reference substances. The main
enzymatic product formed was thymol followed by
p-isopropylbenzylalchol, p,a,a-trimethylbenzylalcohol
and p-isopropylbenzaldehyde (Table 1).

Enzymatic hydroxylation reactions by CYP are the
most common reported reactions that result in the for-
mation of hydroxylated enzymatic products (Wrighton
et al. 1990; Bylund et al. 1998). The formation of both
hydroxylated products is the result of a hydroxylation
substitution reaction of one of the methyl groups of
the isopropyl group (p,a,a-trimethylbenzylalcohol)
or the methyl group at situated at the 1’-carbon atom
(p-isopropylbenzylalcohol). The next identified enzy-
matic product isopropylbenzaldehyde may result from
a cooperative enzymatic reaction mechanism of the
CYP enzymes and the co-expressed CYP reductase
enzyme (Goeptar et al. 1995) which catalyse reduction
reactions leading to the formation of the enzymatic
product p-isopropylbenzaldehyde probably from the

enzymatic product p-isopropylbenzylalcohol. Catalysed
hydroxylation activities for the enzymatic conversion
of p-cymene to thymol and p-isopropylbenzylalcohol
by CYP (CYP1A2, CYP2A6, CYP2D6 and CYP3A5) are
presented in Table 2. Comparison of the hydroxylation
activities for the different enzymes shows that CYP2A6
had the highest enzymatic affinity for the p-cymene
substrate, while CYP1A2 had the lowest enzymatic
affinity. Moreover, CYP3A5 and CYP2D6 were shown
to have the highest catalytic efficiency (K /K ) for the
formation of p-isopropylbenzylalcohol (Table 2). For
the enzymatic product thymol, the enzymatic affinities
were almost equal for CYP1A2, CYP2A6 and CYP3A5,
while for CYP2D6 the affinity was just 20%. The high-
est catalytic efficiency had CYP3A5, while the catalytic
efficiency of CYP1A2 was approximately 14% of that of
CYP3A5 (Table 2).

Enzymatic affinities for the enzymatic product
p-isopropylbenzaldehyde were in the same range, but
the enzymatic catalytic efficiency of the CYP1A2 was
approximately 30% higher than CYP2D6 (Table 2). The
measured enzymatic activities were in approximately
the same range as the previously reported enzymatic
hydroxylation activities by other CYPs (Miyazawa &
Shindo 2001; Duisken et al. 2005b). Accordingly, the
formation of thymol may be the result of an enzymatic
reaction mechanism that can occur by two different
catalysed enzymatic reactions (Guengerich 2003): (1)
epoxidation of one of the m-double bonds in the ben-
zene moiety followed by an NIH shift or (2) by binding
of the benzene moiety of the p-cymene molecule to oxo-
Fe-heme of the CYP followed by a rearrangement of the
bound and NIH shift (Figure 4).

Confirmation of in vitro results was performed by
an in vivo experiment with a volunteer taking orally a
complementary and alternative medicine containing
1% TTO. Results of the collected blood and urine sam-
ples showed that the main formed enzymatic product
thymol could be identified in both urine and blood
samples after enzymatic hydrolysis of its glucuronide/
sulphate conjugate. Beside the metabolite thymol, other
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substances were also identified such as terpinen-4-ol
and 2-hydroxycineole. Both substances were only iden-
tified in urine samples but not in any blood sample. The
high concentration of terpinen-4-ol (Carson et al. 2006)
in TTO might explain the presence of this substance in
urine and blood samples. With highest possibility both
substances were present in the urine samples as the
glucuronide or sulphate conjugate. We concluded that
both substances originated from the intake of the TTO
pills because they are like p-cymene which is an ingre-
dient of TTO. Moreover, 2-hydroxy-cineole is an enzy-
matic metabolite of 1,8-cineole (Figure 1 (8)) previously
reported by Duisken et al. (2005b).

Although there are no data about the metabolism of
this monoterpene by human CYP reported in literature
to our knowledge, until now the metabolism of p-cymene
was studied only in rabbits (Ishida et al. 1981; Matsumoto
et al. 1992), possums (Southwell et al. 1980), rats and
guinea pigs (Walde et al. 1983). Southwell et al. (1980)
identified the metabolite p-cresol (p-methylphenol)
in possums, while another in vivo study by Walde et al.
(1983) with guinea pigs and rats reported the formation of
a total of 18 urinary metabolites. Some metabolites were
ring-hydroxylated such as carvacrol (p-cymene) and
hydroxycarvacrol (guinea pigs). Matsumoto et al. (1992)
identified three carboxylated and one hydroxylated
metabolite. The formation of the carboxylated metabo-
lite in rabbits was confirmed by Ishida et al. (1981).
The present study only identified three hydroxylated
enzymatic products and one aldehyde. Carboxylated
enzymatic products were not identified because GC-MS
was applied for the identification of enzymatic products.
Thereby carboxylated products can only identified if they
are derivatized before GC-MS analysis.

However, we suggest that because of the strong polar
properties of these carboxylated enzymatic products,
the allergenic properties are very low or even absent.
Therefore, we choose not to detect and identify carboxy-
lated enzymatic products.

As discussed above, the enzymatic transition of
p-cymene into thymol may occur by intermediate forma-
tion of epoxides that can easily react with nucleophilic
groups of (skin) proteins leading to the formation of
haptens which may cause (skin) allergic reactions in the
host. The second possible enzymatic formation reaction
of thymol is the formation by binding of p-cymene to the
oxo-Fe group of the CYP, which may have a direct but
temporary influence on the catalytic properties of the
CYP enzyme. That this reaction occurred was not directly
confirmed, but all the results from the enzymatic assays
indicate that no inactivation of the studied human
recombinant CYP enzymes was observed not by the
substrate nor by one of the formed enzymatic products,
so we concluded that there was no mechanism-based
inactivation of the CYPs as reported for olefins (Murray
& Reidy 1990).

Conclusion

The results obtained confirm that with the enzymatic
transformation of p-cymene by human CYP, an enzy-
matic product may be formed by arene-hydroxylation
resulting in an epoxide that is rearranged by an NIH
shift to form a ring-hydroxylated enzymatic product,
thymol. However, the enzymatic product can also be
the result of a reversible binding of the p-cymene to
the oxo-Fe group of the CYP enzyme followed by the
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equal rearrangement reaction as for the formation of
the epoxide. In case arene-hydroxylation is the major
enzymatic reaction, an electrophilic intermediary is
formed that may cause sensitization and irritational skin
reactions after binding to skin proteins with a topical
application of TTO. No mechanism-based inactivation
of CYP was observed, indicating that the formation of
thymol might also be the result of binding of p-cymene
to the oxo-Fe group.
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