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Abstract

Simple high performance liquid chromatography (HPLC) methods for the analysis of 4-chlorophenyl methyl
sulphide (CPMS), diphenyl sulphide (DPS) and their corresponding sulphoxide and sulphone metabolites in rat liver
microsomes are described. The assay methods are based on a reversed phase HPLC column (Spherisorb® 5 ODS,
15×0.46 cm) using a mixture of water and tetrahydrofuran (THF) as mobile phase at a flow rate of 0.5 ml/min and
ultraviolet detection at 260 nm. The compounds were extracted into diethyl ether (2×5 ml) from rat liver microsomal
incubation mixture (2 ml) and the recoveries were more than 80%. The calibration curves for determining the
sulphoxide and sulphone of CPMS or DPS were linear (r�0.995) in the range of 0–50 �g/ml and the assays were
reproducible with low inter- and intra-assay variation of less than 13.5%. The lower limit of quantitation (LOQ) was
0.1 �g/ml for CPMSO and 0.025 �g/ml for CPMSO2, diphenyl sulphoxide (DPSO) and diphenyl sulphone (DPSO2).
The HPLC methods were successfully applied to measure enzymically formed CPMSO, CPMSO2, DPSO and DPSO2

in rat liver microsomes and to characterise the Michaelis–Menten kinetics associated with the metabolism of CPMS
and DPS and their corresponding sulphoxides. About 20% of the initial CPMS (0.5 mM) concentration in the
incubation was converted to the sulphoxide although the sulphone was not detected under these optimum incubation
conditions. Similarly, about 15–20% of DPS was converted to the sulphoxide while less than 0.1% of DPS was
converted to DPSO2. Eadie–Hofstee plot of CPMS sulphoxidation was biphasic. This suggests that the sulphoxida-
tion of CPMS is a consequence of at least two enzyme systems, one characterized by low affinity and high capacity
(Km=0.1 mM; Vmax=2.1 nmoles/mg protein/min) and the other by high affinity and low capacity (Km=0.05 mM;
Vmax=1.5 nmoles/mg protein/min). On the other hand, the Eadie–Hofstee plot of DPS sulphoxidation was
monophasic with an apparent Vmax and Km of 1.8 nmoles/mg protein/min and 0.036 mM, respectively. © 2002
Published by Elsevier Science B.V.
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1. Introduction

A significant number of sulphur-containing
xenobiotics are used as industrial and agricultural
chemicals, and medicinal agents [1,2]. Sulphides,
sulphoxides and sulphones are some of the more
frequently encountered sulphur functionalities in
medicinal agents and may determine or influence
the biological fate of the parent molecule [3,4].
Sulphides are readily converted to sulphoxides in
vitro and in vivo due to the readily accessible lone
pair of electrons on the divalent sulphur atom [5].
The psychoactive phenothiazine drugs, for exam-
ple, are metabolised to their corresponding
sulphoxides in various animal species and in man
[6]. Sulphoxides, on the other hand, may be oxi-
dised to the corresponding sulphones or reduced
to sulphides. The sulphoxide drug, sulphinpyra-
zone, undergoes both reduction to a sulphide and
oxidation to the sulphone after parenteral admin-
istration to rats [7].

4-Chlorophenyl methyl sulphide (CPMS) and
diphenyl sulphide (DPS) and their corresponding
sulphoxide and sulphone derivatives are interme-
diates in the manufacture of some xenobiotics.
These compounds also form sub-structures of
more complex xenobiotics. It has been shown, for
example, that CPMS is metabolised to CPMSO2

via a transient sulphoxide in lactating cattle and
sheep although the enzymology of the biotrans-
formation was not characterized (Fig. 1) [8]. Fur-
thermore, the assay method used in the study did
not clearly differentiate between the sulphoxide
and sulphone metabolite. Similarly, a previous
study had evaluated the reduction of diphenyl
sulphoxide (DPSO) to its thioether analogue in
vitro using rat and rabbit tissues [9]. However, the
validation data for the high performance liquid
chromatography (HPLC) analysis of DPS and its
corresponding sulphoxide and sulphone was not
reported in the paper. Therefore, fully validated
HPLC methods for the simultaneous measure-
ments of CPMS or DPS and their corresponding
sulphoxides and sulphones were required in order
to study the enzymology of the S-oxidation of
CPMS or DPS and their corresponding
sulphoxides.

Two distinct enzyme systems are involved in
S-oxidation reactions depending on the nucle-
ophilicity of the substrate [1,5]. It has been shown
that the flavin-containing monooxygenase (FMO)
is responsible for the sulphoxidation of the more
nucleophilic aliphatic and alicyclic sulphides to
their corresponding sulphoxides while both cy-
tochrome P450 and the FMO are involved in the
further oxidation of sulphur atoms that reside
within or adjacent to aromatic or heterocyclic ring
systems [10,11]. Interestingly, modulation of the
liver metabolising enzymes activity using various
enzyme inducing agents and inhibitors has pro-
found effects on the levels of the metabolites
generated and may provide useful information on
the nature of enzymes involved in these biotrans-
formation reactions [12]. Furthermore, the activi-
ties of distinct isoforms of cytochrome P450 in
mammalian liver are known to be increased fol-
lowing administration of certain foreign chemicals
that elicit de novo synthesis of enzyme proteins in
animals [13].

CPMS is a simple alkylaryl sulphide of interme-
diate nucleophilicity. On the other hand, DPS is a

Fig. 1. S-Oxidation pathway of CPMS (A) and DPS (B).
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diaryl sulphide of reduced nucleophilicity. Prelim-
inary studies in our laboratory suggest that cy-
tochrome P450 and/or the FMO may participate
in the metabolic conversion of CPMS or DPS to
their corresponding sulphoxides and further to
their corresponding sulphones (Fig. 1). Thus, the
use of these simple sulphides as model substrates
would allow a systematic investigation into the
enzymology of the interconversions of the three
redox states. Hence, the biotransformation of
these sulphides may serve as a useful predictive
tool for characterization of the enzymology of
more complex sulphur-containing xenobiotics
bearing the alkylaryl or diaryl thioether function-
ality.

This paper describes the development of HPLC
assay methods for the simultaneous measurement
of the sulphoxide and sulphone metabolites of
CPMS or DPS in rat liver microsomal incuba-
tions and the application of these methods to
study some aspects of the in vitro metabolism of
these simple sulphur-containing compounds by
rat hepatic microsomes.

2. Experimental

2.1. Chemicals

CPMS (98%), DPS, CPPSO2, phenobarbital,
�-naphthoflavone, �-naphthoflavone, orphen-
adrine, n-octylamine, and 3-methylcholanthrene
were purchased from Aldrich Chemical Co.
(Gillingham, Dorset, UK). Dexamethasone,
quinidine and erythromycin were obtained from
Sigma Chemical Co. (St. Louis, MO, USA). Clofi-
brate was a gift from ICI (Macclesfield, Cheshire,
UK) and SKF525A was a gift from Smithkline &
Beecham (Herts, UK). The corresponding
sulphoxide and sulphone of CPMS and DPS were
synthesized in our laboratory by methods de-
scribed previously [14]. The purity of both the
sulphoxide and sulphone was more than 98%.
Nicotinamide adenine dinucleotide (NADP), glu-
cose-6-phosphate (G6P) and glucose-6-phosphate
dehydrogenase (G6PD) were purchased from
Boehringer Mannheim (Lewes, Sussex, UK). All
other reagents and organic solvents of HPLC or

analytical grades were purchased from BDH
(Poole, Dorset, UK).

2.2. HPLC apparatus

The isocratic liquid chromatographic system
used in this investigation consisted of an LDC/
Milton Roy® constametric 3000 solvent delivery
system (Riviera Beach, USA) coupled to a Rheo-
dyne injector 7125 (Cotati, CA, USA) and an
LDC/Milton Roy® 3000 variable wavelength
spectromonitor operated at 260 nm and connected
to a C14000 computing integrator (LDC analyti-
cal, Stone, UK). Chromatographic separation and
quantitation of CPMS, DPS and their corre-
sponding sulphoxide and sulphone was achieved
by reversed phase HPLC on a Spherisorb® 5 ODS
column (15×0.46 cm) obtained from HPLC tech-
nology (Macclesfield, Cheshire, UK). The analyti-
cal column was protected by a guard column
packed with pellicular ODS (Whatman, Maid-
stone, UK). The mobile phase was composed of a
water and tetrahydrofuran (THF) mixture (45:55
v/v) and was pumped at a flow rate of 0.5 ml/min
for the study of CPMS biotransformation. The
mobile phase composition was changed to THF/
water (30:70 v/v) for CPMSO metabolism studies.
For DPS metabolism studies, the mobile phase
was composed of THF/water (50:50 v/v) and
pumped at a flow rate of 0.5 ml/min. The mobile
phase composition was changed to THF/water
(30:70 v/v) for DPSO metabolism studies.

2.3. Preparation of standards

CPMS and DPS and their corresponding
sulphoxide and sulphone metabolites and the in-
ternal standards were made up to 1 mg/ml in
methanol and stored in the refrigerator (4 °C)
until required. From these stock solutions, work-
ing solutions of 1, 10 and 100 �g/ml in methanol
were prepared for use in the construction of cali-
bration curves.

2.4. Extraction procedure

Screw capped tubes containing the microsomal
incubation mixture (2 ml), NaOH (0.1 M, 0.5 ml),
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analytes and the internal standard (1 mg/ml, 20
�l) were extracted with diethyl ether (2×5 ml)
using a mechanical bench test tube shaker for 10
min and centrifugation at 400 g for 10 min. The
organic layers were evaporated to dryness in a
water bath at 40 °C. The extracts were reconsti-
tuted in a small volume (50 �l) of methanol and
an aliquot (10 �l) of the concentrate was injected
onto the HPLC column.

2.5. Calibration cur�es

The calibration curves for quantitation of
CPMSO and CPMSO2 were constructed by spik-
ing varying amounts (0–50 �g/ml) into extraction
tubes containing boiled microsomes (1 ml), sub-
strate (0.5 mM), cofactors and the internal stan-
dard, CPPSO2 or diphenyl sulphone (DPSO2) (20
�l, 1 mg/ml), in a total volume of 2 ml of incuba-
tion mixture. CPPSO2 (20 �l, 1 mg/ml) was used
as the internal standard for CPMS in vitro
metabolism studies, while DPSO2 (20 �l, 1 mg/ml)
was used as the internal standard for CPMSO
metabolism studies. The mixtures were taken
through the extraction procedure; the organic
phase was evaporated to dryness and then recon-
stituted in 50 �l of the mobile phase. An aliquot
(10 �l) of the reconstituted sample was injected
onto the HPLC column and peak area ratios were
plotted against concentration of the analytes.

Similarly, the calibration curves for DPSO and
DPSO2 were constructed by spiking varying
amounts (0–50 �g/ml) into extraction tubes con-
taining boiled microsomes (1 ml), substrate (0.5
mM), cofactors and the internal standard,
CPPSO2 or CPMSO (20 �l, 1 mg/ml), in a total
volume of 2 ml incubate. CPPSO2 (20 �l, 1 mg/
ml) was used as the internal standard for DPS in
vitro metabolism studies while CPMSO was used
as the internal standard for DPSO in vitro
metabolism studies. The mixtures were taken
through the extraction procedure, the organic
phase was evaporated to dryness and the reconsti-
tuted sample was injected onto the HPLC column
and peak area ratios were plotted against concen-
tration of the analytes.

2.6. Assay �alidation

To determine the precision and accuracy of the
assay, known concentrations of CPMSO and
CPMSO2 or DPSO and DPSO2 were spiked into
simulated inactivated microsomal incubations and
taken through the extraction procedure. The
study was repeated on five separate occasions and
the coefficient of variation (CV), a measure of
precision, and the mean percentage difference,
MD(%), a measure of accuracy, were calculated.

2.7. Stability of CPMS, DPS and their
corresponding sulphoxides and sulphones

To determine the stability of CPMS, DPS and
their sulphoxides and sulphones in rat microsomal
fractions before extraction, aliquots (100 �g/ml)
of the analytes were spiked into extraction tubes
containing inactivated microsomal fractions (1 ml,
4 mg/ml of microsomal protein), Tris–KCl buffer
(pH 7.4, 0.25 M, 1 ml) and NaOH (0.5 ml, 1 M).
The tubes were stored at 4 or −20 °C before
analysis. The tubes were analysed at various time
intervals (up to 12 weeks) to determine the stabil-
ity of the analytes. Prior to analysis, the tubes
were spiked with the appropriate internal stan-
dard and taken through the analytical procedure
as outlined above.

2.8. Animal treatment and preparation of hepatic
microsomes

Male Wistar rats (250�30 g) were obtained
from Bantin and Kinman Limited (Aldbrough,
Hull, UK) and maintained in a controlled envi-
ronment (20 °C, 50% relative humidity and 12 h
light/12 h dark cycles) for at least 5 days prior to
use. The animals were maintained on standard
laboratory diet (RME1) obtained from SDS lim-
ited (Witham, Essex, UK) and allowed free access
to water. The animals were divided into groups of
six rats each and treated with the following com-
pounds once each day for 3 consecutive days;
�-naphthoflavone (100 mg/kg), or 3-methyl-
cholanthrene (25 mg/kg) in corn oil, phenobarbi-
tal (80 mg/kg) in saline, dexamethasone (100
mg/kg) in distilled water containing 2% tween 80
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or clofibrate (200 mg/kg) in saline. The control
groups were treated with the corresponding vehi-
cles alone. The animals were starved overnight
before tissue preparation. All animals were sac-
rificed by cervical dislocation and the livers imme-
diately excised into beakers containing ice-cold
Tris buffer (0.1 M, pH 7.4) containing KCl (0.1
M) and liver microsomes prepared by a standard
ultracentrifugation method as follows. Briefly, ho-
mogenates of rat liver were prepared in two vol-
umes of Tris–KCl (0.1 M, pH 7.4) buffer using a
Sorvall Omnimix® homogeniser (Dupont Instru-
ments, Herts, UK) and a teflon-glass Potter–Elve-
hjem® homogeniser (Voss, Essex, UK). The crude
homogenate was centrifuged at 10 000 g for 20
min at 4 °C using a Sorvall superspeed RC2-B
(Dupont Instruments, Herts, UK) refrigerated
centrifuge. The microsomal fraction was sepa-
rated from the cytosol by centrifugation of the
post-mitochondrial supernatant at 100 000 g for 1
h using an MSE AP Pegasus® 65 refrigerated
ultracentrifuge. The microsomal pellet was re-sus-
pended in Tris–KCl (0.1 M, pH 7.4) equivalent to
0.5 g wet weight per ml and further centrifuged at
100 000 g for 1 h to obtain the ‘washed’ microso-
mal pellet. The ‘washed’ microsomal pellet was
finally suspended in Tris–KCl (0.1 M, pH 7.4),
equivalent to 0.5 g wet weight tissue per ml of
buffer, and stored at −80 °C prior to use. The
microsomal protein content was estimated by the
colorimetric method reported by Lowry and col-
leagues [15]. The difference between the ab-
sorbance at 450 and 490 nm of the sodium
dithionite (5 mg) reduced microsomal sample and
the reduced carbon monoxide complexed sample
was measured and used to estimate the microso-
mal cytochrome P450 content [16].

2.9. Incubation procedures

Incubations were carried out in duplicate with
liver microsomes from untreated and pre-treated
rats in 25 ml Erlenmeyer flasks at 37 °C using a
shaking water bath (Grant Instruments Limited,
Cambridge, UK). A typical incubation mixture
consisted of a cofactor solution (0.5 ml), microso-
mal fraction (1 ml, 0–10 mg microsomal protein)
and substrate (20 �l) in acetone plus 0.480 �l

distilled water, 0–5 mM) in a total volume of 2
ml. The cofactor solution consisted of NADP+ (1
mM), G6P (5 mM), G6PD (1 unit) and magne-
sium chloride (10 mM, 50% w/w aqueous solu-
tion) in sodium phosphate buffer (0.2 M, pH 7.4).
Prior to incubation, the cofactors were pre-incu-
bated for 5 min to allow the generation of
NADPH, at 37 °C. Metabolism was initiated by
the addition of microsomal tissue and terminated
by adding NaOH (0.5 ml, 0.1 M) to the incuba-
tion mixture. Incubations were also carried out
with microsomes from untreated animals in the
presence of various metabolic inhibitors and acti-
vators using CPMS, CPMSO, DPS or DPSO as
substrate, under the optimum incubation condi-
tions. Potential inhibitors or activators were pre-
pared in water with a minimum (20 �l) of acetone
and different concentrations were added to the
incubation mixtures with appropriate control in-
cubations set up.

2.10. Data analysis

Linear regression analysis on Sigma plot for
Windows was used to evaluate calibration curves.
The Michaelis–Menten rate equation for a multi-
component enzyme system used to evaluate the
enzyme kinetics in this study was as follows:

�=
Vmax(1)[S]

Km(1)+ [S]
+

Vmax(2)[S]
Km(2)+ [S]

+ ···+
Vmax(n)[S]
Km(n)+ [S]

where [S] is substrate concentration, � is the rate
of product formation, Vmax is the maximum
rate of product formation and Km is the
Michaelis–Menten constant. The above equat-
ion was rearranged according to the Eadie–
Hofstee transformation (�=Vmax(1)−Km(1)�/[S]
+Vmax(2) −Km(2)�/[S]+…+Vmax(n) −Km(n)�/[S]).
The method of residuals was used to generate
straight lines equations which were used for esti-
mation of Vmax and Km. One way analysis of
variance (ANOVA) or Students’ t-test, as appro-
priate, on SigmaStats for Windows was used to
obtain probability values (P) and compare differ-
ent treatment groups. A P-value of less than 0.05
was considered statistically significant.
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Fig. 2. A typical HPLC chromatogram of authentic compounds (A), an extract of inactivated microsomes (B), and CPMS
incubation with rat hepatic microsomes (C). (a) CPMSO, (b) CPMSO2 (c) CPPSO2 (d) CPMS. HPLC column: Spherisorb® 5 ODS
(15×0.46 cm); Mobile phase: water/THF mixtures (45:55 v/v), flow rate of 0.5 ml/min. The mobile composition was changed to
THF/water (30:70 v/v) for CPMSO metabolism studies.

3. Result and discussion

Satisfactory separation of the sulphoxides and
sulphones of CPMS and DPS was achieved by
using a reversed phase Spherisorb® 5 ODS
column (15×0.46 cm) and appropriate mixtures
of water and THF as mobile phase. Predictably,
the more polar sulphoxides and sulphones were
eluted first. In contrast, the lipophilic CPMS or
DPS was retained longer on the Spherisorb® 5
ODS column. The internal standards, 4-
chlorophenyl phenyl sulphone (CPPSO2), DPSO2

or CPMSO were also well resolved from the other
peaks of interest. The chromatograms showed
sharp and symmetrical peaks for all analytes
(Figs. 2 and 3). The recoveries of the sulphoxide
and sulphone of CPMS or DPS and the internal
standard, CPPSO2, from the microsomal incuba-
tions were more than 80% when extracted into
diethylether (Table 1). The microsomal extracts
were free of endogenous substances that might
interfere with the assay (Figs. 2 and 3). Further-
more, CPMSO, DPSO, CPMSO2 and DPSO2

standard solutions were stable for well over 3
months at 4 °C and more than 98% of the original
concentration of CPMS and DPS in the standard

solutions was accounted for 12 weeks after prepa-
ration of the stocks (data not shown). The
sulphoxides and sulphones of CPMS and DPS
were also stable in microsomal incubations stored
at −20 °C for 4 weeks (data not shown). The
calibration curves for determining the sulphoxide
and sulphone of CPMS or DPS were linear (r�
0.995) in the range of 0–50 �g/ml and the assay
methods were reproducible with low inter- and
intra-assay variation of less than 13.5%. The lin-
ear regression equations used to assess the forma-
tion of CPMSO and CPMSO2 from CPMS (as
substrate) in vitro were y=0.033x+0.001 (r2=
0.999) and y=0.012x+0.001 (r2=0.995), respec-
tively. The linear regression equation used to
assess the formation of CPMSO2 from CPMSO
(as substrate) in vitro was y=0.0094x+0.002
(r2=0.996). Similarly, the linear regression equa-
tions used to assess the formation of DPSO and
DPSO2 from DPS (as substrate) in vitro were
y=0.020x+0.016 (r2=0.998) and y=0.012x+
0.016 (r2=0.999), respectively. The linear regres-
sion equation used to assess the formation of
DPSO2 from DPSO (as substrate) in vitro was
y=0.0086x+0.013 (r2=0.996). The precision of
the assay as indicated by the CV and the accuracy
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Fig. 3. A typical HPLC chromatogram of authentic compounds (A), an extract of inactivated microsomes (B), and DPS incubation
with rat hepatic microsomes (C). (a) DPSO, (b) DPSO2 (c) CPPSO2 (d) DPS (e) hydroxyDPS. HPLC column: Spherisorb® 5 ODS
(15×0.46 cm); Mobile phase: water/THF mixtures (50:50 v/v), flow rate of 0.5 ml/min. The mobile composition was changed to
THF/water (30:70 v/v) for DPSO metabolism studies.

based on MD(%) were satisfactory since the val-
ues of these indicators were not more than 13.5%
at the concentrations examined (Table 2). The
lower limit of detection (LOD) was 0.1 �g/ml for
CPMSO and 0.025 �g/ml for CPMSO2, DPSO
and DPSO2. The assay methods were simple,
fairly rapid and allowed accurate estimation of
enzymically formed sulphoxides and sulphones of
CPMS and DPS in vitro.

About 20% of the initial CPMS concentration
was converted to the sulphoxide under the opti-
mum incubation conditions used. However, the
sulphone of CPMS was not detected under these
incubation conditions. Eadie–Hofstee plot of
CPMS sulphoxidation was approximately bipha-
sic, an indication of two-enzyme kinetics (data not
shown). This suggests that the sulphoxidation of
CPMS is a consequence of at least two enzyme
systems [17], one characterized by low affinity and
high capacity (Km=0.1 mM; Vmax=2.1 nmoles/
mg protein/min) and the other by high affinity

and low capacity (Km=0.05 mM; Vmax=1.5
nmoles/mg protein/min). When CPMSO was used
as the substrate, about 2% of the initial concen-
tration was converted to the corresponding sul-
phone. However, the corresponding sulphide,
CPMS, was not detected under these incubation
conditions. The Eadie–Hofstee plot of the bio-

Table 1
Extraction of CPMSO, CPMSO2, DPS, DPSO2 and CPMSO
from rat microsomal fractions

Compound CV (%)Recovery (%)

80�3 3.75CPMSO
5.590�5CPMSO2

2.385�2CPPSO2

3.488�3DPSO
94�5 5.3DPSO2

Recoveries were performed at a concentration of 20 �g/ml for
all analytes. Values are expressed as mean�SD of three
separate determinations.
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Table 2
Validation of the HPLC assay methods for the determination of CPMSO, CPMSO2, DPSO and DPSO2 in rat hepatic microsomes

SampleAnalyte Between-day analysisWithin-day analysis
concentration
(�g/ml)

Measured concentration CV (%) MD (%) Measured concentration MD (%)CV (%)
(�g/ml)(�g/ml)

5.34�0.4 6.5 6.8 5.30�0.2 0.4 5.9CPMSO 5
10.7�1.5 7.1 7.010 9.9�0.70 7.4 −0.8

20 20.4�1.3 6.5 2.10 21.8�0.8 3.8 9.1
50.6�4.6 9.2 0.050 50.0�2.0 4.0 0.0

10CPMSO2 10.8�0.6 5.5 8.0 10.5�1.4 13.3 5.0
21.0�2.4 11.6 5.0 20.1�0.720 3.6 0.5
30.5�1.72 5.6 1.730 30.2�1.7 5.7 0.7

40 40.2�0.3 0.6 0.5 40.0�4.2 10.6 0.0
5.30�0.5 10.0 3.0 5.30�0.2 0.4DPSO 5.95
9.7�0.5 5.2 −3.010 9.8�0.8 8.2 −2.0

19.4�1.3 6.7 −3.0 20.8�0.820 3.8 4.0
37.5�3.9 10.4 6.2540 40.0�2.0 5.0 0.0

10DPSO2 10.6�0.7 7.0 6.0 11.0�0.5 4.5 10.0
22.0�2.0 9.1 10.020 20.0�0.6 3.0 0.0

30 29.5�0.72 2.4 1.7 29.2�1.0 3.4 2.7
40.2�0.3 0.640 0.5 40.0�4.2 10.6 0.0

Values are expressed as mean�SD of three separate determinations. CV= (S.D./mean)×100,

MD(%)=
�mean concentration−spiked concentration

spiked concentration

�
×100.

transformation of CPMSO was also biphasic with
Km1 and Vmax1 of 0.4 mM and 0.3 nmoles/mg
protein/min, respectively, and Km2 and Vmax2 of
0.08 mM and 0.15 nmoles/mg protein/min,
respectively.

The effects of various cytochrome P450 induc-
ers on the microsomal S-oxidation of CPMS and
CPMSO were evaluated to ascertain the participa-
tion of cytochrome P450 in these metabolic reac-
tions. The sulphoxidation of CPMS by rat liver
microsomes was increased (P�0.01) by about
2.5-fold after the animals were pretreated with
phenobarbital and by 30% (P�0.05) after pre-
treatment with 3-methylcholanthrene but not with
�-naphthoflavone, dexamethasone or clofibric
acid (Table 3). The hepatic microsomal cy-
tochrome P450 and protein content increased
twofold after pretreatment with phenobarbital.
Similarly, microsomes from rats pretreated with
phenobarbital produced a significant (P�0.01)

increase in the S-oxidation of CPMSO by approx-
imately twofold. The other inducers tested had no
significant effect on the S-oxidation of CPMSO.
These results suggest that the sulphoxidation of
CPMS to CPMSO and the further oxidation of
the sulphoxide to the corresponding sulphone are
mediated by a phenobarbital-inducible form of
cytochrome P450. The effects of incorporation of
various metabolic inhibitors and activators on the
in vitro S-oxygenation of CPMS and CPMSO are
shown in Table 4. In the case of CPMS sulphoxi-
dation, the addition of n-octylamine, SKF525A,
1-naphthylthiourea, orphenadrine and quinine in
the incubation medium inhibited the enzyme ac-
tivity in a concentration dependent manner. Max-
imum inhibitory effects were observed when the
inhibitor concentration was 5 �M (Table 4). Addi-
tion of n-octylamine, 1-naphthylthiourea, or-
phenadrine, quinine and SKF525A in the
incubation media was also effective at inhibiting
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the S-oxidation of CPMSO. n-Octylamine is a
potent inhibitor of cytochrome P450 but also an
activator of FMO [1]. SKF525A, orphenadrine
and quinine are known potent inhibitors of cy-
tochrome P450 while 1-naphthylthiourea is a
known inhibitor of FMO [1,18]. Thus, the ob-
served inhibitory actions of these compounds sug-
gest that the sulphoxidation of CPMS and
CPMSO is mediated by both cytochrome P450
and FMO. This is in agreement with another
literature report where it was shown that the
metabolism of a simple alkylaryl sulphides was
mediated by both cytochrome P-450 and the
FMO [19].

The results obtained with orphenadrine and
quinine indicate that the major phenobarbitone-
inducible form of cytochrome P450 (CYP2B1)
and CYP2D1, respectively, in rat liver, are the
predominant contributors to the S-oxygenation of
CPMS and CPMSO. Orphenadrine has been
shown to be a potent inhibitor of CYP2B1, the
major phenobarbital-inducible isoform of cy-
tochrome P450 [18]. Quinidine is a documented
competitive inhibitor of CYP2D1, also known as
debrisoquine 4-hydroxylase [20]. However, further
studies with monoclonal antibodies and purified
forms of these isozymes are necessary to provide
definitive evidence for the role of these cy-
tochrome P-450 isoforms in the S-oxygenation of
this simple sulphide and sulphoxide. Inclusion of
other isozyme-specific inhibitors of cytochrome

P450 such as ethanol (CYP2E1), erythromycin
(CYP3A1) and �-naphthoflavone (CYP1A1) in
the incubation mixtures did not alter the microso-
mal S-oxidation of CPMS or CPMSO to any
significant extent (Table 4).

The formation of the sulphoxide and sulphone
of DPS was dependent upon the presence of the
NADPH regenerating system and the microsomal
fraction. About 15–20% of DPS was converted to
the sulphoxide while less than 0.1% of DPS was
present in the form of DPSO2, under the optimum
incubation conditions used. A small fraction of
DPS (less than 0.1%) was detected in the form of
a hydroxylated derivative of the sulphide (Fig. 3)
although the position of hydroxylation on the
aromatic ring system of DPS has not been ascer-
tained. Thus, the predominant metabolic pathway
of this model substrate was demonstrated to be
sulphoxidation with negligible secondary oxida-
tion to the sulphone in vitro. Eadie–Hofstee anal-
ysis of DPS sulphoxidation was monophasic,
indicating the involvement of a single enzyme in
the oxidation reaction. Under the conditions de-
scribed, the apparent Vmax and Km for the
sulphoxidation of DPS determined from Eadie–
Hofstee plot (data not shown) were 1.8�0.15
nmoles/mg protein/min and 0.036�0.002 mM,
respectively. The formation of DPSO by rat liver
microsomal fraction appeared to saturate above a
substrate concentration of 0.5 mM.

Table 3
The effects of various cytochrome P450 inducers on the S-oxidation of CPMS, CPMSO, DPS and DPSO in vitro

Inducers Activity (nmoles/mg protein/min) CYP450 (nmoles/mg protein)

CPMS CPMSO DPS DPSO

1.8�0.20Control 0.36�0.020.26�0.03 3.01�0.081.5�0.17
4.5�0.29*Phenobarbital 6.03�0.4*3.4�0.2**0.54�0.03* 0.73�0.03
2.0�0.10 0.24�0.02�-Naphtholavone 1.2�0.05* 2.25�0.30 0.45�0.02
2.3�0.08 0.27�0.013-Methyl-cholanthrene 1.4�0.08 2.90�0.31 0.51�0.01
1.8�0.07 0.25�0.02Dexamethasone 1.5�0.11 3.03�0.10 0.65�0.04

0.26�0.01 1.6�0.09Clofibrate 2.98�0.172.0�0.06 0.58�0.02

The incubation conditions were: microsomal protein content=4 mg/ml; incubation times were: 15 min for CPMS or DPS, 30 min
for CPMSO, and 20 min for DPSO metabolism studies. Substrate concentrations were; 0.5 mM for CPMS, 2.5 mM for CPMSO,
0.25 mM for DPS and 1 mM for DPSO metabolism studies.

* P�0.05.
** P�0.01.
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Table 4
The effects of various metabolic inhibitors on the S-oxidation of CPMS, CPMSO, DPS and DPSO in vitro

Activity (nmoles/mg protein/min)Inhibitors

CPMS CPMSO DPS DPSO

0.26�0.03Control 1.50�0.171.80�0.20 3.01�0.08
n-Octylamine 1.01�0.12** 0.13�0.005** 0.20�0.01** 0.02�0.001**
1-Naphthylthiourea 1.4�0.13* 0.12�0.001** 0.90�0.05** 1.8�0.20*

0.16�0.01* 0.08�0.01**0.95�0.05** 0.15�0.02**SKF525A
0.98�0.06**Orphenadrine 0.17�0.02** 0.30�0.02** 0.15�0.008**

0.13�0.01** 0.02�0.07**Quinidine 0.03�0.002**0.70�0.02**
0.24�0.06 1.40�0.031.75�0.04 2.80�0.20�-Naphthoflavone

1.8�0.20Erythromycin 0.26�0.03 1.50�0.17 3.01�0.08
1.8�0.20Ethanol 0.26�0.03 1.50�0.17 3.01�0.08

The incubation conditions were: microsomal protein content=4 mg/ml; incubation times were: 15 min for CPMS or DPS, 30 min
for CPMSO, and 20 min for DPSO metabolism studies. Substrate concentrations were: 0.5 mM for CPMS, 2.5 mM for CPMSO,
0.25 mM for DPS and 1 mM for DPSO metabolism studies. Inhibitor concentrations were 5 mM and microsomal cytochrome P450
content was 0.36�0.02 nmoles/mg protein.

* P�0.05.
** P�0.01.

About 10–12% of DPSO was converted to the
sulphone. However, the corresponding sulphide,
DPS, was not detected under these incubation
conditions. Thus, the predominant metabolic path-
way of DPSO was demonstrated to be S-oxidation
to the sulphone with no reduction to the sulphide
in vitro. Under the conditions described, the appar-
ent Vmax and Km for the s-oxidation of DPSO
determined from Eadie–Hofstee plot (data not
shown) were 2.9�0.15 nmoles/mg protein/min and
0.041�0.003 mM, respectively.

The effects of various cytochrome P450 inducers
on the microsomal S-oxidation of DPS and DPSO
were evaluated to ascertain the participation of
cytochrome P450 in these metabolic reactions. The
sulphoxidation of DPS by rat liver microsomes was
increased (P�0.01) by about twofold after the
animals were pretreated with phenobarbital but
was unchanged after pretreatment with 3-methyl-
cholanthrene, dexamethasone or clofibric acid
(Table 3). Pre-treatment with �-naphthoflavone
caused a small but significant decrease in DPS
sulphoxidation. These results suggest that the ma-
jor inducible form of cytochrome P450 plays a
major role in DPS sulphoxidation. Similarly, mi-
crosomes from rats pretreated with phenobarbital
demonstrated a significant (P�0.01) increase in
the S-oxidation of DPSO by twofold. The other

inducers tested had no significant effect on the
S-oxidation of DPSO although DPSO S-oxidation
was slightly lower in microsomes from rats pre-
treated with �-naphthoflavone. These results sug-
gest that the sulphoxidation of DPS to DPSO and
the further oxidation of the sulphoxide to the
corresponding sulphone are mediated by a pheno-
barbital-inducible form of cytochrome P450. In the
case of DPS sulphoxidation, the addition of n-octy-
lamine, SKF525A, 1-naphthylthiourea, orphenad-
rine and quinine in the incubation medium inhib-
ited the enzyme activity in a concentration depen-
dent manner with maximum inhibition occurring at
5 mM (Table 4). Addition of n-octylamine,
SKF525A, 1-naphthylthiourea, orphenadrine and
quinine in the incubation media was also effective
at inhibiting the S-oxidation of DPSO. The results
from the present investigation suggest the involve-
ment of cytochrome P450 2B1 (CYP2B1) in the
S-oxidation of DPS and DPSO. This is in agree-
ment with another literature report where it was
shown that the metabolism of a simple diaryl
sulphide was mediated by cytochrome P450
monooxygenase [10].

The results obtained with orphenadrine and
quinine suggest that the major phenobarbitone-in-
ducible form of cytochrome P450 (CYP2B1) and
CYP2D1, respectively, in rat liver, are the pre-
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dominant contributors to the S-oxygenation of
DPS and DPSO. Inclusion of other isozyme-spe-
cific inhibitors of cytochrome P450 such as ethanol
(CYP2E1), erythromycin (CYP3A1) and �-
napththoflavone (CYP1A1) in the incubation mix-
tures did not alter the microsomal S-oxidation of
DPS or DPSO (Table 4).

In conclusion, simple HPLC assay methods have
been developed for monitoring CPMS, DPS and
their corresponding sulphoxides and sulphones in
microsomal incubations and used successfully to
elucidate the enzymology of CPMS, DPS and their
corresponding sulphoxides in vitro. CPMS, DPS
and their corresponding sulphoxides may be used
as probes for assessing the activity of the microso-
mal monooxygenases in vivo and in vitro and the
information generated with these simple sulphur-
containing compounds may be extrapolated to
more complex xenobiotics bearing the alkylaryl or
diaryl sulphide and sulphoxide functionalities.
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