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Abstract

Carbofuran is a carbamate pesticide used in agricultural practice throughout the world. Its effect as a pesticide is due to its
ability to inhibit acetylcholinesterase activity. Though carbofuran has a long history of use, there is little information available
with respect to its metabolic fate and disposition in mammals. The present study was designed to investigate the comparative in
vitro metabolism of carbofuran from human, rat, and mouse liver microsomes (HLM, RLM, MLM, respectively), and characterize
the specific enzymes involved in such metabolism, with particular reference to human metabolism. Carbofuran is metabolized by
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cytochrome P450 (CYP) leading to the production of one major ring oxidation metabolite, 3-hydroxycarbofuran, and tw
metabolites. The affinity of carbofuran for CYP enzymes involved in the oxidation to 3-hydroxycarbofuran is significantly
HLM (Km = 1.950 mM) than in RLM (Km = 0.210 mM), or MLM (Km = 0.550 mM). Intrinsic clearance rate calculations indic
that HLM are 14-fold less efficient in the metabolism of carbofuran to 3-hydroxycarbofuran than RLM or MLM. A scre
15 major human CYP isoforms for metabolic ability with respect to carbofuran metabolism demonstrated that CYP3A
major isoform responsible for carbofuran oxidation in humans. CYP1A2 and 2C19 are much less active while other hum
isoforms have minimal or no activity toward carbofuran. In contrast with the human isoforms, members of the CYP2C
in rats are likely to have a primary role in carbofuran metabolism. Normalization of HLM data with the average levels
CYP in native HLM, indicates that carbofuran metabolism is primarily mediated by CYP3A4 (percent total normalized
TNR) = 77.5), although CYP1A2 and 2C19 play ancillary roles (% TNR = 9.0 and 6.0, respectively). This is substantiate
fact that ketoconazole, a specific inhibitor of CYP3A4, is an excellent inhibitor of 3-hydroxycarbofuran formation in HLM50:
0.31�M). Chlorpyrifos, an irreversible non-competitive inhibitor of CYP3A4, inhibits the formation of 3-hydroxycarbofur
HLM (IC50: 39�M). The use of phenotyped HLM demonstrated that individuals with high levels of CYP3A4 have the g
potential to metabolize carbofuran to its major metabolite. The variation in carbofuran metabolism among 17 single-don
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samples is over 5-fold and the best correlation between CYP isoform activity and carbofuran metabolism was observed with
CYP3A4 (r2 = 0.96). The interaction of carbofuran and the endogenous CYP3A4 substrates, testosterone and estradiol, were
also investigated. Testosterone metabolism was activated by carbofuran in HLM and CYP3A4, however, less activation was
observed for carbofuran metabolism by testosterone in HLM and CYP3A4. No interactions between carbofuran and estradiol
metabolism were observed.
© 2004 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

Carbofuran (2,3-dihydro-2,2-dimethylbenzofuran-
7-yl methylcarbamate) is the most commonly used
carbamate in agriculture and forestry. Carbofuran is
a broad spectrum pesticide that kills insects, mites, and
nematodes on contact or after ingestion. The mecha-
nism of toxicity is anticholinesterase activity[1], result-
ing in accumulation of acetylcholine in synapses and
subsequent malfunction of the nervous system. In addi-
tion to neurotoxic effects, carbofuran has been demon-
strated to influence steroid metabolism in mammals
[2–4]. Recent epidemiological studies indicate that in-
dividuals with high levels of exposure to carbofuran and
other carbamate pesticides may have increased risk for
lung cancer (C.R. Alavanja, personal communication)
and non-Hodgkins lymphoma[5].

The most recent extensive review of carbofuran tox-
icity and metabolism is that by Gupta[6]. Primary
mammalian metabolites include 3-hydroxycarbofuran,
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CYP isoforms to metabolic pathways been elucidated.
An understanding of the metabolic pathways and the
varying contributions of specific CYP isoforms in-
volved will enable better understanding of differences
in metabolism among individuals as well as among sub-
populations and will provide important information rel-
ative to metabolic interactions of carbofuran with other
chemicals.

Studies of pesticide metabolism in humans can pro-
vide important information on differences between hu-
mans and laboratory animals in metabolism. Rodent
studies have been useful for decades for predicting
human health hazards associated with pesticide use.
However, studies conducted in experimental animals
can sometimes be misleading since human xenobiotic-
metabolizing enzymes often differ dramatically from
those of experimental animals, rendering such extrap-
olations of little value. The present in vitro study was
designed to: (1) compare the metabolism of carbofuran
in human, rat, and mouse liver microsomes; (2) eluci-
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Metabolism plays an important role in the de

ination of pesticide toxicity. Hepatic metaboli
f carbofuran in humans has neither been previo

nvestigated in vitro nor have the contributions
. Materials and methods

.1. Chemicals

Carbofuran was purchased from Chem Ser
nc. (West Chester, PA). Carbofuran meta
ites, 3-hydroxycarbofuran, 3-ketocarbofuran,
etocarbofuran phenol, 3-hydroxycarbofuran phe
nd carbofuran phenol were a gift from FMC (Prin

on, NJ). Testosterone, 6�-hydroxytestosteron
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17�-estradiol, 2-hydroxyestradiol were purchased
from Steraloids (Newport, RI). HPLC grade acetoni-
trile and water were purchased from Fisher Scientific
(Pittsburgh, PA). All other chemicals, if not specified,
were purchased from Sigma (St. Louis, MO).

2.2. Liver microsomes, human hepatocytes, and
cytochrome P450 isoforms

Rat liver microsomes (RLM) and mouse liver mi-
crosomes (MLM) were prepared from adult male Long
Evans rats and adult male CD-1 mice (Charles River
Laboratories, Raleigh, NC), respectively, according to
the method of Cook and Hodgson[7].

Pooled and single-donor human liver microsomes
(HLM), human CYP isoforms (CYP1A1, 1A2, 1B1,
2A6, 3A4, 3A5, 3A7, 4A11, 2B6, 2C8, 2C9*1, 2C9*2,
2C9*3, 2C18, 2C19, 2D6*1, 2D6*10, and 2E1), and
rat CYP isoforms (CYP3A1, 3A2, 2C6, 2C11, and
2C13) expressed in baculovirus infected insect cells
(Sf9) (BTI-TN-5BI-4), were purchased from BD Bio-
sciences (Woburn, MA). Immunoquantitation results
of individual CYP isoforms in single-donor HLM sam-
ples were provided by GenTest Corporation (Woburn,
MA) [8].

Fresh human hepatocyte suspensions were obtained
from Vesta Therapeutics (Research Triangle Park, NC).
Cell viability was more than 87% measured by the try-
pan blue exclusion method.
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nated by the addition of an equal volume of acetonitrile
and vortexing. The control reactions were performed
under identical conditions using microsomes prepared
from Sf9 cells.

Enzyme kinetic assays using fresh human hepato-
cytes were performed by incubating serial concentra-
tions of carbofuran (final concentration 200–3200�M)
with the hepatocytes in 1.5 ml microcentrifuge tubes.
The initial combinations of substrate and hepatocyte
culture media were incubated at 37◦C for 5 min. The
reactions were initiated by the addition of ice cold hu-
man hepatocytes (0.1 million cells/0.25 ml) with gen-
tle mixing followed by incubation for 30 min at 37◦C.
After 29 min the reactions were centrifuged for 1 min
to sediment the cells and the supernatants were trans-
ferred to 250�l of acetonitrile. The suspended cells
were pooled to prepare S9 fractions. Protein was deter-
mined from S9 fractions in order to express theVmax
based on mg protein.

Metabolic activity assays designed to screen human
CYP isoforms for metabolic activity towards carbo-
furan were performed by incubation with the appro-
priate substrate (final concentration 1600�M) with an
NADPH regenerating system in specific buffers rec-
ommended by the enzyme supplier (BD Biosciences,
Woburn, MA). After preincubation at 37◦C for 5 min,
the reactions were initiated by the addition of ice cold
CYP isoforms (final concentration 50 pmol/ml) with
gentle mixing and incubated for 30 min at 37◦C. The
control reactions were performed under identical con-
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.3. In vitro carbofuran metabolism

Enzyme kinetic assays for pooled HLM, RL
nd MLM were performed by incubation in 1.5
icrocentrifuge tubes of serial concentrations of ca

uran (final concentration 12.5–3200�M) with micro-
omes. The initial combination of substrate, NAD
egenerating system (0.25 mM NADP, 2.5 mM gluc
-phosphate, and 2 U/ml glucose-6-phosphate d
rogenase) and 100 mM potassium phosphate b
ith 5 mM MgCl2 (pH 7.4) were incubated at 37◦C for
min. The reactions were initiated by the addition

ce cold microsomes (protein concentration 1 mg
ith gentle mixing followed by incubation for 10 m
t 37◦C. To determine metabolic activity of individu
LM, incubations of carbofuran (final concentrat
600�M) were conducted for 10 min at 37◦C using
mg/ml protein concentration. Reactions were te
itions with a Sf9 insect cell control. For the CYP i
orms 1A1, 1A2, 1B1, 2E1, 2C8, 2D6*1, 2D6*10, 3A
A7, 2B6, 2C18, 3A4, and 2C19, and Sf9 cell c

rol, a 100 mM potassium phosphate buffer with 5 m
gCl2 (pH 7.4) was used. For the CYP isoforms 2C

Arg144), 2C9*2 (Cys144), 2C9*3 (Leu359), 4A11, and
A6, a buffer consisting of 100 mM Tris–HCl wi
mM MgCl2 (pH 7.5) was used.
After screening assays were completed, isofo

etermined to have the greatest impact on metabo
ere selected for further characterization. Enzym
etic assays for human CYP3A4 and 2C19 were

ormed by incubating serial dilutions of carbofu
final concentration 25–1600�M) with 50 pmol/ml of
YP isoform for 10 min as described above. The c

rol reactions were performed under identical co
ions using Sf9 cells. Similarly, rat CYP3A1, 3A
C6, 2C11, and 2C13 incubations were performed



224 K.A. Usmani et al. / Chemico-Biological Interactions 150 (2004) 221–232

enzyme kinetic assays in CYP-specific buffers rec-
ommended by the enzyme supplier (BD Biosciences,
Woburn, MA).

To demonstrate the role of CYP3A4 in carbo-
furan metabolism in HLM (protein concentration
1 mg/ml), a CYP3A4 specific inhibitor, ketoconazole
(final concentration 0–10�M), was added to the reac-
tion mixture simultaneously with 1600�M carbofuran.
Similarly, the ability of chlorpyrifos to inhibit carbo-
furan metabolism in HLM was also explored. In this
case, HLM (1 mg/ml) were pre-incubated with reaction
mixtures containing various concentrations of chlor-
pyrifos (final concentration 0–125�M) in the presence
of an NADPH-generating system. After 5 min the re-
action was initiated by the addition of 1600�M car-
bofuran. In both cases, the reactions were terminated
after 10 min and the supernatants analyzed for products
by HPLC.

2.4. Interactions with testosterone and estradiol

The effect of testosterone and estradiol on carbo-
furan metabolism was assayed in HLM (protein con-
centration 1 mg/ml), or human CYP3A4 (final P450
content 50 pmol/ml) by co-incubation of carbofuran
(final concentration 100, 400, and 1600�M) with
testosterone (final concentration 0–200�M) or estra-
diol (final concentration 0–200�M) for 10 min. The
effect of carbofuran on testosterone 6�-hydroxylation
and 2-hydroxyestradiol was assayed in HLM (pro-
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trifuge, the supernatants were analyzed for concen-
trations by HPLC. The protein concentrations and
incubation times used in the assays were found to
be in the linear range in preliminary experiments.
No metabolites were detected when incubations were
carried out in the absence of an NADPH-generating
system.

2.5. Analysis of carbofuran metabolites by HPLC

Metabolites were analyzed using a Shimadzu HPLC
system (Kyoto, Japan). This Shimadzu HPLC sys-
tem consisted of one pump (LC-10ATVP), autoinjec-
tor (SIL-10ADVP), UV–vis detector (SPD-10AVVP),
system controller (SCL-10AVP), four-position sol-
vent selection valve (FCV-10ALVP) and a degasser
(DGU-14A). Chromatography software was CLASS-
VP version 4.3. Carbofuran and its metabolites were
separated using a mobile phase consisting of A (100%
water) and B (100% acetonitrile). A gradient sys-
tem was initiated at 20% solvent B and increased
linearly in the following manner: 60% of solvent B
in 0–10 min, 60% of solvent B in 10–12 min, 20%
of solvent B in 12 and 13 min, and maintained at
20% of solvent B for 15 min. The flow rate was
1.0 ml/min. Metabolites were separated with a Syn-
ergi column (Synergi 4�, 150 mm× 4.6 mm, MAX-
RP, 80A; Phenomenex, Rancho Palos Verdes, CA) at a
wavelength of 280 nm. The injection volume was 50�l.
Using this gradient, carbofuran and its metabolites
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r 2-hydroxyestradiol levels by HPLC, respective
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ng the HPLC method described by Usmani et
9]. Estradiol and its metabolites were separated
ng the HPLC method described by Suchar et
10].

All reactions were terminated by the addition
qual volumes of acetonitrile and vortexing. Af
min of centrifugation at 15,000 rpm in a microc
ere well separated with baseline separation. U
hese conditions, the retention times for carbofura
ydroxycarbofuran, unknown carbofuran metabo
-ketocarbofuran phenol, and 3-ketocarbofuran w
.7, 6.7, 7.7, and 8.2 min, respectively. The limit of

ection for carbofuran metabolites was 0.05�M. The
oncentrations of metabolites were obtained thro
xtrapolation of peak area from a standard curve.

.6. Enzyme kinetics calculations

All values were expressed as mean± S.E.M. (n= 3
etermination). The apparentKm and Vmax param-
ters were calculated using a nonlinear regres
nalysis program (SigmaPlot Enzyme Kinetic M
le, SigmaPlot software, Inc., Chicago, IL). TheseKm
ndVmax values were then used to calculate the

rinsic clearance value (Km/Vmax). The percent tota
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normalized rates (% TNR) were determined as de-
scribed by Rodrigues[11]. This is done by multiply-
ing the rate of hydroxylation (nmol/nmol CYP/min)
of each isoform by the nominal specific content
(nmol CYP/mg protein) of the corresponding CYP
form in native human liver microsomes to derive the
normalized rate (NR) for each isoform. The nominal
specific content utilized in these determinations was
derived from a pool of liver microsomes (N= 12) phe-
notyped by GenTest Corp.[11]. Since subsequent data
indicated that CYP2B6 levels may have been high in
this population, we used a value of 0.0207 nmol/mg
protein derived from a different pool of 12 individu-
als phenotyped by GenTest Corp.[8]. The NR values
obtained were then summed and the % TNRs were de-
termined for each isoform.

3. Results

3.1. Enzyme kinetics of carbofuran metabolism in
liver microsomes and human hepatocytes

In vitro incubations of carbofuran with HLM, RLM,
and MLM resulted in the production of one major and
two minor metabolites (Fig. 1). The major metabo-
lite of carbofuran incubations in microsomal samples
was 3-hydroxycarbofuran, while the minor metabolites
included 3-keto-7-phenol and one unidentified minor
metabolite. Further investigations involving incuba-
t ted
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lower affinity (higherKm) and lower intrinsic clear-
ance rate than RLM and MLM (Table 1). Incubations
of carbofuran with human hepatocytes showed similar
Km but lowerVmax values than those observed using
HLM (Table 1).

3.2. Carbofuran metabolism by human CYP
isoforms

A screen of several CYP isoforms to investigate the
oxidation of carbofuran was conducted (Fig. 2). Among
15 different CYP isoforms and three different poly-
morphic variants investigated, only CYP2A6, 4A11,
2C18, 2D6*10, and 2E1 did not have detectable ac-
tivity toward carbofuran. All other CYP isoforms were
active in generating 3-hydroxycarbofuran, although the
extent of metabolism varied widely among isoforms.
CYP3A4, 1A2, and 2C19 were among the most active
in carbofuran metabolism. Normalization of the data
with respect to average CYP isoform levels in native
HLM indicated that metabolism was primarily medi-
ated by CYP3A4 (% TNR = 77.5), although CYP1A2
and 2C19 play ancillary roles (% TNR = 9.0 and 6.0,
respectively;Fig. 3).

Table 1
Kinetic parameters for ring hydroxylation of carbofuran by pooled
HLM, RLM, MLM, human cytochrome P450 isoforms, and rat cy-
tochrome P450 isoforms

Km Vmax Vmax/Km

L
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ions of 3-hydroxycarbofuran with HLM demonstra
hat it is metabolized by CYPs to a minor meta
ite, 3-ketocarbofuran, which is immediately conver
on-enzymatically to 3-keto-7-phenol. Incubation
-ketocarbofuran in the presence and absence o
ADPH-generating system showed no differenc

he production of 3-keto-7-phenol (data not show
or the purposes of kinetic calculations, rates o
ydroxycarbofuran and 3-keto-7-phenol were c
ined, however, significant difference in kinetics w
ot observed when calculated in the absence of 3-
-phenol (data not shown).

Although metabolite formation among these spe
as not qualitatively different, there were signific
uantitative differences with mice and rats produc
ignificantly greater quantities of metabolites than
ans. These differences in metabolism are refle
y the kinetic data which demonstrates that HLM h
iver microsomes
HLM 1.974 ± 0.020 3.30± 0.2 1.70
RLM 0.207± 0.009 5.50± 0.1 26.6
MLM 0.551 ± 0.019 13.3± 0.2 24.1

uman hepatocytes 2.066± 0.055 0.64± 0.1 0.31
uman P450s
CYP3A4 0.742± 0.170 40.3± 4.3 54.3
CYP1A2 0.238± 0.027 22.0± 0.8 92.3
CYP2C19 0.199± 0.033 18.1± 0.9 90.8

at P450s
CYP3A1 0.514± 0.025 53.8± 1.1 105
CYP3A2 0.751± 0.065 106± 4.6 141
CYP2C6 0.091± 0.005 13.3± 0.2 146
CYP2C11 0.224± 0.006 31.7± 0.3 142
CYP2C13 0 0 0

alues are expressed as mean± S.E. (n= 3 determinations).Km is
xpressed as mM.Vmax is expressed as nmol/mg protein/min

iver microsomes and human hepatocytes.Vmax is expressed a
mol/nmol isoforms/min for human and rat P450s.Vmax/Km is ex-
ressed as�l/mg protein/min for liver microsomes.Vmax/Km is ex-
ressed as�l/nmol isoforms/min for human and rat P450s.
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Kinetic studies of carbofuran incubation by
CYP3A4, 1A2, and 2C19 demonstrated that CYP3A4
has ca. 3-fold lower affinity (Km) than CYP1A2
and 2C19 (Table 1). Kinetic studies with rat CYPs,
CYP3A1, 3A2, 2C6, and 2C11, indicated that rat
CYP3A1 and 3A2 had similarKm’s as their human
counterpart, CYP3A4, while rat CYP2C6 and 2C11
had much lowerKm’s than rat CYP3A1 and 3A2
(Table 1).

3.3. Carbofuran metabolism in single-donor HLM

Carbofuran metabolism was analyzed in 17 single-
donor HLM. Differences in carbofuran metabolism
among individuals varied by as much as 5-fold (Fig. 4).
Phenotype data based on metabolic activities of these
individuals was used to derive correlations between
CYP isoforms content and carbofuran metabolic activ-
ity. CYP3A4 was the isoform with the best correlation
Fig. 1. CYP-dependent me
tabolism of carbofuran.
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Fig. 2. Metabolism of carbofuran by human CYP isoforms (nmol product/nmol CYP/min). Columns represent the mean of two separate deter-
minations.

Fig. 3. Percent total normalized rates (% TNR) based on relative hepatic abundance of CYP-mediated metabolism of carbofuran.

Fig. 4. Hydroxylation of carbofuran by single-donor human liver microsomes. Columns represent the mean of three separate determinations
and error bars represent S.E.M.
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(r2 = 0.96). All other correlations between carbofuran
hydroxylation activity and specific CYP isoforms were
less than 0.40.

3.4. Inhibition of carbofuran metabolism in HLM
by ketoconazole and chlorpyrifos

The role of CYP3A4 in the metabolism of carbofu-
ran was verified by co-incubations of ketoconazole, a
specific CYP3A4 inhibitor, with carbofuran and HLM.
Ketoconazole, a competitive inhibitor of CYP3A4, in-
hibited carbofuran hydroxylation with an IC50 value
of 0.31�M (Fig. 5). Chlorpyrifos, an irreversible non-
competitive inhibitor of CYP3A4, inhibited carbofuran
hydroxylation with an IC50 value of 39�M (Fig. 5).
However, neither ketoconazole nor chlorpyrifos inhib-
ited carbofuran metabolism completely even at some
of the highest concentrations (Fig. 5).

3.5. Metabolic interactions of carbofuran and
testosterone or estradiol in HLM and CYP3A4

Co-incubations of various concentrations of
testosterone with increasing concentrations of
carbofuran in pooled HLM resulted in increased
6�-hydroxytestosterone production at all three testos-
terone substrate concentrations tested (Fig. 6). The
greatest level of activation was observed at the lowest
testosterone concentration (4�M) in combination
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increasing concentrations of carbofuran or varying con-
centrations of carbofuran on increasing concentrations
of estradiol were observed (data not shown).

4. Discussion

The predominant metabolite of carbofuran in
HLM, RLM, MLM, and human hepatocytes is 3-
hydroxycarbofuran. The enzyme kinetic studies indi-
cated thatKm values for carbofuran metabolism in
HLM and human hepatocytes are ca. 9.5-fold and 3.6-
fold lower than RLM and MLM, respectively. The
mean metabolic intrinsic clearance rates, as estimated
by Vmax/Km, indicate that RLM and MLM metabo-
lize carbofuran ca. 15-fold more efficiently than HLM,
indicating that, in general, humans are not as active
as rodents in carbofuran metabolism. This study sug-
gests that studies conducted in rodents for human
risk assessment may be misleading due to species
differences.

Human hepatocytes showed similarKm but 5.5-fold
lowerVmax values than those shown in HLM. A possi-
ble explanation for the difference inVmaxmight involve
the differences between transport mechanisms between
microsomes and hepatocytes. Alternatively there may
be additional biomolecules within the hepatocyte en-
vironment that may compete for metabolic cofactors.
Incubations of carbofuran with human hepatocytes pro-
duced the same metabolites as those observed in HLM,
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ollowed a similar pattern but lower levels of activat
ere observed as compared with HLM (Fig. 6). The
reatest level of activation was observed at the lo

estosterone concentration (4�M) in combination with
1600�M concentration of carbofuran (ca. 9.6-fol
In contrast with the activation of testostero

etabolism by carbofuran, co-incubations of vari
oncentrations of carbofuran with increasing conc
rations of testosterone in pooled HLM and CYP3
id not result in increased metabolism of carbofura
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nary studies to examine possible differences in
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icrosome and hepatocyte preparations did not

ate substantial differences. However, future stu
nvolving hepatocytes may include incubation tim
onger than 30 min to produce phase II metab
roducts.

These studies provide strong evidence that CYP
s the predominant isoform responsible for formatio
-hydroxycarbofuran from carbofuran. Of the 15 i

orms and 3 polymorphic variants screened for acti
nly CYP3A4, 1A2, and 2C19 significantly meta
lized carbofuran. Intrinsic clearance values am

hese isoforms tended to rank similarly to affinity de
inations. However, the in vivo clearance of carbo

an would be expected to be dependent upon the re
bundance of each CYP isoform. Thus, CYP1A2
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Fig. 5. Inhibition profile of HLM-dependent carbofuran metabolism by ketoconazole (A) and chlorpyrifos (B).

2C19, each of which the produce 3-hydroxycarbofuran,
most likely have minor roles in carbofuran clearance
in liver tissues because of their lower expression (%
TNR = 9.0 and 6.0, respectively). In contrast, CYP3A4
with similar intrinsic clearance rates would contribute
substantially to the metabolism of carbofuran (% TNR
= 77.5) because of its high relative abundance in liver
tissue. The value of this type of analysis in deter-
mining the contribution of various isoforms to overall
metabolic activity was substantiated by the high corre-
lation observed with CYP3A4 activity in the 17 single-
donor HLM samples.

Further verification of the importance of CYP3A4 in
the metabolism of carbofuran was obtained by demon-

strating 50% inhibition of 3-hydroxycarbofuran pro-
duction in HLM by 0.31�M ketoconazole, a specific
CYP3A4 inhibitor. Chlorpyrifos, an irreversible non-
competitive inhibitor of CYP3A4[8], also inhibited the
metabolism of carbofuran to 3-hydroxycarbofuran in
HLM with 50% inhibition occurring at a concentration
of 39�M. In both cases, carbofuran inhibition occurred
rapidly at lower concentrations until 60% inhibition
was achieved, after which it was difficult to achieve fur-
ther inhibition. This is due to the fact that these chem-
icals inhibited CYP3A4 but had lesser effects on the
other isoforms involved in carbofuran metabolism.

Human CYP3A4 is one of the most abundant drug-
metabolizing CYP isoforms in human liver and, on
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Fig. 6. The effects of carbofuran on 6�-hydroxytestosterone formation in HLM (A) and CYP3A4 (B). Data presented is based on the percent
of 6�-hydroxytestosterone formation when compared to control with each data point representing the mean of two separate determinations.

average, accounts for approximately 40% of the to-
tal CYP in human liver[12]. In contrast to the human
CYP3A subfamily, the rat CYP3A subfamily is not
abundantly expressed in rat liver. In rats, the CYP2C
subfamily appears to be the predominant CYP sub-
family [13]. Although, many CYP3A substrates in hu-
mans are likely to be CYP3A substrates in rats, several
human CYP3A substrates such as nifedipine, exhibit
overlapping substrate specificity with CYP2C family
members in the rat[14]. It has been emphasized that,
for CYP3A substrates in humans, differences in clear-
ance between humans and rats serve as a good pre-
dictors of CYP2C involvement in the rat[14]. While
3-hydroxycarbofuran formation is largely mediated by
CYP3A4 in humans, it appears to be largely dependent
on CYP2C in male rats. The involvement of CYP2C
in 3-hydroxycarbofuran formation is likely to explain

differences we found in this study between human and
rat data. The data from this study demonstrated that
caution is required in extrapolating rat metabolic data
to humans for effective human risk assessment studies.

CYP3A4 is one of the most important and abun-
dant isoforms in human liver and has broad sub-
strate specificity. CYP3A4 not only metabolizes xeno-
biotics but is also responsible for the metabolism of
endogenous compounds, such as steroid hormones
including testosterone and estradiol[9,15]. Because
carbofuran is predominantly metabolized by CYP3A4,
it could potentially interact metabolically with en-
dogenous CYP3A4 substrates, such as testosterone
and estradiol. The usual interaction between two
different substrates for the same enzyme is com-
petitive inhibition. But because theKm values for
carbofuran and testosterone are so widely different
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Fig. 7. The effects of testosterone on 3-hydroxycarbofuran formation in HLM (A) and CYP3A4 (B). Data presented is based on the percent of
3-hydroxycarbofuran formation when compared to control with each data point representing the mean of two separate determinations.

(Km = 742 and 108�M for carbofuran and testos-
terone, respectively) interactions between these sub-
strates may be greatly complicated due to the al-
losteric characteristics of CYP3A4[9,16,17]. In ad-
dition, little is known about the active site topology
of CYP3A4, although it is generally recognized that
the active site of this enzyme has the capacity to ac-
commodate large molecules and even more than one
substrate[18]. Multi-site kinetic models for the in-
teraction of testosterone and xenobiotics in CYP3A4
have demonstrated that xenobiotics in most cases in-
hibited testosterone metabolism or vice versa[18–23].
However, it is also known that�-naphthoflavone
heterotropically stimulates the metabolism of pro-
gesterone and testosterone[24,25]. The interaction
we observed between carbofuran and testosterone
indicates that increasing concentrations of carbofu-

ran activated testosterone metabolism at low testos-
terone concentrations by as much as 30-fold in HLM
and 9.6-fold in CYP3A4. In contrast, high concen-
trations of testosterone in HLM and CYP3A4 re-
sulted in less than a 2-fold activation of carbofuran
metabolism.

In summary, the present investigation demonstrated
that human liver microsomes appear to have lower
rates of carbofuran metabolism than those obtained
from rodent livers. A screen of human CYP isoforms
demonstrated that CYP3A4 is the major enzyme re-
sponsible for carbofuran metabolism. Individuals with
varying levels of CYP3A4, regardless of gender, are
more or less active in their metabolism of carbo-
furan. Interactions between carbofuran and testos-
terone display activation of testosterone metabolism by
carbofuran.
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