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This study aims to characterize interindividual variability and individual CYP enzymes involved in the in
vitro metabolism of the carbamate insecticide carbosulfan. Microsomes from ten human livers (HLM)
were used to characterize the interindividual variability in carbosulfan activation. Altogether eight
phase I metabolites were analyzed by LC-MS. The primary metabolic pathways were detoxification
by the initial oxidation of sulfur to carbosulfan sulfinamide (‘sulfur oxidation pathway’) and activa-
tion via cleavage of the nitrogen sulfur bond (N-S) to give carbofuran and dibutylamine (‘carbofuran

g?s' Kg;‘iss pathway’). Differences between maximum and minimum carbosulfan activation values with HLM indi-
Xenobiotic cated nearly 5.9-, 7.0, and 6.6-fold variability in the kp, Vimax and CL;, values, respectively. CYP3A5 and

Risk assessment CYP2B6 had the greatest efficiency to form carbosulfan sulfinamide, while CYP3A4 and CYP3A5 were the
In vitro metabolism most efficient in the generation of the carbofuran metabolic pathway. Based on average abundances of
P450 CYP enzymes in human liver, CYP3A4 contributed to 98% of carbosulfan activation, while CYP3A4 and
LC-MS CYP2B6 contributed 57 and 37% to detoxification, respectively. Significant correlations between carbo-
sulfan activation and CYP marker activities were seen with CYP3A4 (omeprazole sulfoxidation), CYP2C19
(omeprazole 5-hydroxylation) and CYP3A4 (midazolam 1’-hydroxylation), displaying r =0.96, 0.87 and
0.82, respectively. Activation and detoxification pathways were inhibited by ketoconazole, a specific
CYP3A4 inhibitor, by 90-97% and 47-94%, respectively. Carbosulfan inhibited relatively potently CYP3A4
and moderately CYP1A1/2 and CYP2C19 in pooled HLM. These results suggest that the carbosulfan acti-
vation pathway is more important than the detoxification pathway, and that carbosulfan activation is

predominantly catalyzed in humans by CYP3A4.
© 2010 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Carbosulfan [2,3-dihydro-2,2-dimethylbenzofuran-7-yl(di-
butylaminothio) methyl carbamate] is a widely used systemic
insecticide with contact and stomach actions. Like other carbamate
insecticides, carbosulfan inhibits cholinesterase and is assigned to
toxicity class Il by WHO [1].

There are reports about the metabolism of carbosulfan in the
environment [2,3] and in plants [4]. In mammals three primary
metabolites, 3-hydroxycarbofuran, 3-keto-7-phenolcarbofuran,
and dibutylamine, were detected by TLC in rat in vivo [5].
Moreover, carbofuran and polysulfide derivatives of carbosulfan
were detected in rat stomach by TLC [6]. In male and female
rats in vivo, ten metabolites were identified by TLC and HPLC
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and major metabolites were confirmed by GC-MS [7]. We have
recently described the in vitro metabolic pathways of carbosul-
fan in microsomal hepatic preparations from seven mammalian
species including human. The primary metabolic pathways in
these in vitro studies were the detoxification via the initial oxi-
dation of sulfur to carbosulfan sulfinamide (‘sulfur oxidation
pathway’) and the activation via the cleavage of the nitrogen
sulfur bond (N-S) to give carbofuran and dibutylamine (‘carbofu-
ran pathway’). Carbofuran was oxidized to 3-hydroxycarbofuran
and/or 7-phenolcarbofuran, which were further oxidized to 3-
ketocarbofuran or 3-hydroxy-7-phenolcarbofuran, respectively,
and finally to 3-keto-7-phenolcarbofuran [8].

The cytochrome P450 (CYP) superfamily comprises a broad class
of phase I oxidative enzymes that catalyze many hepatic metabolic
processes [9,10]. Recently, a number of papers have been published
on the activity of human P450s involved in the metabolism of pes-
ticides [11-21].

CYPs variation within the human population is well known
[10] and important for the risk assessment of the chemicals. With
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respect to metabolism, variability in CYP activity is among the pri-
mary determinants of variability in biotransformation [22]. Studies
investigating the formation of carbosulfan sulfinamide and the car-
bofuran metabolic pathway by individual cytochrome P450 (CYP)
isoforms have been limited. Therefore, the aims of this study were
(1) to determine the in vitro interindividual variability of enzyme
kinetic parameters in carbosulfan bioactivation in a panel of ten
human hepatic preparations and (2) to characterize the specific
human CYP isoforms involved in carbosulfan biotransformation
by the study of kinetic parameters with the appropriate cDNA-
expressed isoforms, correlation studies with model CYP substrate
activities across the human liver bank, and inhibition experiments
with CYP-selective chemical inhibitors and the CYP inhibitions by
carbosulfan itself.

2. Materials and methods
2.1. Chemicals

Carbosulfan,  (2,3-dihydro-2,2-dimethylbenzofuran-7-yl(di-
butylaminothio) methylcarbamate), carbofuran (2,3-dihydro-
2,2-dimethylbenzofurany-7-yl methylcarbamate), 3-hydroxy-
carbofuran (2,3-dihydro-3-hydroxy-2,2-dimethylbenzofuran-7-yl
methylcarbamate), 3-ketocarbofuran (2,3-dihydro-3-oxy-2,2-
dimethylbenzofuran-7-yl methylcarbamate), 3-keto-7-phenol-
carbofuran (2,3-dihydro-2,2-dimethyl-3-oxobenzofuran-7-ol),
3-hydroxy-7-phenolcarbofuran (2,3-dihydro-2,2-dimethylbenzo-
furan-3,7-diol), and 7-phenolcarbofuran (2,3-dihydro-2,2
dimethylbenzofuran-7-ol) were purchased from ChemService
(West Chester, PA). Dibutylamine was purchased from Sigma-
Aldrich (Germany) and carbaryl was a kind gift from Agrochem
(Eg). Midazolam was a kind gift from F. Hoffman-La Roche (Basel,
Switzerland), and omeprazole was a gift from Astra Zeneca (Mol-
ndal, Sweden). HPLC-grade solvents were obtained from Rathburn
(Walkerburn, UK) and Labscan (Dublin, Ireland). All other chem-
icals used were from Sigma-Aldrich (St. Louis, MO) and were of
the highest purity available. Water was freshly prepared in-house
with the Simplicity 185 (Millipore S.A., Molsheim, France) water
purification system and was UP-grade (ultra pure, 18.2 MS2).

2.2. Human liver microsomes and cDNA-expressed human P450
enzymes

Human liver samples used in this study were obtained from
the University Hospital of Oulu as surplus from organ donors. The
collection of surplus tissue was approved by the Ethics Commit-
tee of the Medical Faculty of the University of Oulu, Finland. All
liver samples were of Caucasian race including 4 female and 6 male
between the ages of 21 and 62. Intracerebral hemorrhage was the
primary cause of death. Detailed characteristics of the liver sam-
ples are presented in our previous publication [15]. The livers were
transferred to ice immediately after the surgical excision and cut
into pieces, snap-frozen in liquid nitrogen, and stored at —80°C.
Microsomes were prepared by standard differential ultracentrifu-
gation [23]. The final microsomal pellet was suspended in 100 mM
phosphate buffer, pH 7.4. Protein content was determined by the
Bradford method [24]. Baculovirus insect cell-expressed human
CYPs (CYP1A1, 1A2, 1B1, 2A6, 2B6, 2C8, 2C9, 2C18, 2C19, 2D6, 2E1,
3A4, 3A5,3A7 and 4A11) were purchased from BD Biosciences Dis-
covery Labware (Bedford, MA).

2.3. In vitro screening assay of metabolites
The standard incubation mixture contained 150 wM carbosul-

fan, 0.15mg pooled liver microsomal protein (n=10), and 1 mM
NADPH in a final volume of 200 .l of 0.1 M phosphate buffer (pH

7.4). Carbosulfan was prepared once a week in dimethylsulfoxide
(DMSO; final amount in the reaction medium 1.0%). After a 2-min
incubation at +37 °C in a shaking incubator block (Eppendorf Ther-
momixer 5436, Hamburg, Germany), the reaction was started by
adding NADPH. The mixture was incubated at +37°C for 30 min
and the reaction was stopped with 600 .1 of ice cold acetonitrile
containing an internal standard. All incubations were carried out in
triplicate. After centrifugation at 10,000 x g for 15 min, the super-
natant was collected and stored at —20°C until analyzed.

To measure the main carbosulfan metabolites of recombinantly
expressed CYP enzymes, the standard incubation mixture (200 1)
contained 0.1 M phosphate buffer (pH 7.4), 1 mM NADPH, 100 uM
carbosulfan, and recombinantly expressed CYP enzymes (50 pmol
CYP per ml). Incubations were carried out according to the manu-
facturer’s instructions. Shortly, the reaction was started by adding
recombinant enzymes to the preincubated reaction mixture (2 min
at +37°C), mixed gently and incubated for 30 min at +37°C in an
incubator block without agitation. Otherwise, the incubation pro-
tocol and analytical method were similar to those for microsomal
incubations.

2.4. Chromatography of the carbosulfan metabolites

Samples were centrifuged before analysis for 10min at
10,000 x g. Chromatographic separation was carried out with the
Waters Alliance 2690 HPLC system (Waters Corp., Milford, MA). The
column used was a Waters Atlantis T3 (2.1 mm x 100 mm, particle
size of 3 wm) together with a Phenomenex C18 2.0 mm x 4.0 mm
precolumn (Phenomenex, Torrance, CA). The temperature of the
column oven was 45 °C. The eluent flow rate was 0.4 ml/min. The
eluents used were ultrapure-grade water containing 0.1% acetic
acid (A) and methanol (B). Alinear gradient elution from 5% B to 75%
B in 8 min was applied. Solvent B was thus maintained at 98% for
3 min before re-equilibration (6 min). The total analysis time was
17 min.

2.5. Mass spectrometry

The initial screening of the compounds and accurate mass mea-
surements were carried out using a Micromass LCT (Micromass,
Altrincham, UK) time of flight (TOF) mass spectrometer equipped
with a Z-Spray ionization source. Detailed information was pre-
sented in our previous publication [8].

The quantification (multiple reaction monitoring, MRM) and
fragmentation measurements were performed with a Micromass
Quattro II triple quadrupole instrument equipped with a Z-spray
ionization source. The capillary voltage was 4000V, and desolva-
tion and source temperatures were 280 and 150 °C, respectively.
The collision gas was argon with a CID gas cell pressure of
2.0 x 103 mbar. Nitrogen was used as the drying and nebulizing
gas with flow rates of 450 and 15 1/h. The fragmentation reactions
monitored (MRM), collision energies, and sample cone voltages for
metabolites and the internal standard are presented in Fig. 1. Exter-
nal standards were measured in the beginning, middle, and end of
the experiment to ensure the quality of the analysis. The lower limit
of quantitation was 1 wM for all compounds. Intraday coefficients
of variation were less than 20% throughout the quantitation range
of 2.5-300 wM.

2.6. Kinetic parameters

To measure the enzyme kinetic parameters in both the micro-
somal samples and recombinantly expressed CYP enzymes, the
standard incubation mixture contained carbosulfan (final con-
centrations 2.5-300 wM). Incubation mixtures and methods were
the same as mentioned above, except the incubation times were
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Fig. 1. Extracted mass chromatograms of carbosulfan metabolites formed by in vitro incubation with mammalian hepatic microsomes. Analytes, exact masses,
fragmentations?, sample cone voltages (SC), collision energies (CE), and retention times (RT) of analytes used in the measurements by LC-MS are presented.

2 Fragmentations monitored in the quantification are presented in bold.

b Metabolites were quantified as the protonated dehydrated molecule [M — H,0 +H]+ due to significant in-source fragmentation.
¢ Exact mass could be measured only from the protonated dehydrated molecule [M — H,0 +H]J+.

20 min for microsomal samples and 30min for rCYPs. Samples
were analyzed by LC-MS-MS. The kinetic parameters Vmax and
km were calculated using Prism 5.0 (GraphPad Software, Inc., San
Diego, CA) by nonlinear regression. These values were used to
calculate the intrinsic clearance value (Vmax/km). All results are
expressed as mean + standard error for three replicates. In the stan-
dard experimental conditions used for carbosulfan metabolism, the
reaction rate of carbosulfan metabolites formation was linear at
least up to 0.15 mg of microsomal protein/ml and 30 min incubation
time.

2.7. Correlation with model CYP substrate activities

A bank of ten livers was used to assess the metabolism of car-
bosulfan in individual livers as well as to correlate the activities
with model CYP substrate activities. A correlation was performed
between the formation of carbosulfan metabolites and each CYP
activity across the human liver bank. Model substrate reactions
used for correlations were the same as those used in the inhibition
studies below. For all data points the mean of duplicate incubations
were used. Bivariate linear Pearson’s correlation coefficients (%)
were calculated between metabolite formations and model activi-
ties in livers. The software program Prism 5.0 (GraphPad Software,
Inc., San Diego, CA) was used for data analysis.

2.8. Inhibition of in vitro metabolism of carbosulfan by
CYP3A4-selective inhibitor

The inhibitory effects of known CYP3A4 isoform-selective
inhibitors on the formation of carbofuran and carbosulfan sul-
finamide were evaluated. Formation rates of metabolites were
determined from the reaction mixtures incubated in the pres-
ence or absence of ketoconazole 100 wM. The incubation conditions
were as described above.

2.9. Inhibition assays

Ethoxyresorufin-O-deethylation (EROD) (CYP1A1/2),
penthoxyresorufin-O-depenthylation ~ (PROD) (CYP2B), 7-
ethoxycoumarin-O-deethylation (ECOD) (multiple CYPs; CYP2A6
predominant) and coumarin-7-hydroxylase (COH) (CYP2A6)
assays were analyzed fluorometrically. EROD and PROD activities
were determined with the method of Burke et al. [25], and ECOD
was analyzed using the method of Greenlee and Poland [26]. COH
activity was analyzed as described previously in detail in Raunio
et al. [27]. The other CYP assays were analyzed by HPLC, and these
included bupropion hydroxylation (CYP2B6) [28], amodiaquine
de-ethylation (CYP2C8) [29], tolbutamide methylhydroxylation
(CYP2C9) [30], dextromethorphan O-demethylation (CYP2D6)
[31], chlorzoxazone 6-hydroxylation (CYP2E1) [32], midazolam
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hydroxylation (CYP3A4) [33], and omeprazole 5-hydroxylation
(CYP2C19) and sulfoxidation (CYP3A4) [34]. The instrumentation
and incubation conditions used to assess the enzyme activities
have been described previously in detail by Abass et al. [16].

Inhibition interactions were also determined with the help of
the n-in-one assay described in detail by Turpeinen et al. [35] and
Tolonen et al. [36]. Each inhibition mixture contained 0.5 mg micro-
somal protein/ml, 0.1 M phosphate buffer (pH 7.4), 1 mM NADPH,
and all ten probe substrates. The amounts of metabolites were
analyzed with LC-MS-MS. The CYP-specific model reactions are
presented in Table 3.

The enzyme activities in the presence of carbosulfan were com-
pared with the control incubations into which only solvent was
added. The ICsg values for inhibitors (concentration causing 50%
reduction of control activity) were determined from duplicate incu-
bations by linear regression analysis from the plot of the logarithm
of inhibitor concentration versus percentage of the activity remain-
ing after inhibition using MicroCal Origin 6.0 (MicroCal Software,
Inc., Northampton, MA).

3. Results

3.1. Identification of carbosulfan metabolites produced in vitro by
human liver microsomes

In our previous in vitro study with microsomes from sev-
eral mammalian species [8], eight carbosulfan metabolites were
detected from the extracted mass chromatograms and seven of
them were identified with the help of reference standards. In
human liver microsomes, seven of these eight metabolites were
identified, while 7-phenolcarbofuran was detected only in rab-
bit liver microsomes in our previous study [8]. The unidentified
metabolite could be either a sulfonamide derivative or a hydrox-
ylated carbosulfan. Either of the metabolites or their derivatives
has been detected by TLC in two different studies. 3-hydroxy-
carbosulfan has been identified as a minor metabolite by TLC in rats
in one study [7] and sulfone derivatives of carbosulfan have been
detected in two separate rat studies [5,7]. In addition, the carbosul-
fan sulfoxide metabolite has been characterized with an unknown
method in human, mouse, and rat liver microsomes [37]. In the ion
source of a mass spectrometer, hydroxy metabolites of both car-
bofuran and 7-phenolcarbofuran produced protonated dehydrated
molecules. There is no reason why this should not also happen to
the corresponding carbosulfan hydroxy metabolite. Based on previ-
ous reports and missing dehydration of the unidentified metabolite,
we have assumed that it is carbosulfan sulfinamide even though
fragmentation of the analytes also gives some indication of the
hydroxylation of carbosulfan. For the exact identification of this
unidentified metabolite, more experimental work should be per-
formed. Carbosulfan metabolites, their exact masses, fragments
produced in MS-MS, retention times, and analytical parameters are
presented in Fig. 1.

Three of the eight metabolites produced significant in-
source fragmentation, which could cause errors in the mea-
surements without chromatographic separation. Carbofuran in
particular, which produces some in-source fragmentation to 7-
phenolcarbofuran, appears in the same chromatograph as an actual
7-phenolcarbofuran metabolite. Because their retention time dif-
fers by only 0.2 min, a very large carbofuran peak could occasionally
make the detection of the small 7-phenolcarbofuran peak difficult.

3.2. Kinetic parameters of carbosulfan activation in individual
liver microsomal samples

Interindividual variability in the biotransformation kinetics for
carbosulfan was investigated in hepatic microsomes from ten
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Fig. 2. Combined formation rates of carbofuran metabolic pathway illustrated with
HLM22 and HLM31. Details of the experimental conditions were described under
materials and methods. Results are expressed as nmol/(mg protein*min) and rep-
resent the mean +S.D. on three independent determinations.

donors using a wide concentration range (2.5-300 uM) of car-
bosulfan. Metabolites were quantified by triple quadrupole mass
spectrometry and kinetics were calculated for the carbofuran
metabolic pathway, since the active chemical moiety is the most
relevant for chemical risk assessment. Carbosulfan biotransfor-
mation followed Michaelis-Menten kinetics as demonstrated by
Eadie-Hofstee plots (V versus V/S).

Detailed data for kinetics parameters are shown in Table 1. Indi-
vidual 24, HLM24, exhibited the highest affinity, corresponding to
the lowest ki, (12.8 wM), while individual 22 had the lowest, corre-
sponding to the highest kmy, (75.9 wM). Individual 22 had the highest
capacity, corresponding to the highest Viax (27.7 nmol/(mg pro-
tein min)), while it was vice versa for individual 31 who had lowest
capacity, corresponding to the lowest Vimax (3.9 nmol/(mg pro-
teinmin)) (Fig. 2). HLM24 showed the highest CL;,; rate, whereas
HLM31 displayed the lowest rate (670.8 and 101.1 pl/(mg pro-
tein min), respectively).

3.3. Interindividual variability in the formation rates of distal
carbofuran metabolites

Since reliable enzyme kinetic parameter estimates could not
be obtained for more distal metabolites of carbofuran when
using carbosulfan as a substrate, metabolite formation rates
were used for interindividual comparisons (Fig. 3). In some
of the individual human hepatic microsomes, the amounts
of 3-keto-7-phenolcarbofuran and 3-hydroxy-7-phenolcarbofuran
formed were below the limits of quantification. Among ten
human liver microsomes examined for carbosulfan metabolism,
HLM31 had the lowest 3-hydroxycarbofuran formation rates,
while HLM22 and HLM28 exhibited the highest formation
rates. The 3-hydroxycarbofuran formation rate varied from
1.0 to 14.9nmol/(mg proteinmin) at 300 WM carbosulfan, dis-
playing a mean value of 5.9nmol/(mg proteinmin) and 15.7-
fold variation. The rates of 3-ketocarbofuran formation were
0.02-1.1 nmol/(mg proteinmin), displaying a mean value of
0.3nmol/(mg proteinmin) and 73-fold variation. HLM31 dis-
played the lowest formation rate, while HLM28 had the highest
rate.

Since HLM31 had the lowest 3-hydroxy- and 3-ketocarbofuran
formation rates, their distal metabolites, 3-hydroxy- and 3-
keto-7-phenolcarbofuran, were not detected at any carbosulfan
concentrations. HLM28 had the highest activity of 3-hydroxy-7-



K. Abass et al. / Chemico-Biological Interactions 185 (2010) 163-173 167

Table 1

Kinetic parameters of carbofuran metabolic pathway obtained with ten human liver microsomes.?.

Human liver microsomes Vmax (nmol/(mg protein min)) km (M) CLin¢ (l/(mg protein min))
HLM20 6.8+0.5 17.3+£5.6 391.2
HLM21 8.7+0.5 33.1+6.9 264.4
HLM22 27.7+1.6 76.0+11.5 364.8
HLM23 6.2+04 16.4+3.8 380.7
HLM24 8.6+1.0 12.8+6.6 670.8
HLM28 26.8+14 63.9+9.4 420.1
HLM29 11.5+0.8 293+74 394.2
HLM30 11.6+0.8 245+64 472.9
HLM31 39402 38.8+4.9 101.1
HLM32 7.5+0.9 21.1+9.8 353.9
Average 3814
Variation (fold)® 7.10 5.93 6.64
Interindividual variability (fold)® 1.76

2 Each value represents the mean =+ std. error of three determinations. Combined formation rates of all the metabolites of the carbofuran pathway were used for the

calculation of kinetic parameters.
b Differences between the maximum and minimum observed values.

¢ Interindividual variability represents fold differences between mean and the highest value in toxicokinetics as defined by Renwick and Lazarus [58].

phenolcarbofuran and 3-keto-7-phenolcarbofuran formations (2.6
and 0.2 nmol/(mg protein*min)).

3.4. Identification of the P450 isoforms involved in the
metabolism of carbosulfan

To determine which enzymes were responsible for the forma-
tion of carbosulfan metabolites, carbosulfan was incubated with
individual human cDNA-expressed P450 isoforms, (CYP1A1, 1A2,
1B1, 2A6, 2B6, 2C8, 2C9, 2C18, 2C19, 2D6, 2E1, 3A4, 3A5, 3A7,
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and 4A11) and NADPH, and the results are shown in Fig. 4.
Among the isoforms tested, the role of the CYP3A subfamily
appeared to be the most active one to metabolize carbosul-
fan. Among the CYP2C subfamily members, CYP2C8, CYP2C18,
and CYP2C19 were associated with the carbofuran metabolic
pathway, whereas all tested CYP2C subfamily members were
involved in carbosulfan sulfinamidation. CYP1A1 and CYP2B6
mediated both carbosulfan metabolic pathways. CYP1B1 and
CYP2E1 did not have detectable activity toward carbosulfan
metabolism.
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Fig. 3. Interindividual variability in the formation of carbosulfan metabolites. Human liver microsomes, HLM, (0.15 mg protein/ml) were incubated in various carbosulfan
concentrations in a 100 mM phosphate buffer (pH 7.4) for 20 min. Columns represent the mean of three separate determinations and the error bars represent S.D.
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Table 2

Kinetic parameters for the formation of carbosulfan metabolites obtained with human recombinant P450s.2.

P450 isoforms Vmax (nmol/(nmol P450 min)) km (M) CLin¢ (pl/(nmol P450 min)) Relative contribution®
Carbofuran metabolic pathway®

CYP1A1 53.5+5.6 144+73 3709.6 n.d.
CYP1A2 42.8+9.3 68.2+15.1 626.8 0.22
CYP2A6 92.2+18.8 178.3+42.4 516.9 0.60
CYP2B6 31.0+6.9 40.9+15.9 757.9 0.27
CYP2C8 61.7+9.5 106.4+25.4 580.3 0.45
CYP2C18 84.7+5.6 17494327 484.4 n.d.
CYP2C19 729456 80.8+21.6 902.8 0.41
CYP3A4 816.1+70.8 29.9+104 27330.9 98.1
CYP3A5 133.5+10.3 7.6+1.5 17528.9 n.d.
CYP3A7 40.2+3.1 102+34 3952.8 n.d.
Carbosulfan sulfinamide metabolic pathway

CYP1A1 29.24+3.7 38.6+18.6 756.4 n.d.
CYP2B6 26.9+3.6 28.0+15.4 961.4 36.8
CYP2C19 11.6+0.6 93.4+16.0 123.7 6.0
CYP3A4 25.3+3.1 170.5+57.3 148.4 57.2
CYP3A5 39.9+25 29.7+10.6 1346.3 n.d.
CYP3A7 56+0.3 30.5+8.0 185.2 n.d.

n.d., not determined.
@ Vmax and kp, values represent means =+ S.E. of three determinations.

b Average human hepatic microsomal protein amounts of P450 enzymes are taken from Rostami-Hodjegan et al. [38].
¢ Combined formation rates of all the metabolites of the carbofuran pathway were used for the calculation of kinetic parameters.

3.5. Enzyme kinetic analysis

Based on the preliminary screening assays described above
(Figure 4), detailed kinetic analyses were performed for car-
bosulfan with active cDNA-expressed human P450s. Results of
these analyses are presented in Table 2. Combined formation
rates of all the metabolites of the carbofuran pathway were used
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Fig. 4. Combined formation rates of the carbofuran metabolic pathway and car-
bosulfan sulfinamide formations by human P450s. Results are expressed as the
metabolite formation rates of duplicate samples.

for kinetic calculations. Derivations of the ky and Viax values
for each isoform allowed the calculations of intrinsic clearances.
According to the obtained kinetic values for the carbofuran path-
way, the performance of the CYP3A subfamily was the highest.
CYP3A4, CYP3AS5, and CYP3A7 showed the highest affinity besides
CYP1A1, corresponding to the lowest kpy,, whereas CYP2A6 and
CYP2C18 had the lowest affinity, corresponding to the highest ky,.
CYP3A4 and CYP3A5 had the highest capacity, while CYP2B6 had
the lowest. The catalytic efficiency (CL;,.) values illustrated that
CYP3A4, CYP3AS5, and CYP3A7 were the most efficient CYP isoforms
for carbosulfan biotransformation via the carbofuran metabolic
pathway (27331, 17529 and 3953 pl/(nmol P450 min), respec-
tively), whereas CYP2C18 was the least efficient (484.4 l/(nmol
P450 min)).

In the case of the carbosulfan sulfinamide metabolic pathway,
two members of the CYP3A subfamily, CYP3A5 and CYP3A7, had
the highest affinity besides CYP2B6, while CYP3A4 had the low-
est. The Vimax value for CYP3A5 was the highest (39.9 nmol/(mg
proteinmin)), whereas the Vmax of CYP3A7 was the low-
est (5.6 nmol/(nmol P450 min)). Vimax/km values illustrated that
CYP3A5, CYP2B6, and CYP1A1 were the most efficient rP450s for
carbosulfan transformation to carbosulfan sulfinamide (1346.3,
961.4, 756.4 pl/(nmol P450 min), respectively), whereas CYP2C19
was the least efficient (123.7 pl/(nmol P450 min)).

The contributions of the P450 isoforms studied were determined
taking into account the average human hepatic microsomal pro-
tein amounts of the main P450s [CYP1A2, 52; CYP2A6, 36; CYP2B6,
11; CYP2CS, 24; CYP2C9, 73; CYP2C19, 14; CYP2D6, 8; CYP2E1, 61;
and CYP3A4, 111 pmol/mg microsomal protein] [38] and the actual
intrinsic clearance values for various P450s. The relative contri-
butions of each P450 enzyme were calculated and are shown in
Table 2. CYP3A4 was the main isoform responsible for the carbo-
furan and carbosulfan sulfinamide metabolic pathways (98.1 and
57.2%, respectively). In addition, CYP2B6 and CYP2C19 were among
the key enzymes that catalyze carbosulfan sulfinamide formation
(36.8 and 6.0%, respectively).

3.6. Correlation analysis

Quantification of carbosulfan metabolism in vitro by ten indi-
vidual human liver microsomes was performed with 150 uM
carbosulfan and a 20-min incubation time. Combined formation
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R?=0.0014, P = 0.9170
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Fig. 5. Correlation of combined formation rates of the carbofuran metabolic pathway with CYP-mediated activities measured in a panel of 10 HLM with 150 wM carbosulfan.
CYP marker activities (range of values and mean 4 S.D.), on the X axis, are expressed as pmol/(mg protein*min) and formation rates of the carbofuran metabolic pathway, on
the Y axis, are expressed as nmol/(mg protein*min). Activities are the mean of duplicate determinations. 12 is the correlation coefficient.
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rates of all the metabolites of the carbofuran pathway varied from
2.2 to 18.8 nmol/(mg protein min), indicating approximately 8.6-
fold variation and a mean value of 8.7 nmol/(mg protein min).
The rates of carbosulfan sulfinamide formation in the ten differ-
ent human liver microsomes were 0.6-1.4 nmol/(mg protein min),
displaying 2.6-fold variation and a mean value of 1.0 nmol/(mg pro-
tein min).

Rates derived from individual P450 enzymes exhibited consid-
erable variability among ten liver samples. The specific activities of
P450 isoform-catalyzed reactions in microsomes from ten human
livers and their correlations with combined formation rates of all
the metabolites of the carbofuran metabolic pathway were studied
(Figure 5). High and significant correlations between the carbo-
furan metabolic pathway and CYP marker activities were seen
with CYP3A4 (omeprazole sulfoxidation), CYP2C19 (omeprazole 5-
hydroxylation), and CYP3A4 (midazolam 1’-hydroxylation) with
correlation coefficients (%) of 0.96, 0.87, and 0.82, respectively.
Combined formation rates of the carbofuran metabolic pathway by
human liver microsomes did not correlate significantly with other
specific activities of P450 isoforms (12 <0.24). Negative correla-
tion was found with CYP2C9-specific model activities (tolbutamide
hydroxylation).

No correlations were observed between the production of
carbosulfan sulfinamide metabolite by different human liver
microsomes and the specific activities of P450 isoform-catalyzed
reactions in microsomes from ten human livers.

3.7. Inhibition of carbosulfan metabolism by ketoconazole

Different carbosulfan concentrations were incubated with the
CYP3A4 isoform-specific inhibitor, ketoconazole, in pooled human
liver microsomes. As shown in Figure 6, ketoconazole inhibited for-
mation rates of the carbofuran pathway by 90-97% and to a lesser
extent carbosulfan sulfinamide formation (47-94%). The results
suggest that CYP3A4 has a major role in carbosulfan metabolism
at different carbosulfan concentrations.

3.8. Inhibitory interactions of carbosulfan with different human
liver P450s

The effects of carbosulfan on CYP-selective activities were deter-
mined in pooled human liver microsomes. The IC59 values for
various CYP-associated activities are collected in Table 3. Carbosul-
fan inhibited some CYP enzymes with high affinity. The lowest IC5q
values for CYP3A4, midazolam 1’-hydroxylation and omeprazole
sulfoxidation, being 11.2 and 23.8 wM, respectively.

Moderate values of 58.3 and 61.9uM were observed for
7-ethoxyresorufin O-deethylation (CYP1A1/2) and omeprazole 5-
hydroxylation (CYP2C19), respectively. All the other values for
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Fig. 6. Effect of CYP3A4 isoform-selective inhibitor, ketoconazole, on the carbofuran
metabolic pathway and carbosulfan sulfinamide formation by HLM. Carbosulfan
was incubated with pooled HLM in the presence of 100 M ketoconazole. Columns
represent the means of two separate determinations and the error bars represent
S.D.

CYP2A6, CYP2B, CYP2B6, CYP2C8, CYP2C9, CYP2D6, and CYP2E1
were higher than 100 wM, indicating very low or absent affinity.
Briefly, the same inhibition values were obtained with a cock-
tail assay for CYP1A2, CYP2C19, and CYP3A4. Moreover, moderate
inhibition with CYP2C9 and CYP2D6 was observed only with the

Table 3
The carbosulfan ICsq values of different CYPs using pooled human liver microsomes with single substrate and n-in-one assays.
CYP Substrate Reaction 1Cs0 (M)

Single substrate assay n-in-one assay
1A1/2 7-ethoxyresorufin O-deethylation 58.3 =
1A2 Melatonin 6-hydroxylation - 93.0
2A6 Coumarin 7-hydroxylation >100 >100
2B 7-pentoxyresorufin O-dealkylation >100 >100
2B6 Bupropion Hydroxylation >100 >100
2C8 Amodiaquine de-ethylation >100 93.7
2C9 Tolbutamide Methylhydroxylation >100 16.9
2C19 Omeprazole 5-hydroxylation 61.9 16.3
2D6 Dextromethorphan 0O-demethylation >100 25.0
2E1 Chlorzoxazone 6-hydroxylation >100 >100
3A4 Midazolam 1’-hydroxylation 11.2 20.1
3A4 Omeprazole Sulfoxidation 23.8 183
3A4 Omeprazole 3-hydroxylation - 234
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cocktail assay. All the other values were higher than 100 uM in
both the single substrate and cocktail assays.

4. Discussion

Carbosulfan is metabolized via two metabolic pathways ([8];
this study): (1) carbosulfan undergoes the initial oxidation of sul-
fur to carbosulfan sulfinamide (‘sulfur oxidation pathway’) and
(2) the major route is the cleavage of the nitrogen sulfur bond
(N-S) to give carbofuran and dibutylamine (‘carbofuran pathway’).
During the present investigation, seven metabolites produced by
human liver microsomes were identified using LC/MS/MS and six
of them were verified with comparison to reference standards. The
carbofuran metabolic pathway contains products (carbofuran, 3-
hydroxy-carbofuran, 3-ketocarbofuran), which are more toxic than
the parent carbosulfan [5,39,40]. An acute exposure to carbofuran
inhibits the action of acetylcholinesterase (AChE) in nerve cells and
may cause transient endocrine disruption with increased levels of
progesterone, cortisol, and estradiol and decreased testosterone
levels [41]. Repeated exposure to carbofuran has adverse chronic
effects on a broad spectrum of nervous system functions [42] and
may cause serious reproductive problems. Thus, the toxicity of
carbosulfan is dependent on its biotransformation to carbofuran
and its metabolites. Metabolic intrinsic clearance rates obtained in
pooled human liver microsomes and six mammalian liver micro-
somes indicated that carbosulfan is activated to the carbofuran
metabolic pathway more efficiently than it is detoxified to car-
bosulfan sulfinamide [8]. The CL;,; values (.l/(mg protein min))
of the carbofuran metabolic pathway were 55- and 11-fold higher
than those of the carbosulfan sulfinamide metabolic pathway (data
not shown) for individuals HL24 and HL31, representing roughly
the highest and the lowest metabolic rates, respectively. These
differences suggest that the carbofuran metabolic pathway (activa-
tion pathway) is the most important metabolic pathway in human
liver.

Human liver microsomes display quite large interindividual
differences in all carbosulfan metabolic pathways. Differences
between the maximum and minimum observed values in ten indi-
vidual liver microsomes indicated 5.9-, 7.0-, and 6.6-fold variability
in the km, Vimax and CL;,; values for the carbofuran metabolic path-
way, respectively. The up to 7-fold interindividual variability in
the rate of carbosulfan activation, as determined by the difference
between the lowest and highest value, could be the significant
determinant of the toxicity effects. There will be substantial dif-
ferences in toxic metabolite formation even if different individuals
are exposed to the same quantity of carbosulfan. High metaboliz-
ers might be at higher risk for carbosulfan-related toxicity. There
are large interindividual differences in the expression levels and
catalytic activities of CYP enzymes in humans, and these variations
sometimes lead to different susceptibilities of humans to the phar-
macological and toxicological actions of drugs, toxic chemicals, and
carcinogens [10,43].

The relatively large interindividual variability in carbosulfan
bioactivation, and partially also in detoxification, seems to be due to
the preponderance of carbosulfan metabolism by CYP3A subfamily
members, especially by CYP3A4 (see below for further discussion).
This became especially apparent in our study on the correlation
between specific P450 isoform-catalyzed reactions in microsomes
from ten human livers and the combined formation rates of all the
metabolites of the carbofuran metabolic pathway. High correla-
tions were observed with CYP3A4 and CYP2C19. The individuals
with the highest levels of CYP3A4 (HLM22 and HLM28) had the
highest Vinax,of carbofuran pathway and the reverse was true for an
individual (HLM31) who had the lowest levels of CYP3A4 isoform.
These results on correlation analysis together with other exper-
iments on recombinant enzymes collectively suggest that CYP3A

subfamily members play a dominant role in the interindividual
variability of carbosulfan activation. Moreover, it is possible that
those individuals with a high CYP3A4 and CYP2C19 content may
be more susceptible to carbosulfan toxicity.

Kinetic characterization showed that carbosulfan metabolism
to carbosulfan sulfinamide and the carbofuran metabolic pathway
were one-phasic; in other words, it can be described as involv-
ing one active site or several sites with similar enzyme kinetic
characteristics. Actually, our studies on a large set of recombi-
nant P450 enzymes indicated that several enzymes were able to
metabolize carbosulfan. The carbofuran pathway was the prefer-
able pathway based on values of kinetic parameters obtained with
active recombinant CYPs. Four CYP isoforms, CYP1A1, CYP3A4,
CYP3A5, and CYP3A7 were involved in the carbofuran pathway
with high affinity. Additionally, CYP2C19 and CYP2B6 displayed
some activity towards carbofuran formation. However, it is difficult
to separate the involvement of individual CYPs in the carbofuran
metabolic pathway leading to the formation of more distal carbo-
furan metabolites, and further studies are required to clarify the
individual contribution of the isoforms involved in minor metabo-
lite formations. Nevertheless, there is strong evidence from earlier
studies that CYP3A4 is the predominant isoform responsible for for-
mation of 3-hydroxycarbofuran, when starting from carbofuran as
the substrate [13].

CYP3A5, CYP2B6, and CYP1A1 were active in carbosulfan sul-
finamide formation, whereas CYP3A7, CYP3A4 and CYP2C19 were
less active. All CYPs involved in carbosulfan sulfinamide formation
were participating also in the carbofuran metabolic pathway, but
relative efficiencies differed considerably: CYP2B6 had a prefer-
ence for the carbosulfan sulfinamide pathway, whereas CYP1A1,
CYP2C19, CYP3A4, CYP3AS5, and CYP3A7 were much more active
in the carbofuran pathway (4.9-, 7.3-, 184.2-, 13.0-, and 21.3-fold
more efficient, respectively).

The relative importance of individual isoforms to in vitro and in
vivo clearance is dependent upon the relative abundance of each
isoform. Thus, intrinsic clearance values measured with individ-
ual cDNA-expressed enzymes have to be normalized with respect
to the human hepatic microsomal P450 isoenzyme concentrations.
The relative contribution of CYP3A4 to carbosulfan metabolism was
the highest because of both high intrinsic clearance and average
amount. Although CYP1A1 had the highest intrinsic clearance value
for the carbofuran metabolic pathway, its contribution is probably
negligible because the amount of CYP1A1 in the human liver is very
small [9]. Based on the average human hepatic microsomal protein
amounts of the CYP3A subfamily (155 pmol/mg microsomal pro-
tein) [38], the CYP3A subfamily contributes to a superior degree to
the carbofuran and carbosulfan sulfinamide metabolic pathways
(99.2 and 96.3%), respectively.

CYP2B6 had a higher affinity (km=28.0 uM) for carbosulfan
sulfinamide formation than CYP3A subfamily members (CYP3A5,
km=29.7; CYP3A7, 30.5 and CYP3A4, 171 uM). However, the cal-
culation of relative contributions of CYPs confirmed the role of the
CYP3A subfamily in the carbosulfan sulfinamide metabolic path-
way. CYP2B6 contributes with 0.7% to carbosulfan sulfinamide
formation compared to CYP3A subfamily members.

The observation of the preponderance of CYP3A4 in carbosul-
fan metabolism, which was based on the average abundances of
CYP enzymes in human liver microsomes, was further confirmed
by the correlation studies (see above) and by the observation that
the in vitro microsomal metabolism of carbosulfan was inhibited by
ketoconazole, a selective inhibitor for CYP3A4/5[10,43]. Our results
showed that ketoconazole significantly inhibited the carbofuran
metabolic pathway in vitro. Furthermore, carbosulfan inhibited rel-
atively potently the CYP3A4-selective enzyme activity in pooled
human liver microsomes and moderately CYP1A1/2 and CYP2C19.
Inhibitory interactions studies supported the role of CYP3A4 in car-
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bosulfan metabolism as CYP3A subfamily members were the P450
isoforms with relatively low kp, values for carbosulfan metabolism.

Although the CYP3A subfamily, CYP3A4, 3A5, and 3A7, repre-
sents about 30% of the total hepatic P450 content and is considered
the most important CYP subfamily in the biotransformation of
xenobiotics [10,44,45], relative abundances of its members are
highly different. CYP3A5 exists in only 10-20% of humans and its
content is equivalent to only about 0.2% of the total P450 amount
[46,47].The amount of CYP3A7 is very low in adult human livers and
is mainly expressed in embryonic, fetal, and newborn livers, where
it is the predominant CYP form [48,49]. Thus, CYP3A4 is probably
the most important CYP enzyme and it has been shown that it has a
vital role in pesticide metabolism, as demonstrated here for carbo-
sulfan, and furthermore it is involved in the metabolism of almost
all currently tested pesticides. However, chemical structure influ-
ences which CYPs mediate the specific reaction, i.e activation or
detoxification. CYP3A4 activate and detoxify parathion, diazinon
and chlorpyrifos while it is mainly involved in carbaryl detoxifica-
tion to 4-hydroxycarbaryl [50-53]. In our previous study [8], the
catalytic efficiency of the carbofuran metabolic pathway (CL;,;) for
minipig, monkey, and human liver microsomes displayed similar
high values, while rat, rabbit, mouse, and dog liver microsomes
had lower values. In view of the current results that CYP3A sub-
family members are the main enzymes responsible for carbosulfan
activation, our findings are in agreement with our earlier compar-
ative in vitro study of hepatic drug metabolism of six experimental
animal species and human, in which presumably CYP3A-mediated
midazolam a-hydroxylase and omeprazole sulfoxidase activities in
human and monkey liver microsomes were relatively high, while
activities of rat and rabbit liver microsomes were much lower
[54].

Human data are needed for quantitative toxicokinetics com-
parisons between individuals or between animals and humans
[55,56]. The use of chemical-specific toxicological data instead
of default assessment factors, whenever possible, was proposed
by the International Program on Chemical Safety (IPCS) [57].
Our data concerning the metabolism of carbosulfan in animals
and humans have significant implications for the calculation of
chemical-specific adjustment factors (CSAFs). The uncertainty fac-
tor for human variability in toxicokinetics was 1.76-fold, as defined
by Renwick and Lazarus [58] as a variation between the mean and
the highest value. This suggested that interindividual variability, for
the carbosulfan active chemical moiety, in toxicokinetics is within
the standard applied factor for interindividual extrapolation in tox-
icokinetics. Moreover, we have shown previously that interspecies
differences in toxicokinetics are within the standard applied factor
for species extrapolation in toxicokinetics. However, it should be
kept in mind that these data are restricted to metabolic data from
human and animal liver preparations.

In conclusion, in this study we have identified, by LC/MS/MS,
seven metabolites produced by human liver microsomes and six of
them were verified with comparison to reference standards. The
carbofuran metabolic pathway (activation pathway) is the major
metabolic pathway in human liver microsomes and there is marked
(up to 7-fold) interindividual variability in the carbosulfan activa-
tion. We have provided strong evidence that carbosulfan activation
is predominantly catalyzed by CYP3A subfamily members. First, the
recombinant human CYP3A4 was the major enzyme involved in
the metabolism. Second, the formation rate of carbofuran pathway
metabolites correlated significantly with the activity of CYP3A in a
panel of human liver microsomes. Third, the carbofuran metabolic
pathway was potently inhibited by ketoconazole, a strong inhibitor
of CYP3A. Fourth, carbosulfan relatively potently inhibited CYP3A4
activity in pooled human liver microsomes. The data demonstrated
that metabolism of carbosulfan may interfere with other substrates
for the CYP3A family. The inhibitory interactions might be of sig-

nificance at least in those occupational situations where workers
are exposed to the higher pesticide concentrations.
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