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SUMMARY

Chlorpyrifos-oxon (CPO), a metabolite of chlorpyrifos, is a potent
inhibitor of acetylcholinesterase and. although the neurotoxicological
impact of this organophosphorus compound has been broadly studied
both in vitro and in vivo, there are few studies of metabolic inter-
actions of CPO with other xenobiotics. CPO significantly activated the
production of I-naphthol (5-fold), 2-naphthol (10-fold), trans-1,2-
dihydro-1,2-naphthalenediol (1.5-fold), and 1,4-naphthoquinone from
naphthalene by human liver microsomes (HLM). It was further
demonstrated that the production of naphthalene metabolites by
CYP2C8, 2C9*', 2C19, 2D6*', 3A4, 3AS5, and 3A7 was activated by
CPO, while the production of naphthalene metabolites by CYPIAI.
1A2, 1BI1, and 2B6 was inhibited by CPO. CPO inhibited CYP1A2
production of naphthalene metabolites, while activating their produc-
tion by CYP3A4. Similarly, CPO inhibited the production of N,N-
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diethyl-m-hydroxymethylbenzamide (BALC) from DEET by human
liver microsomes, but activated the production of N-ethyl-m-toluamide
(ET) from this substrate. CYP2B6, the most efficient isoform for
BALC production, was inhibited by CPO, while CYP3A4, the most
efficient isoform for ET production, was activated by CPO. CPO
inhibited CYP2B6 production of both BALC and ET from DEET, but
activated CYP3A4 production of ET, while inhibiting CYP3A4 BALC
production. CPO appears to facilitate the binding of naphthalene to
CYP3A4. This metabolic activation is independent of cytochrome bs,
suggesting that activation of CYP3A4 by CPO is associated with a
conformational change of the isoform rather than facilitating electron
transfer.
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INTRODUCTION

Naphthalene, a component of fossil fuels, as well as products for
household and industrial use /1/, is metabolized to 1-naphthol, 2-
naphthol, and trans-1,2-dihydro- 1,2-naphthalenediol by pooled human
liver microsomes and individually expressed human CYP isoforms
/2/. 1-Naphthol is further metabolized to 1,4-naphthoquinone and 2-
naphthol to 2,6- and 1,7-dihydroxynaphthalene, respectively /2/.

N N-Diethyl-m-toluamide (DEET), the active ingredient in most
insect repellents, is metabolized to N,N-diethyl-m-hydroxymethyl-
benzamide (BALC) and N-ethyl-m-toluamide (ET) by liver micro-
somes of human, rat, or mouse, as well as individually expressed
human CYP isoforms /3/.

Cytochrome P450 (CYP) monooxygenases are the most important
enzymes in the metabolism of xenobiotics, including clinical drugs
and environmental chemicals as well as endogenous compounds, such
as steroids, bile acids, fatty acids, eicosanoids, and fat-soluble
vitamins /4/. Among 57 CYP isoforms known in humans, 15 are
involved in the metabolism of xenobiotics, while the function of 13 is

236

Authenticated | xajibim@mail.ru
Download Date | 6/16/12 12:11 AM



T.M. Cho et al. Drug Metabolism and Drug Interactions

unknown /5/. Metabolism of a xenobiotic by these CYP enzymes can
lead to either activation or detoxication of the parent chemical /6,7/.

Although in vivo studies of metabolism in animal models,
including rodents, produce scientifically important data, xenobiotic
metabolism in such surrogate animals frequently deviates from
metabolism in humans (reviewed in /8,9/). Metabolism by rodent
CYP3A and CYP2D is particularly discrepant from that of human
CYP3A4 and CYP2D6, respectively, the latter being collectively
involved in the metabolism of more than 70% of clinical drugs /8-10/.
In vitro metabolic studies have significant advantages for the study of
human metabolism of xenobiotics, the determination of kinetic
parameters, metabolic efficiency, contributions of individual CYP
isoforms and intrinsic clearance rates facilitating in vitro-in vivo
correlations /1 1/. For studies of either xenobiotic-xenobiotic metabolic
interactions or CYP allosterism, in vitro models are more advantage-
ous than in vivo models /12/.

Xenobiotic-associated changes in the metabolic activity of human
CYP isoforms have frequently been observed. Both ketoconazole and
chlorpyrifos inhibit 3-hydroxycarbofuran formation from carbofuran
by human liver microsomes /13/ while in vitro metabolism of carbaryl
by human CYP enzymes is inhibited by chlorpyrifos /14/. Although
activation of CYP enzymes by xenobiotics is less frequently encoun-
tered and less well understood than inhibition, in some cases the
metabolic activity of these enzymes is significantly enhanced by
xenobiotics. Enhancement by acetone of the hepatic microsomal p-
hydroxylation of aniline was first reported in 1968 /15/. Flavone and
7,8-benzoflavone both stimulate benzo[a]pyrene metabolism by rabbit
CYPs, the extent of the stimulation depending on the type of CYP
obtained from rabbit liver microsomes /16/. 63-Hydroxylation of
testosterone by human CYP3A4 is significantly increased by pre-
incubation of the enzyme with pyridostigmine bromide /17/.

The objectives of the current studies were to identify the public
health and agriculture-related chemicals most effective in influencing
the metabolic activity of human liver microsomes toward naphthalene,
to investigate metabolic interactions between naphthalene or DEET
and chlorpyrifos-oxon (CPO), to identify the most efficient human
CYP isoforms relative to activation or inhibition of naphthalene or
DEET metabolism by CPO, to investigate the role of CPO in the
activation and inhibition of human oxidative metabolism of
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naphthalene, and to investigate the mechanism of activation of
CYP3A4-mediated naphthalene metabolism.

MATERIALS AND METHODS
Chemicals

Naphthalene, 1-naphthol, 2-naphthol, 1,4-naphthoquinone and
dodecane (DD) were purchased from Sigma-Aldrich (St. Louis, MO).
trans-1,2-Dihvdro-1,2-naphthalenediol was a generous gift from Dr.
Alan R. Buckpitt (University of California, Davis, CA). Chlorpyrifos
(CPS), chlorpyrifos-oxon (CPO), permethrin (PM), carbaryl (CB),
N, N-diethyl-m-toluamide (DEET), and pyridostigmine bromide (PB)
were purchased from ChemService (West Chester, PA). N,N-Diethyl-
m-hydroxymethylbenzamide (BALC) and N-ethyl-m-toluamide (ET)
were generous gifts from Dr. Wesley G. Taylor (Saskatoon Research
Center, Saskatoon, Canada). Acetonitrile and tetrahydrofuran were
purchased from Fisher Scientific (Pittsburgh, PA).

Human liver microsomes and human cytochrome P450 isoforms

Pooled human liver microsomes (pHLM) and human CYP iso-
forms expressed in baculovirus infected insect (dutographa califor-
nica) cells (BTI-TN-5B1-4) as follows: CYP1A1, 1A2, 1BI, 2A6,
2B6, 2C8, 2C9*'(Arg;14), 2C18, 2C19, 2D6*'(Vals), 2E1, 3A4,
3AS, 3A7, and 4All, were purchased from BD Gentest (Woburn,
MA).

In vitro metabolic interactions of xenobiotics with naphthalene
metabolism mediated by pooled human liver microsomes or CYP1A2

Naphthalene metabolism mediated by pHLM or CYP1A2 was
tested after pre-incubation of the enzyme with 40 uM of the individual
chemicals, such as chlorpyrifos (CPS), chlorpyrifos-oxon (CPO),
permethrin (PM), carbaryl (CB), N N-diethyl-m-toluamide (DEET),
pyridostigmine bromide (PB), or dodecane (DD), followed by the
addition of 40 uM naphthalene. These assays were performed with an
NADPH-generating system (0.25 mM NADP, 2.5 mM glucose 6-
phosphate and 2 U/ml glucose 6-phosphate dehydrogenase) in 100
mM potassium phosphate buffer containing 3.3 mM MgCl, (pH 7.4).
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After each xenobiotic (40 pM) was pre-incubated with pHLM (0.48
mg/ml) or CYP1A2 (40 pmol/ml) at 37°C for 5 minutes, naphthalene
metabolism was initiated by the addition of naphthalene (40 puM)
followed by incubation at 37°C for 10 minutes. For controls, the same
incubation was carried out in the absence of the NADPH-generating
system.

Naphthalene metabolism by pHLM, CYP1A2, or CYP3A4 after pre-
incubation with chlorpyrifos-oxon (CPO)

After preliminary screening of the metabolic interaction of naph-
thalene with seven individual chemicals, CPO was chosen for further
investigation of its metabolic influence on naphthalene metabolism.
After a series of CPO concentrations (0 to 600 uM) were pre-
incubated with pHLM (0.48 mg/ml), CYP1A2 (40 pmol/ml), or
CYP3A4 (40 pmol/ml) in an NADPH-generating system (0.25 mM
NADP, 2.5 mM glucose 6-phosphate and 2 U/ml glucose 6-phosphate
dehydrogenase) in 100 mM potassium phosphate buffer containing 3.3
mM MgCl, (pH 7.4) at 37°C for 5 minutes, naphthalene metabolism
was initiated by the addition of the substrate (40 uM) and incubated at
37°C for 10 minutes. Additionally, pHLM was pre-incubated with the
same concentrations of CPS or a 1:1 mixture of CPO and CPS (0 to
600 uM) before being incubated with 40 pM naphthalene as described
above. For controls, the same incubation was carried out without the
NADPH-generating system.

In vitro screening for activation or inhibition of human cytochrome
P450 isoform-mediated naphthalene metabolism by CPO

Modulation of the metabolic activity of the 15 human CYP
isoforms (40 pmol/ml) listed above for naphthalene (40 uM) by CPO
(160 uM) was determined. The enzymatic assays were performed in
the same manner as stated above. Generation of each metabolite
mediated by individual CYP isoforms was compared. Sf9 insect cell
microsomes from wild-type baculovirus infected cells (BD Gentest,
Woburn, MA) were used as controls for these assays.
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Kinetics of naphthalene metabolism by CYP3A4 in the presence of
CPO with or without cytochrome b5

To investigate the mechanism of activation of naphthalene
metabolism by CYP3A4, the kinetics of the reaction was studied in
the presence of CPO (0, 5, or 80 uM). CYP3A4, co-expressed with
cytochrome bs, was pre-incubated with CPO at 37°C for 5 minutes,
followed by the addition of naphthalene (0 to 500 uM) to initiate the
reaction, which was then continued for 10 minutes. The kinetic
parameters (Vmax and Kp,) for naphthalene metabolism by CYP3A4
pre-incubated with three different concentrations of CPO were
calculated as stated below. The production ratios of the major meta-
bolites, 1-naphthol and 2-napthol, produced by CYP isoforms pre-
incubated in the three different concentrations of CPO were calculated
to determine whether pre-incubation with CPO can influence the
production of those metabolites from naphthalene 1,2-epoxide.

To examine whether electron transfer from cytochrome b5 was
involved in this metabolic activation of naphthalene in CYP3A4 co-
expressed with cytochrome bs, an additional experiment was carried
out as follows: CYP3A4, not co-expressed with cytochrome bs, was
pre-incubated with CPO (0 to 600 puM) at 37°C for 5 minutes,
followed by the addition of naphthalene (100 uM) to initiate a 10
minute metabolic reaction. The pattern of naphthalene metabolic
activation in CYP3A4 without cytochrome bs was compared with the
metabolism in CYP3A4 co-expressed with cytochrome bs as described
above.

Effect of pre-incubation with CPO on DEET metabolism by pHLM

After CPO (0 to 600 uM) was pre-incubated with pHLM (0.48
mg/ml) and an NADPH-generating system (0.25 mM NADP, 2.5 mM
glucose 6-phosphate and 2 U/ml glucose 6-phosphate dehydrogenase)
in 100 mM potassium phosphate buffer containing 3.3 mM MgCl,
(pH 7.4) at 37°C for 5 minutes, DEET metabolism was initiated by the
addition of the substrate (100 uM) and incubated at 37°C for 20
minutes. For controls, DEET and pHLM pre-incubated with CPO
were incubated in the same buffer system but without the NADPH-
generating system.

CPO (40 uM)-associated modulation of the metabolic activity of
the human CYP isoforms (40 pmol/ml) toward DEET (40 uM)
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metabolism was determined, the CYP isoforms being selected based
on a previous study /12/. The enzymatic assays were performed in the
same manner as above. Generation of each metabolite mediated by the
individual CYP isoforms was compared. Sf9 insect cell microsomes
from wild-type baculovirus infected cells (BD Gentest, Woburn, MA)
were used as controls for these assays.

Metabolism of DEET (100 pM) by CYP2B6 or CYP3A4 in the
presence of CPO was further characterized in order to determine the
effect of pre-incubation of each isoform with CPO (0 to 600 uM) at
37°C for 5 minutes. The enzymatic assays of DEET with each CYP
isoform (40 pmol/ml) were performed in the same manner as stated
above. For controls, DEET and the CYP isoform pre-incubated with
CPO were incubated in the same buffer system but without the
NADPH-generating system.

All assay reactions were terminated by addition of an equal volume
(250 pl) of acetonitrile and vortexing. After 5 minutes centrifugation
at 15,000 rpm (21,000 g), the supernatant was collected for metabolite
characterization using an HPLC system. No metabolites were detected
in controls in which the NADPH-generating system was absent.

Analysis of metabolites by HPLC

The generation of metabolites was analyzed using a Waters 2695
HPLC system equipped with a 2996 Photodiode Array (PDA) detector
(Milford. MA). This HPLC system was equipped with a degasser and
an autoinjector, and data were collected and analyzed using Waters
Empower software, version 5.00. The solution for pump A was 3%
tetrahydrofuran, 0.2% O-phosphorus acid (85%) and 96.8% water, and
for pump B 100% acetonitrile. The gradient in the mobile phase was
as follows: 0 to 2 min (20% B), 2 to 22 min (gradient to 80% B), 22 to
25 min (80% B), and 25 to 30 min (gradient to 20% B). The flow rate
was 1.0 ml/min. Metabolites were separated by a reversed phase C),
column (Synergi 4p Max-RP, 250 x 4.6 mm, Phenomenex, Torrance,
CA) and detected using a PDA detector operated from 190 to 350 nm.
Optimal wavelengths for 1-naphthol, 2-naphthol, trans-1,2-dihydro-
1,2-naphthalenediol, 1,4-naphthoquinone, BALC, and ET were selec-
ted as 232.7, 225.6, 262.2, 251.6, 231.5 and 231.5 nm, respectively.
Standards of metabolites were prepared in acetonitrile and 50 pl of
standard or sample was injected into the HPLC system.
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Data analysis and statistics

The apparent Vy, and Kp were calculated using a nonlinear
regression curve fitted to the Michaelis-Menton equation. The
coefficients of determination (R?), a measure of how well a regression
model describes the data, were greater than 0.95. Data means were
obtained by at least three determinations and the data show the mean
and the S.E. The percentages of total normalized rate (%TNR) were
determined as described previously /18/. The nominal specific
contents of individual CYP proteins in native human livers (10
donors) used for calculating the %TNR were obtained from BD
Gentest (2003 product catalog) except for the contents of CYP2C8
and CYP2C18, which were from Rodrigues /18/.

Statistical significance of the data was determined with one-way
ANOVA followed by the Tukey’s multiple comparisons when three or
more data sets needed to be compared with one another, and by
Dunnett’s comparisons when data sets needed to be compared to their
corresponding control. Student’s t-test was also applied to compare
data with their corresponding controls in the CYP screening assays.

RESULTS

As a preliminary test, 40 uM of the test’ chemicals (carbaryl,
chlorpyrifos, chlorpyrifos-oxon, DEET, dodecane, permethrin and
pyridostigmine bromide) were pre-incubated with pHLM followed by
the same concentration of naphthalene and incubated under the
conditions stated in the Methods section. While most chemicals did
not affect 1- or 2-naphthol production from naphthalene by pHLM,
their production was significantly enhanced by CPO (Fig. 1).
However, CPO did not affect dihydrodiol production under these
conditions while CPS or CB significantly reduced the production of
dihydrodiol (Fig. 1). In another preliminary test, CYP1A2 was utilized
to screen the most effective chemicals for their effects on naphthalene
metabolism. In contrast to pHLM-mediated naphthalene metabolism,
CPO significantly reduced the metabolic activity of CYP1A2 for the
production of these three naphthalene metabolites (Fig. 2). While CPS
significantly reduced the activity of CYP1A2 for the production of 2-
naphthol and dihydrodiol in naphthalene metabolism, DEET signifi-
cantly enhanced the production of 1- and 2-naphthol (Fig. 2).
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Fig. [: Naphthalene (40 pM) metabolism by pHLM, which has been pre-

incubated with other xenobiotics (40 uM). Each chemical is abbreviated as
stated in the Materials and Methods section. Production of 1-naphthol (A),
2-naphthol (B), or trans-dihydrodiol (C) is shown. The asterisks indicate a
significant difference compared to the corresponding control (p <0.05).
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Naphithalene (40 pM) metabolism by CYPI1A2, which has been pre-
incubated with other xenobiotics (40 uM). Each chemical is abbreviated as
stated in the Materials and Methods section. Production of 1-naphthol (A),
2-naphthol (B), or trans-dihydrodiol (C) is shown. The asterisks indicate a
significant difference compared to the corresponding control (p <0.05).
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Metabolite production in pHLM-associated naphthalene metabo-
lism in the presence of varying concentrations of CPO, CPS, or 1:1
CPO/CPS mixture was examined. The production of 1-naphthol (5.5
fold), 2-naphthol (10 fold), and dihydrodiol (1.6 fold) was signifi-
cantly increased by pre-incubation with CPO (Fig. 3). CPS did not
increase the production of any metabolite at most concentrations;
rather it decreased 1-naphthol production at the two lowest concen-
trations (20 and 40 uM) of CPS and increased it slightly at the highest
(600 uM) (Fig. 3A). The production of dihydrodiol was significantly
inhibited by CPS (Fig. 3C). The 1:1 mixture of CPO and CPS caused
reduced activation for the production of metabolites compared to CPO
alone. CPO significantly increased production of naphthalene metabo-
lites in human pHLM at most concentrations of the chemicals (Fig.
3A-C). The production of 1,4-napthoquinone was also significantly
enhanced by pre-incubation with CPO (Fig. 3D). The amounts of
metabolites produced were dihydrodiol > 1-naphthol > 2-naphthol >
1.4-naphthoquinone.

To investigate which human CYP isoforms are activated or
inhibited by CPO for naphthalene metabolism, a screening assay of
CYP isoforms for naphthalene metabolism was performed in the
presence or absence of CPO. The production of 1-naphthol by
CYP1Al, 1A2, 1B1, and 2B6 was inhibited by CPO, while CYP2C8,
2C9*', 2C19, 2D6*', 3A4, 3AS, and 3A7 were activated for 1-
naphthol production by CPO (Fig. 4A). Similar patterns of inhibition
and activation were observed for 2-naphthol and dihydrodiol produc-
tion (Fig. 4B,C).

The percentages of total normalized rate (%TNR) for the
production of naphthalene metabolites in individual CYP isoforms
pre-incubated without or with 160 uM CPO are shown in Table 1.
CYP isoforms including CYP1A2, 2A6, and 2B6 showed decreased
%TNR, while others including CYP2C19 and 3A4 demonstrated
increased %TNR values for the production of three naphthalene
metabolites (Table 1).

To examine how much the metabolic activity of CYP1A2 for
naphthalene is inhibited by CPO, a study of the metabolism of 40 uM
naphthalene was performed with CYP1A2 pre-incubated with varying
concentrations of CPO. CPO significantly reduced the production of
three metabolites, 1-naphthol, 2-naphthol, and dihydrodiol, in a dose-
dependant manner (Fig. 5). The highest dose of CPO (160 uM)
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Drug Metabolism and Drug Interactions
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Activation and inhibition of naphthalene (40 uM) metabolism by various
human CYP isoforms, which have been pre-incubated with CPO (160
uM). Production of 1-naphthol (A), 2-naphthol (B), or trans-dihydrodiol
(C) is shown. The asterisks indicate significant difference compared to the
corresponding control (p <0.05).
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Fig. §:
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CPO inhibition of naphthalene (40 pM) metabolism by human CYP1A2.
Production of 1-naphthol (A), 2-naphthol (B), or trans-dihydrodiol (C) is
shown.
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reduced CYP1A2-mediated 1-naphthol and 2-naphthol production by
82% and 97%, respectively (Fig. SA,B). Doses of 120 uM CPO and
higher abolished the production of dihydrodiol (Fig. 5C).

To investigate how much the metabolic activity ofi CYP3A4 for
naphthalene is activated by CPO, a study of the metabolism of 40 M
naphthalene was performed using CYP3A4 pre-incubated with
varying concentrations of CPO. Metabolic activity of CYP3A4 for
naphthalene was significantly activated by CPO in a dose-dependant
manner (Fig. 6). The production of 1-naphthol and 2-naphthol was
significantly enhanced by CPO up to 9 fold and 4.6 fold compared to
the corresponding controls (Fig. 6A,B). Concentrations of CPO as low
as 5 uM significantly enhanced the production of dihydrodiol medi-
ated by CYP3A4 (Fig. 6C). The production of 1,4-naphthoquinone in
naphthalene metabolism was also increased by the pre-incubation of
CYP3A4 with CPO (Fig. 6D).

To investigate the mechanism of CPO activation of naphthalene
metabolism by CYP3A4, naphthalene kinetics studies were performed
in the presence and absence of CPO (5 and 80 uM) (Fig. 7). CPO
activated the production of the major metabolites, 1-naphthol and 2-
naphthol, by CYP3A4 in a dose-dependant manner (Fig 7A,B). The
apparent K, values for both metabolites were significantly reduced by
pre-incubation of CYP3A4 with CPO, and V.« values were signifi-
cantly increased by CPO in a dose-dependant manner (Fig. 7C,D). The
production of 1-naphthol was more accelerated than that of 2-naphthol
as the concentration of CPO was increased. The production of 1-
naphthol was 5.15 £ 0.07 (CPO 0 uM), 7.86 £ 0.07 (CPO 5 uM), and
10.88 £ 0.33 (CPO 80 uM) times as much as that of 2-naphthol based
-on the Ve values. The acceleration of 1-naphthol over 2-naphthol
production by CPO in a dose dependent manner shows significant
differences from one another.

To investigate whether cytochrome bs is involved in this activation
of naphthalene metabolism by CYP3A4, naphthalene metabolism by
CYP3A4 co-expressed with and without cytochrome bs was observed
in preliminary experiments using varying concentrations of CPO. The
control velocity of naphthalene metabolism was lower in CYP3A4
without cytochrome 0s compared to CYP3A4 with cytochrome bs. but
the degree of activation by CPO in a dose dependant manner is similar
to naphthalene metabolism in CYP3A4 co-expressed with cytochrome
bs (data not shown).
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Metabolic activity of pHLM for DEET metabolism in the presence
of varying concentrations of CPO was also investigated. While the
production of ET was significantly increased 4.7 fold by CPO, the
production of BALC was decreased 4 fold by this chemical in a dose-
dependant manner (Fig. 8).

To investigate which human CYP isoforms among those chosen
are activated or inhibited by CPO for DEET metabolism, a screening
assay of CYP isoforms for DEET metabolism was performed in the
absence and presence of CPO. CYP1A2, 2B6, and 2C19 were signifi-
cantly inhibited for the production of BALC by CPO, while metabolic
activity of other isoforms for BALC was not significantly affected by
this chemical (Fig. 9A). CYP3A4 and 3AS were significantly activated
by CPO for the production of ET, while production of ET by CYP2B6
was inhibited (Fig. 9B).

To investigate the inhibition and activation of metabolic activity of
CYP isoforms (CYP2B6 and 3A4) by CPO for the production of
metabolites in DEET metabolism, each isoform was pre-incubated
with CPO and the metabolism of DEET subsequently added was
observed. Both ET and BALC production from CYP2B6-mediated
DEET metabolism was significantly decreased by CPO in a dose-

800
—_ ® ET
E v BALC
£ 600 |
£
[
°
2 400 -
(@)
E
o
g 200
>

0 y - .

0 50 100 150 200 250 300 350
Chlorpyrifos-oxon (uM)

Fig. 8:  Activation and inhibition of DEET (100 uM) metabolism by pHLM, which
has been pre-incubated with CPO.
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Fig.9: Inhibition and activation of DEET (40 uM) metabolism by human CYP
isoforms, pre-incubated with CPO (40 uM). Production of BALC (A) or
ET (B) is shown. The asterisks indicate a significant difference compared
to the corresponding control (p <0.05).

dependant manner (Fig. 10A,B). While the production of BALC was
significantly reduced by CPO, the production of ET was increased by
CPO up to 80 uM and declined to 80% of the maximum velocity (Fig.
10C,D).
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DISCUSSION

This study investigated xenobiotic-associated stimulation or inhibi-
tion of naphthalene or DEET metabolism by human CYP isoforms.
Metabolic inhibition of metabolism by CYP isoforms by xenobiotics
other than the substrate is frequently observed and has been exten-
sively studied, but stimulation of substrate metabolism is less well
understood. Several human CYP isoforms including members of the
3A subfamily were stimulated by CPO for naphthalene metabolism,
showing a similar pattern for the production of each metabolite. DEET
metabolism by either pHLM or CYP3A4 pre-incubated with CPO
showed increased production of ET and decreased production of
BALC.

In contrast to CPO, CPS, the parent chemical of CPO, inhibited
naphthalene metabolism in pHLM, and this inhibition is believed to be
correlated with reactive sulfur dissociated from the parent chemical
/19,20-22/. The 1:1 mixture of CPS and CPO caused relatively
reduced stimulation of naphthalene metabolism. These observations
indicate that, in all probability, CPS and CPO bind to CYP isoforms
competitively at the binding sites, with CPS having an inhibitory and
CPO a stimulatory effect on naphthalene metabolism by human CYP
isoforms.

CPO inhibited naphthalene metabolism by CYP1AIl, CYP1A2,
CYPIBI, and CYP2B6, while stimulating the metabolism of naphtha-
lene by CYPs of the subfamilies 2C, 3A, and CYP2D6*!, with
CYP3A4 being the most significantly affected isoform (Fig. 4).
Calculation of the percentages of total normalized rate (% TNR) based
on these CYP isoform screening assays is an integrated method to
carry out in vitro CYP reaction phenotyping /18/. This analysis
indicates that the major portion of naphthalene metabolism by pHLM
pre-incubated with CPO is attributable to the metabolic contribution
of CYP3A4. In contrast to CYP3A4, the contribution of CYP1A2 and
2B6 to naphthalene metabolism was significantly reduced or abolished
following pre-incubation with CPO (Table 1). This example indicates
that multiple xenobiotic exposures can cause modifications in the
contributions of different CYPs to the overall metabolism of a
substrate.

While CYP1A2 metabolism of naphthalene is inhibited by CPO
(Fig. 5), CYP3A4 metabolism of the substrate is stimulated by CPO
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(Fig. 6). Coincidently, a-naphthoflavone inhibited CYP1A2 metabo-
lism of flavonoids /23/ and stimulated CYP3A4 metabolism of
midazolam /24/. These different effects of xenobiotics on CYP1A2
and CYP3A4 are probably related to the characteristics of their active
sites; size, shape, and hydrophobicity /25/. The hydrophobic cleft as
well as the entire active site in CYP1A2 are presumably smaller than
those in CYP3A4 /25/. The active site of CYP1A2 occupied by CPO
is unlikely to have enough space for naphthalene, resulting in the
inhibition of CYP1A2 metabolism of naphthalene by CPO, either
competitively or non-competitively. Some CYP isoforms, including
CYP3A4, are considered to have multiple binding sites and their
active site is large enough to hold more than one substrate /26-30/.

The causes of activation or stimulation of CYP isoform metabo-
lism of xenobiotics may include facilitation of electron transfer from
cytochrome bs /31/, interaction of CYP and CYP reductase /32/,
and/or conformational changes upon binding of substrates or effectors
/33/. When the metabolic activity of CYP isoforms is stimulated by
the enhanced interaction of CYP and the CYP reductase, Vnax values
are enhanced, but K values for the substrates do not generally
change. For instance, 7,8-benzoflavone (or a-naphthoflavone) and
flavone stimulate rabbit liver microsomal metabolism of benzo[a]-
pyrene and show an enhanced Vi value but the Kn value of the
substrate is not changed /32/, indicating that electron transport from
the reductase to CYPs is facilitated. Cytochrome bs has a role in the
transport of electrons to some CYPs /34/, and may also be involved in
allosteric stimulation of CYPs with a role in conformational changes
/35,36/. However, our preliminary results showed no involvement of
cytochrome bs. Conformational changes of CYP enzymes by effectors
have been also reported /24,37/. Striking shifts of substrates toward
the heme iron of CYP isoforms upon binding with the effectors have
been observed /24,37/.

Stimulation of the metabolism of several CYP isoform substrates,
such as naphthalene or DEET, was observed in these studies. Among
those CYP isoforms, stimulation of CYP3A4 activity by CPO was
most distinctive, and this stimulation was further characterized (Figs.
6, 7, 8, 10). The current observation of increased Vpax and decreased
K values (indicating increased affinity of the substrate) for naphtha-
lene metabolism by CYP3A4 pre-incubated with CPO is similar to a
previous report that dapsone produces stimulation of CYP2C9 meta-
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bolism of flurbiprofen, which was interpreted as being caused by a
shift of the substrate closer to the heme iron of CYP2C9 /37/. The
observation that the substrate affinity of naphthalene for CYP3A4 is
significantly enhanced by the presence of CPO indicates that electron
transfer from CYP reductase or cytochrome bs to the CYP3A4 isoform
is not likely to be involved. CPO also stimulated naphthalene
metabolism of CYP3A4 in the absence of cytochrome bs. This
observation indicates that the stimulation by CPO of the metabolism
of naphthalene by CYP3A4 is independent of the presence of
cytochrome bs. Therefore, this stimulation appears to be related to
conformational change of CYP3A4 upon pre-incubation with CPO,
possibly bringing the substrate closer to the heme iron of the enzyme,
“improving binding affinity, and facilitating reaction velocity. Topo-
logical alterations of the active site of CYP3A4 are also supported by
the increased ratios of I1-naphthol to 2-naphthol production from
naphthalene metabolism, indicating a changed position of the bound
substrate in the active site. This increased value of the ratio of 1-
naphthol to 2-naphthol production additionally indicates that the
production of 1-naphthol and 2-naphthol from the chemically unstable
intermediate, naphthalene-1,2-epoxide, may, at least in part, be influ-
enced by the enzymatic environment /11/ in addition to generation due
to spontaneous, non-enzymatic rearrangement /10,38,39/. The regio-
selectivity shown in the data of DEET metabolism in pHLM (Fig. 8)
or CYP3A4 (Fig 10C,D) pre-incubated with CPO, namely increased
ET and decreased BALC production, supports the hypothesis that the
topological characteristics of the substrate at the active site of the
enzyme are changed upon CPO binding. This stimulatory activity of
CYP3A4 due to pre-incubation of the enzyme with CPO appears to be
substrate-dependent because the stimulation pattern of DEET metabo-
lism by CYP3A4 is different from that of naphthalene metabolism.
While production of all metabolites was enhanced in the case of
naphthalene metabolism, in the case of DEET production one meta-
bolite was stimulated with the other being inhibited by CPO.

In summary, metabolic interactions of naphthalene and DEET with
CPO in human CYP isoforms were studied. CPO, unlike its parent
chemical CPS, stimulated the metabolism of naphthalene and DEET
by several human CYP isoforms. Naphthalene metabolism was inhi-
bited in CYP1Al, 1A2, 1B1, and 2B6 by CPO, but stimulated in CYP
subfamilies 2C, 3A, and CYP2D6*' by the same effector. Metabolic
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modification by CPO caused CYP3A4 to be the most contributory
isoform for naphthalene metabolism. DEET metabolism in pHLM pre-
incubated with CPO showed a biphasic mode; increased ET produc-
tion and decreased BALC production. CYP1A2, 2B6, and 2C19 were
inhibited by CPO for BALC production, while CYP3A4 and 3A5
were stimulated by this effector for ET production. Thus stimulation
of CYP3A4 activity by CPO appears to be substrate dependent and
associated with conformational changes of the active site on the
binding of CPO.
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